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Editorial on the Research Topic 


Immunobiology of Osteoarticular Diseases


Rheumatic and osteoarticular diseases, that include Osteoarthritis (OA), Rheumatoid Arthritis (RA) and Osteoporosis, represent the most diffuse chronic conditions in the elderly. These diseases affect the individual’s working abilities and autonomy, as well as life expectancy. These chronic inflammatory diseases share similar patho-physiological pathways including increased bone remodeling/resorption, a senescence-associated phenotype, and accumulation of activated immune cells and soluble factors in the joints and skeletal tissue.

Despite the awareness of the importance of inflammatory dysregulation, the increasing knowledge that joint tissues contribute to damage in various osteoarticular diseases and that the disease progression can develop over a long period of time, many questions remain unanswered. Moreover, it is not surprising that treatments, either pharmacological or surgical, only partially address the clinical issue. Therefore, a more in-depth understanding of the mechanisms underlying the development of these disorders could lead to earlier intervention and to the identification of alternative, more appropriate, and less invasive therapeutic approaches.

This Research Topic includes 12 contributions from a number of prominent scientists in the field and addresses specific aspects in the field of Immunobiology of Osteoarticular Diseases. Here is a summary of the single contributions.

Paladini et al. review the evolution of the aminopeptidases Endoplasmic Reticulum Aminopeptidases 1 and 2, (ERAP1 and 2) and LNPEP (Leucyl and Cystinyl Aminopeptidase) in the zoological scale, their functions and associations with immune-mediated diseases. These peptidases play a role in the control of the vascular inflammatory response. Later on during evolution they acquired a role in antigen presentation, diversifying between those residing in the ER, (ERAP1 and 2), whose role is to refine the MHC-I peptidomes, and LNPEP, mostly present in the endosomal vesicles contributing to antigen cross-presentation or in the cell membrane as receptor for angiotensin IV. Therefore, their role in autoinflammatory/autoimmune diseases can be as “contributors” to the shaping of the immune-peptidomes as well as “regulators” of the vascular response.

Xu et al. summarize possible roles of PKM2, an isoform of Pyruvate Kinase in the pathogenesis of RA. PKM2, which is increased in the synovial tissue of RA patients, likely regulates the metabolic requirements of activated immune cells and sinoviocytes, needed to infiltrate the tissue, secrete inflammatory mediators and regulate local inflammation. These results have suggested the possibility to block metabolic pathways to reduce synovial inflammation in RA patients.

Rolph and Das highlight the emerging role of KLF (Krüppel-like factor, a family of DNA-binding zinc finger proteins)-2 in regulation of osteoclastic differentiation. KLF2 overexpression inhibits intracellular pathways that depend on IL-1β signaling. More specifically in the context of RA, global deletion of KLF2 attenuates expression of MMP9 and inflammatory cytokines, contributing to elevated osteoclastogenesis and more aggressive disease progression. Overall data demonstrate that this factor may play a protective role in bones and surrounding tissue by attenuating inflammation in arthritic joints.

Möller et al. review how infectious agents present in the mouth or in the gut of RA patients, may have unique citrullinating capacity, and may also be involved in the establishment of local and systemic inflammation. The data presented in the review strongly indicate the potential role of different microbial taxa in the development of the disease.

Dong et al. demonstrate the pathological role of global and specific cell-free (cf) DNA molecules in RA and OA patients. These molecules are released in large amounts in body fluids of patients, more in RA as compared to OA patients, and induce apoptosis, pyroptosis and necrosis. These molecules in RA patients are highly inflammatory, induce the secretion of pro-inflammatory cytokines and are pathogenic for RA patients, suggesting that they can be potential targets of therapeutic intervention.

Nerviani et al. show that the histological analysis of the synovial tissue of RA patients may help to identify patients with lower probability of response to TNF-α blockade. Interestingly, the high baseline presence of inflammatory cell types predict the (better) response to TNF-α blockade.

Miao et al. show that CD147, a T cell activation marker, negatively regulates Th17 responses in RA patients, as well as in a mouse model of collagen-induces arthritis, by limiting their exuberant proliferation, AKT/mTORC1/STAT3 signaling as well as their interaction with inflammatory monocytes. These results have suggested the possible use of anti-CD147 antibodies as therapeutic options for RA patients.

Jiang et al. investigate the function of miR-146a, and its association with levels of regenerating islet-derived protein 3-alpha (REG3A), in regulating macrophage migration in Polymyositis and Dermatomyositis (PM/DM) patients. PM/DM, classified as typical idiopathic inflammatory myopathies, affect mainly proximal muscles and present some overlap with other disorders such as rheumatoid arthritis, supported by the persistent monocytes/macrophages markers in these disease processes. Reduced miR-146a expression in these myopathies leads to increased REG3A expression that increases inflammatory macrophage migration, which may be a possible underlying mechanism of DM/PM pathogenesis.

Assirelli et al. demonstrate that the different joint tissues (cartilage, synovium and bone) release the complements factors C3, C4 and CFB, and IL-1β pro-inflammatory stimulus enhance CFB. Cartilage and synovium tissues, as well as isolated chondrocytes and synoviocytes, were all able to spontaneously secrete complement activating factors (C3a, C5a, CFBa). Conversely, C5b-9 complex release was only detectable in cartilage and synovium tissue supernatants. An association between some C alternative pathway component and joint inflammation is suggested.

Warner et al. has evaluated the role of IL-15, and of genetic variants of the IL-15R gene, in the pathogenesis of cartilage degeneration in OA patients. Results have shown an association between pain and genetic variants of the IL-15R gene, suggesting that IL-15 signaling may be a target for pain. No associations however were found with cartilage matrix loss and radiographic severity.

Lorenzin et al. presented the results of the Italian arm of the SPACE study on Spondyloarthritis (on-going observational prospective cohort multi-center study II level evidence). Spondyloarthritis, a group of chronic inflammatory rheumatic diseases, can be divided into axial (axSpA) and peripheral forms. The first, mainly affecting the spine and sacroiliac joints and beginning at young age, can be further divided between non-radiographic and radiographic axSpA (also known as ankylosing spondylitis). At baseline, a significant prevalence of bone marrow edema lesions was observed both in sacroiliac joints and spine, with predominant involvement of thoracic district. Since positive MRI-spine images were observed in the absence of sacroiliitis, these findings seem to be relevant in the axSpA diagnosis. Early age of disease onset, long duration of low back pain, increased inflammatory biomarkers, higher use of NSAIDs, male gender, HLA-B27 positivity, Spondyloarthritis Research Consortium of Canada (SPARCC) sacroiliac joints score>2 appeared predictors of radiological damage and activity.

Toni et al. highlight the micro-topography of immune cells in the cancellous and cortical bone compartments in relation to the most consistent data on their action in bone remodeling, to offer an innovative space-related perspective of the action of immune cells involved in the osteoporotic process, and to understand how different osteoporotic lesions develop, thus prompting the design of experimental tools for in vitro modeling of early phases of the osteoporotic process and related innovative treatments.
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Immunometabolism provides a new perspective on the pathogenesis of rheumatoid arthritis (RA). In recent years, there have been investigations focusing on the role of intracellular glucose metabolism in the pathogenesis of RA. Previous studies have shown that glycolysis of synovial tissue is increased in RA patients, while glycolysis inhibitors can significantly inhibit synovitis. Pyruvate kinase (PK) is a key enzyme in glycolysis, catalyzing the final rate-limiting step in the process. An isoform of PK, PKM2, provides favorable conditions for the survival of tumor cells via its glycolytic or non-glycolytic functions and has become a potential therapeutic target in tumors. RA synovium has the characteristic of tumor-like growth, and, moreover, increased expression of PKM2 was identified in the synovial tissue of RA patients in recent studies, indicating the underlying role of PKM2 in RA. PKM2 has potential value as a new therapeutic target or biomarker for RA, but its exact role in RA remains unclear. In this review, the properties of PKM2 and existing research concerning PKM2 and RA are thoroughly reviewed and summarized, and the possible role and mechanism of PKM2 in RA are discussed.

Keywords: rheumatoid arthritis, PKM2, glycolysis, protein kinase, tumor


INTRODUCTION

Rheumatoid arthritis (RA) is a common autoimmune disease with the pathological characteristics of invasive synovitis, pannus formation, and articular cartilage destruction. An imbalance between proliferation and apoptosis plays an important role in the pathogenesis of RA, and this tumor-like characteristic of the rheumatoid synovium has become a hot issue in RA research in recent years (1). However, its detailed pathogenesis remains unclear.

Currently, investigations on RA mainly focus on immunology, genetics, and cell biology, whereas studies on the pathogenesis of RA from the perspective of glucose metabolism have not been widely considered. However, glucose metabolism plays a pivotal role in the pathogenesis of RA. Previous studies found that the synovial tissues of RA patients were hypoxic and that this was accompanied by an increase in glycolytic enzyme gene expression and glycolytic activity (2). The key enzymes of glycolysis, such as glucose phosphate isomerase (GPI) (3), aldolase (ALD) (4), and triose phosphate isomerase (TPI) (5), can take part in autoimmune reaction in RA as antigens.

Pyruvate kinase (PK) is a key rate-limiting enzyme of glycolysis that irreversibly catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate (6). PKM2, an isoform of PK, is highly expressed in tumor cells, leading to increased glucose uptake, a transition from oxidative phosphorylation to glycolysis, and accumulation of glucose metabolites. It thus provides favorable and necessary conditions for the growth and survival of tumor cells (7). Alterations in energy metabolism are one of the most important differences between tumor cells and normal cells (8). PKM2 is a key factor leading to this effect, and it has become a potential target for the treatment of tumors. Synovial tissue in RA has been characterized as tumor-like proliferation. In recent years, a few studies have confirmed that the expression level of PKM2 in the synovial tissue of RA is significantly higher than that in patients with osteoarthritis (OA) (9), suggesting the potential role of PKM2 in RA, though further studies are still lacking. However, no summary has been made to help enhance our understanding in this area. Here, the characteristics of PKM2 and the existing evidence on PKM2 and RA are reviewed, and the potential role and mechanism of PKM2 in RA are discussed.



BIOLOGICAL CHARACTERISTICS OF PKM2

PK catalyzes the final rate-limiting and irreversible step in glycolysis, which produces pyruvate and ATP. In mammals, there are four PK isoforms: PKL, PKR, PKM1, and PKM2, expressing in different cells and tissues (10). PKM1 and PKM2 are encoded by the PKM gene and are generated through alternative splicing of two exons in PKM pre-mRNA (11). PKM1 is expressed in most well-differentiated tissues, whereas PKM2 is expressed in proliferative cells, such as embryonic cells, adult stem cells, and cancer cells, especially.

PKM2 can take dimer or tetramer forms with different functions, and these can be converted into each other (12). The tetramer form has a high affinity with its metabolic substrate PEP, while the dimer form has a low affinity with PEP, which means that the tetramer form has a high glycolytic enzyme activity under physiological conditions, while the dimer form has low enzyme activity (12). The tetramer form of PKM2 can efficiently promote glycolysis and energy production (13), while the presence of the low-activity PKM2 dimer stops the conversion from PEP to pyruvate, which leads to the accumulation of glucose metabolites in the upstream and the accumulation of a large number of precursor substances for the synthesis of macromolecules (7).



GLYCOLYTIC FUNCTION OF PKM2

It was found that although there is only one exon difference between the structures of PKM1 and PKM2, they have significant differences in function. Under physiological conditions, PKM1 constitutively exists in the form of a highly active tetramer, while PKM2 can exist in the dimer and tetramer forms (14). Small molecules and metabolites, such as fructose-1,6-bisphosphate (FBP) (15), Succinyl-5-aminoimidazole-4-carboxamide-1-ribose-50-phosphate (SAICAR) (16), serine (17), etc., can promote the tetramerization of PKM2. Meanwhile, PKM2 activity can be inhibited by posttranslational modification, such as phosphorylation (18), acetylation (19), and oxidation (20). The enzymatic activity of PKM2 can be regulated by endogenous mechanisms, so that proliferating cells may choose for PKM2 to allow PK enzyme activity to be turned on or off as the environment changes, thus providing metabolic flexibility.

The significant alteration in the energy metabolism of tumor cells is characterized by the increase of glucose consumption and the conversion of a large amount of glucose into lactate through glycolysis under aerobic conditions, namely aerobic glycolysis, also known as the Warburg effect (21). Another important feature of tumor cell metabolism is the rapid synthesis of large amounts of lipids, proteins, and nucleotides (8), which are necessary for the rapid growth of tumor cells. PKM2 is the major factor that leads to the change in tumor cell metabolism. The presence of the dimer and tetramer forms of PKM2 and their mutual conversion meets the large energy and anabolic substrate supply demands of tumor cells. Previous findings have confirmed that a dimer form PKM2 is commonly expressed in tumors (22). When tumor cells are short of energy, PKM2 transforms from a dimer structure to a tetramer structure and provides enough energy for the cells. When energy is sufficient, it can intercept the conversion of glucose to lactate in the form of a dimer, thus providing sufficient substrates for the anabolism of tumor cells. Therefore, PKM2 can optimize the supply of energy and synthetic substrates for tumor cells, contributing to tumor cell survival and proliferation in a complex microenvironment (23) (Figure 1).


[image: Figure 1]
FIGURE 1. The role of PKM2 in cellular metabolism via the glycolytic pathway. PKM2 is converted into an active tetramer under activation by serine, FBP, SAICAR, or small molecules, which promotes the conversion of PEP into pyruvate. Pyruvate enters the TCA cycle of the mitochondria and produces ATP through oxidative phosphorylation. In the absence of allosteric activators or post-transcriptional modifications, PKM2 presents mainly in an inactive dimer form, leading to the accumulation of glycolytic intermediates to meet the needs of the biosynthetic precursors of activated or proliferating cells. p, phosphorylation; Ac, acetylation; o, oxidation.




NON-GLYCOLYTIC FUNCTION OF PKM2

Recent studies have shown that PKM2 has not only a glycolytic function but also has non-glycolytic function. Under various conditions, PKM2 can be depolymerized from a tetramer to a dimer and translocated to the nucleus, mitochondrial membrane, or outside the cell. PKM2 acts as a protein kinase by phosphorylating various protein substrates at both serine/threonine and tyrosine residues. PKM2 can use its metabolic substrate, PEP, as a phosphate donor for phosphorylation of a variety of target proteins, including STAT3, histone H3, myosin light chain 2 (MLC2), Bub3, and ERK1/2 (24). The translocated PKM2 dimer is involved in the regulation of gene transcription, metabolic reprogramming, mitosis, apoptosis, and other important life events by transcriptional activation, modulating signal transduction, or regulation of the phosphorylation of important proteins, endowing tumor cells with growth advantages (24).

Although protein kinase substrates of PKM2 are being continuously identified, PKM2-mediated gene expression has been challenged by other studies. A lack of a PKM2 gene in mouse models did not inhibit tumor growth (25), and furthermore, PKM2 acting as a PEP-dependent protein kinase was not proved in a recent study (26). Therefore, PKM2 may be directly or indirectly involved in the transcriptional activation, signal transduction, or phosphorylation of some proteins. The specific mechanism demands further exploration.



EXISTING EVIDENCE CONCERNING PKM2 AND RA

Activated synovial cells have the biological behavior characteristics of excessive proliferation, migration, and invasion and form tumor-like pannus, which forms a low-oxygen microenvironment (27, 28). Hypoxia alters cellular bioenergetics by promoting a switch to glycolysis so as to efficiently produce enough ATP to support enhanced synovial proliferation and pannus formation. Compared to OA-fibroblast-like synoviocytes (FLS), the glycometabolism shifted toward glycolysis in RA-FLS (29). The increased fluorodeoxyglucose (FDG) uptake in swollen joints in patients with RA reported in several studies represents the up-regulation of glycolysis (30, 31). Further studies have confirmed that fibroblasts and activated macrophages contribute to the high level of FDG accumulation in the pannus (31). The finding of a marked increase in both glyceraldehyde-3-phosphate dehydrogenase (GAPD) and LDH activities in rheumatoid synoviocytes also suggests the up-regulation of glycolysis (32).

So far, our knowledge on PKM2 and RA is limited; however, several studies have demonstrated that PKM2 may be involved in the pathogenesis of RA. As a key enzyme in the glycolytic pathway, the PKM2 expression of RA-FLS was significantly increased under hypoxic conditions, while inhibition of glycolytic activity by glycolytic inhibitor 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one(3PO) dramatically reverse pro-inflammatory mechanisms including invasion, migration, cytokine secretion, and the signaling pathways of hypoxia-inducible factor-1α(HIF-1α), pSTAT3, and Notch-1IC (33). Another study confirmed that PKM2 is more highly expressed in the lining layer, sublining layer, and vasculature of RA synovial tissue compared to OA (9). TLR2-activation can induce an increased glycolysis:respiration ratio in RA-FLS and enhanced PKM2 nuclear translocation. Similarly, 3PO inhibits TLR2-induced inflammation and signaling pathways (9). In a proteomic analysis of RA-FLS, a total of 1,633 and 1,603 protein spots were examined in RA patients and controls, respectively. Among them, 33 proteins were over-expressed by more than 3-fold, and 3 proteins, namely α-enolase, GRP75, and PKM2, were verified by Western blot (34). Therefore, PKM2 may be involved in the occurrence and development of RA, and further explorations to clarify its exact role and mechanism in RA will be of great significance.



POTENTIAL ROLE AND MECHANISM OF PKM2 IN RA

PKM2 has become a hotspot in the field of tumor research. However, there have been few studies on PKM2 and RA, and its function and mechanism in the development of RA remain unclear. Based on the tumor-like invasion characteristics of synovial tissue, we refer to studies on tumor and PKM2 and try to discuss the possible mechanism in terms of the following aspects so as to clarify the areas worthy of research interest in the future (Figure 2).


[image: Figure 2]
FIGURE 2. Potential role and mechanism of PKM2 in RA. PKM2 can optimize the supply of energy and synthetic substrates for proliferative synoviocytes and activated immune cells via its glycolytic regulation function. The dimer form of PKM2 can interact with important RA transcription factors, such as STAT3, Bcl-2, HIF-1, and Erk1/2, so as to further regulate cell proliferation, apoptosis, angiogenesis, and immune activation. The local acidic microenvironment caused by increased glycolysis is favorable for synoviocyte invasion, MMP-1 activation, and angiogenesis. p, phosphorylation; Ac, acetylation; FA, fatty acid; AA, amino acid; Nuc, nucleotide; ECM, extracellular matrix.



Glycolytic Regulation in RA

Increased glycolysis provides sufficient energy to maintain rapid cell proliferation for synovial tissue in RA (29). On the other hand, many intermediate metabolic products produced during glycolysis are necessary substrates for the synthesis of cellular macromolecules for synoviocyte proliferation. PKM2 may thereby optimize the supply of energy and synthetic substrates for synoviocytes to maintain the tumor-like proliferation.

The local acid microenvironment caused by increased glycolytic activity (32) can further aggravate the pathological process of RA. The acid environment is favorable for synoviocyte survival, as it is for tumor cells. It was found that lactate, as the end product of glycolysis, could trigger invasiveness of FLS (33). The large amount of lactate leaves tissues in an acid environment, capable of destroying the extracellular matrix either directly or by activating metalloproteinases (35). Lactate and pyruvic acid can stimulate the expression of vascular endothelial growth factor (VEGF) and HIF-1α, which are critical for angiogenesis (36). On the other hand, acidosis itself can cause mutations and aberrations that prevent DNA repair, as well as mutations in normal cells (37). Therefore, PKM2 may regulate glycolysis to make synovial tissues in an acid environment that is conducive to their proliferation and invasion.

The inflammatory response is an energy-intensive process that requires a transition from resting to a highly active metabolic state. Under inflammatory conditions, metabolic reprogramming is guided by the efficient generation of ATP and the synthesis of macromolecules for the activation and proliferation of immune cells. As with tumor cells, highly active immune cells also show metabolic changes from oxidative phosphorylation to glycolysis. Immune cell metabolism regulation has become an attractive potential therapeutic target for inflammatory and immune diseases. Studies have shown that glycolysis is associated with T cell differentiation (38, 39) and the production of IFNγ-1 (40). In RA synovial tissues and plasma, disorders of some glycolytic enzymes can induce the activation of immune cells (41, 42). Recent studies have shown that PKM2 is significantly increased in LPS-activated macrophages (43) and participates in regulating macrophage polarization (44). Hence, PKM2 may be a potential modulator of immune cell metabolism and function; this still needs to be further clarified.



Potential Protein Kinase Targets

It has been found that PKM2 can interact with a variety of proteins as a protein kinase. However, so far, no investigators have conducted relevant studies on PKM2 as a protein kinase in RA. Therefore, by referring to the findings of PKM2 in tumor studies, we discuss several possible targets of PKM2 as a protein kinase in RA.


STAT3

STAT is a family of cytoplasmic proteins that can trigger the transcription of corresponding target genes (45). It was found that PKM2 could phosphorylate STAT3 at Tyr705 and promote MEK5 transcriptional activity (46). Inhibition of PKM2 expression could effectively attenuate the neuropathic pain and inflammatory responses induced by CCI in rats, possibly by regulating ERK and STAT3 signaling pathways (47). LPS promoted PKM2 binding to the STAT3 promoter to enhance STAT3 expression and its subsequent nuclear translocation, inducing TNF-α and IL-1β production and cell proliferation in CRC cells (48). Targeting the JAK/STAT signaling pathway is a new way of treating RA, and further studies will be needed to confirm whether inhibiting PKM2 in RA can reduce cell proliferation and inflammatory cytokine secretion via the STAT pathway.



Bcl-2

Bcl-2 is a product of the B-lymphoma-2 gene, that regulates cell survival and inhibits apoptosis (49). Under oxidative stress, PKM2 translocates to the mitochondrial outer membrane, where heat shock protein (HSP)90α1 mediates conformational changes in PKM2 then interacts with and phosphorylates Bcl-2 at thr69. This phosphorylation prevents the binding of BTB–CUL3–RBX1 (BCR) E3 ligase to Bcl-2, thereby inhibiting the degradation of Bcl-2 and inhibiting the apoptosis of tumor cells (50). Knockdown of PKM2 induced apoptosis and autophagy in A549 cells, and this was dependent on decreased expression of Bcl-2 (51). The IL-17/STAT3 pathway may promote the survival and proliferation of FLSs via upregulating the expression of Bcl-2 in RA (52). The overexpression of Bcl-2 may contribute to the reduced apoptosis of synoviocytes and peripheral B cells in RA patients (53). The relations between increased expression of Bcl-2 and PKM2 in synovial tissues deserve more investigation to clarify them further.



HIF-1α

HIF-1α is a major regulator of the transition from oxidative phosphorylation to anaerobic glycolysis (54). PKM2 was able to interact with NF-κB and HIF-1α in the nucleus and activate the expression of the target gene VEGF-A, thereby promoting tumor angiogenesis (55). Meanwhile, in macrophages, LPS-induced PKM2 could enter into a complex with HIF-1α, which directly bound to the IL-1β promoter, inhibiting LPS-induced HIF-1α and IL-1β, as well as the expression of a range of other HIF-1α-dependent genes (43). HIF-1α is highly expressed in the synovium of RA patients. HIF-1α can promote the migration of inflammatory cells to the RA synovium, and the expression of matrix metalloproteinase (MMP)-1 is up-regulated by HIF-1α under hypoxia (56). The “hypoxia-HIF-1α-VEGF” signaling pathway plays an important role in the formation of new blood vessels in RA, so targeting HIF-1α via PKM2 could make a lot of sense.



p53

p53 can work as a hub among a variety of intracellular signal transduction pathways, inhibiting cell proliferation, terminating cell processes, and inducing apoptosis (57). Recent studies have found that PKM2 may be involved in the regulation of p53 in tumor cells. In MCF7 cells exposed to DNA-damaging agent, PKM2 inhibited transactivation of the p21 gene by preventing p53 binding to the p21 promoter, leading to a nonstop G1 phase (58). Dimeric PKM2 has been found to bind directly with both p53 and MDM2 and to promote MDM2-mediated p53 ubiquitination (59). PKM2 gene silencing suppresses proliferation and promotes apoptosis in LS-147T and SW620 cells, accompanied by increased p53 and p21 expression (60). Most studies suggest that p53 expression is decreased in RA-FLS and synovial tissue (61). Collagen-induced arthritis (CIA) was more severe and with more joint destruction in p53−/− mice than in wild type mice due to a reduction in synovial cell apoptosis (62). The future task is to clarify the regulation effect and molecular mechanism of PKM2 on p53 in synoviocytes.



ERK1/2

An ERK1/2 signaling pathway is an important intracellular pro-proliferation and anti-apoptosis pathway (63). In cancer cells, a PKM2-SAICAR complex phosphorylated and activated ERK1/2, which in turn sensitized PKM2 for SAICAR binding through phosphorylation (64). Additionally, PKM2-SAICAR was necessary to induce sustained ERK1/2 activation and mitogen-induced cell proliferation. In Panc-1 and Sw1990 pancreatic cancer cells, the expression levels of the p-ERK1/2 and p-p38 of the MAPK pathway in the PKM2 siRNA groups were markedly down-regulated (65). ERK1/2 is widely distributed in the synovial tissues of RA and is involved in the signal transduction process of synoviocytes (66). Clarifying the effect of PKM2 on ERK1/2 is helpful for exploring its role in the pathogenesis of RA.





CONCLUSION

In summary, glucose metabolism, especially increased glycolysis, plays a pivotal role in the pathogenesis of RA. Recent studies have confirmed the overexpression of PKM2 in RA synovium, suggesting a potential role for PKM2 in RA, though the exact role and mechanism have not been systematically studied. We infer that PKM2 may participate in RA pathogenesis through glycolytic or non-glycolytic pathways and that more investigations to are needed to clarify this further. PKM2 may be a potential therapeutic target due to its regulation of the immunometabolism and key signaling proteins in RA, and a small-molecule drug targeting the regulation of PKM2 activity or protein expression may be a novel approach for RA treatment.
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Background: Growing evidence from studies elsewhere have illustrated that microRNAs (miRNAs) play important roles in polymyositis and dermatomyositis (PM/DM). However, little has been reported on their relationship with regenerating islet-derived protein 3-alpha (REG3A) as well as their associative roles in macrophage migration. Therefore, this study sought to establish the association between miR-146a and REG3A as well as investigate their functional roles in macrophage migration and PM/DM pathogenesis.

Methods: Peripheral blood mononuclear cells (PBMCs) were isolated from PM/DM patients and healthy controls through density centrifugation. Macrophages were obtained from monocytes purified from PBMCs via differentiation before their transfection with miRNA or plasmids to investigate cell migration with transwell assay. An experimental autoimmune myositis murine model was used to investigate PM/DM. Real-time PCR and Western blot analysis were conducted to determine the expression levels of miR-146a, interferon gamma (IFN-γ), interleukin (IL)-17A, and REG3A.

Results: The messenger RNA (mRNA) expression level of miR-146a markedly decreased, while the mRNA level of REG3A, IFN-γ, and IL-17A expression increased substantially in PBMCs from PM/DM patients compared with the healthy controls. The levels of IFN-γ and IL-17A in serum from PM/DM patients was much higher than the healthy controls. Immunohistochemistry analysis showed that REG3A expression increased in muscle tissues from patients. Consistent with clinical data, the mRNA expression level of miR-146a also decreased, whereas the mRNA and protein level of REG3A, IFN-γ, and IL-17A significantly increased in the muscle tissues of experimental autoimmune myositis mice. Moreover, miR-146a inhibited monocyte-derived macrophage migration, and REG3A promoted macrophage migration. In addition, IL-17A induced REG3A expression, while miR146a inhibited expression of REG3A in monocyte-derived macrophages from the PBMCs of the healthy donors. Notably, inhibition of macrophage migration by miR-146a was via the reduction in REG3A expression.

Conclusions: Reduced miR-146a expression in PM/DM leads to increased REG3A expression that increases inflammatory macrophage migration, which may be a possible underlying mechanism of DM/PM pathogenesis.

Keywords: miR-146a, REG3A, macrophage migration, polymyositis and dermatomyositis, autoimmune disease


HIGHLIGHTS

- miR-146a is decreased and REG3A is increased in PM/DM patients.

- REG3A promotes macrophage migration, while miR-146a inhibits migratory capacity of macrophage.

- miR-146a inhibits macrophage migration via reduction in REG3A expression.



INTRODUCTION

Polymyositis and dermatomyositis (PM/DM), diseases of the connective tissues that are classified as typical idiopathic inflammatory myopathies, affect mainly proximal muscles and other body parts such as skin, lungs, esophagus, heart, and joints (1, 2). Although the clinical differentiation of DM from PM is difficult, the former discern from the latter based on classical cutaneous manifestations such as heliotrope rash, shawl sign, as well as Gottron's papules and signs (3). Usually, PM/DM are considered as separate autoimmune diseases, albeit some overlap with other disorders such as rheumatoid arthritis, systemic sclerosis, and systemic lupus erythematosus (1). To support this assertion, a previous report suggested the role of persistent monocytes/macrophages markers in these disease processes (4). Besides, DM is the most common form of classical inflammatory myopathy, while isolated PM is rare but frequent misdiagnosis (5). Therefore, detailed understanding of the exact pathological processes of PM/DM could be valuable for determining appropriate treatment options for patients suffering from the aforementioned conditions who are at 120% increased mortality risk (6, 7).

The pathogenic roles of microRNAs have been extensively investigated in malignant diseases as well as in autoimmune disorders. Although many microRNAs levels altered in PM/DM patients after treatment, little study reported the role of microRNA in PM/DM (8). So far, miR-21, miR-381, and miR-146a have been reported to regulate macrophage migration in PM/DM (9–11). However, the regulatory mechanism of these microRNAs in PM/DM remains unclear. miR-146a, a member of the microRNA precursors (family miR-146) found in mammals, is located on chromosome 5, which has been observed to play critical anti-inflammatory role by modulating nuclear factor kappa-light-chain-enhancer of activated B cells signal pathway activation as well as release of toll-like receptor 4-induced inflammatory factor (12). The modulation of the aforesaid physiological processes by miR-146a culminated in further downregulation of downstream inflammatory mediators such as interleukins (IL-1β, IL-6, and IL-8) coupled with tumor necrosis factor alpha, thereby preventing overreaction induced by negative immuno-inflammatory regulation (13–15). In this regard, Yin et al. reported the regulation of inflammatory macrophage infiltration in PM/DM by miR-146a via tumor necrosis factor receptor-associated factor 6 targeting and the IL-17/intercellular adhesion molecule 1 pathway dysregulation (11). It is described earlier that deficiency of miR-146a could result in increased expression of macrophages (M1) activation biomarkers with concomitant upregulation of proinflammatory cytokines in diabetic miR-146a−/− mice (16). Likewise, Peng et al. had previously established the involvement of muscle macrophage infiltration in PM/DM pathogenesis (17). In a related study, macrophage polarization in systemic juvenile idiopathic arthritis by miR-146a via the M1-associated gene, inhibin beta A subunit targeting (18).

Regenerating islet-derived protein 3-alpha (REG3A), also known as heptocarcinoma–intestine–pancreas or pancreatic-associated protein is a serum biomarker released from the gut upon injury to function as an antimicrobial protein by resisting bacterial proliferation at the injured site (19, 20). Beside the antimicrobial function, RegIIIγ expression, a mouse homolog of human REG3A, has been established to increase after a mucosal damage and hepatic injury with potential effect on tissue regeneration (21, 22). Likewise, it has been revealed that REG3A expression by skin keratinocyte was induced by IL-17 with possible mediation in epidermal hyperproliferation in psoriatic wound repair (23). Meanwhile, inhibition of REG3A expression in diabetic mice exacerbated toll-like receptor 3-mediated skin inflammation (21, 24). However, its role in inflammatory macrophage infiltration in PM/DM has not been elucidated. In this regard, the actual mechanistic role of miR-146a and its relationship with REG3A in the regulation of inflammatory macrophage migration to weakened muscle tissues in PM/DM pathophysiology awaits exploration.

Herein, this study aimed to investigate the function of miR-146a and its association with the level of REG3A in regulating macrophage migration in PM/DM patients vis-à-vis the healthy controls. The present study also sought to explore the role of IL-17A in the induction of REG3A expression.



MATERIALS AND METHODS


Recruitment of PM/DM Patients and the Healthy Controls

This study involved subjects (PM/DM patients and the healthy controls) recruited from inpatients at the Department of Laboratory Medicine, The Affiliated Wuxi NO.2 People's Hospital of Nanjing Medical University (Wuxi, Jiangsu Province, China) between 2016 and 2017. Peripheral blood was obtained from 20 healthy controls and 25 patients with PM/DM (6 PM, 19 DM; 8 male, 17 female; mean age, 37 ± 13 years). The PM/DM patients were age and gender matched with the healthy controls. The PM/DM patients were diagnosed via determination of their serum samples and muscle biopsy results according to the European Neuromuscular Center pathology diagnosis criteria as described elsewhere (25). The experimental protocol was approved by the Ethics Committee of The Affiliated Wuxi No. 2 People's Hospital of Nanjing Medical University. All patients provided written informed consent for the use of their tissues and data before the study.



Experimental Autoimmune Myositis Model

Adult (6–8 weeks old) Balb/c female mice were obtained from Jiangsu Synthgene Biotechnology Co., Ltd and maintained with free access to pellet foods and water under controlled conditions (22°C, 55% humidity, 12 h day/night). All animals received adequate care in compliance with laboratory practice guidelines, and the experimental protocol was approved by the Ethics Committee of The Affiliated Wuxi NO.2 People's Hospital of Nanjing Medical University. To induce an experimental autoimmune myositis (EAM) model, the mice were immunized subcutaneously with 100 μl of 50% complete Freund's adjuvant (Sigma-Aldrich, St. Louis, MS) containing 1.5 mg myosin and 5 mg/ml Mycobacterium tuberculosis (BD Biosciences, Franklin Lakes, NY) at the left hind limb and boosted at the tail base and flanks twice weekly as stated in earlier reports (26). The mice were injected intraperitoneally with 500 ng pertussis toxin (Sigma-Aldrich, St. Louis, MS) immediately after each immunization. The control group received saline/complete Freund's adjuvant and pertussis toxin twice. On day 14 after the first immunization, the serum and muscle tissues were collected for further assay.



PBMC Isolation and in vitro Macrophage Differentiation

Human peripheral blood was collected, and peripheral blood mononuclear cells (PBMCs) were isolated via density centrifugation (400 × g, 30 min) by human lymphocyte separation medium (Solarbio Life Sciences, China) according to the manufacturer's instruction. The mononuclear cells were washed with phosphate-buffered saline for 5 min at 400 × g and 4°C. For macrophage differentiation, PBMCs were cultured with Roswell Park Memorial Institute media and supplemented with glutamax, 20 ng/ml macrophage colony-stimulating factor and 10% fetal bovine serum for 7 days to cause differentiation into macrophages (Gibco Thermo Fischer, Waltham, MA).



Cell Transfection

Monocyte-derived macrophages were seeded into a six-well plate and transfected with microRNAs (miRNAs) (50 nM), small-interfering RNA (siRNA) (50 pmol), or plasmid (5 μg) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) at 37°C according to the manufacturer's instruction. After 24 h, the cells underwent further experimentation. MiR-146a mimics, miR-146a inhibitor, and negative control miRNA were obtained from GenePharma (Shanghai, China). The negative control (NC) siRNA, REG3A siRNA, IL-17RA siRNA, pcDNA3.1-NC, and pcDNA3.1-hREG3A were synthesized by Invitrogen (Carlsbad, CA, USA).



Macrophage Migration Assay

The cells (2 × 105) were suspended in the free serum medium before they were added to the upper chamber of Transwell 96-Well. The medium containing 10% human serum was used as a chemoattractant in the lower chamber. After incubation for 24 h, the invaded cells into the lower chamber were stained with crystal violet. The migrated cells were counted, and photomicrographs were taken under an Olympus inverted microscope (IX71, Olympus, Japan).



Real-Time Quantitative PCR

Total RNA from muscle tissues and cells was prepared using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Briefly, complementary DNA (cDNA) was synthesized from 1 μg RNA using SuperScript™ II Reverse Transcriptase (Invitrogen, Carlsbad, CA). Real-time PCR was performed with SYBR Green master Mix (Thermo Fisher Scientific, Waltham, MA) and ABI 7500 sequence detection system (Applied Biosystems, Foster City, CA). Data were analyzed by the 2(−ΔΔCt) method. The primers for miR-146a (Qiagen, MS00001638) and RNU6-2 (Qiagen, MS00033740) were purchased from Qiagen. Each sample was measured in triplicate, and the relative messenger RNA (mRNA) expression was normalized using glyceraldehyde 3-phosphate dehydrogenase/U6. The quantitative PCR thermocycling conditions were as follows: 94°C for 5 min; followed by 40 cycles at 94°C for 30 s, and 60°C for 30 s. The sequences of the primers used for PCR amplification are listed in Table 1.


Table 1. The sequences of the primers used for PCR amplification.
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Enzyme-Linked Immunosorbent Assay

Briefly, the whole blood from mice was centrifuged at 8,000 × g for 15 min, and serum was collected. The levels of interferon gamma (IFN-γ) and IL-17A were quantified by ELISA commercial kits (R&D system, Minneapolis, MN).



Western Blot

Cells and muscle tissues were homogenized in RIPA buffer (25 mM Tris–HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) containing 1 mmol/L phenylmethylsulfonyl fluoride. After centrifugation for 10 min, the protein concentration in the supernatant was determined using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). The protein was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. After blocking with 1.5% bovine serum albumin in Tris-buffered saline, the membrane was incubated with indicated primary antibodies and horseradish peroxidase-conjugated secondary antibody. The bands were detected by ECL reagent (Cell Signaling Technology, MA, United States) using Western blot detection system according to the specification of manufacturer's instructions.



Immunohistochemistry

Muscle tissue were fix in 10% formalin and embedded in paraffin. Slices (5 μm) of muscle tissues were deparaffinized in xylene and subjected to antigen retrieval. The sections were immunostained with primary REG3A antibody (Novus biologicals, #NBP2-24763) at room temperature for 1 h and secondary antibody for 30 min in a humidified chamber. The positive cells were detected by 3,3′-Diaminobenzidine solution according to manufacturer's instruction.



Statistical Analysis

Data were analyzed using SPSS 17.0 software package (SPSS Inc., IL, USA) and expressed as mean ± SEM. Statistical comparisons between two groups were performed using the Student's t-test. A p < 0.05 was considered statistically significant.




RESULTS


The mRNA Expression Levels of REG3A Increased and miR-146a Decreased in PM/DM Patients

PM/DM are considered as the two most prevalent inflammatory myopathies, which are characterized by the increasing levels of inflammatory cytokines such as IFN-γ and IL-17A. The mRNA expression levels in PBMCs isolated from patients and the healthy controls were detected by real-time PCR. As we expected in Figure 1A, the mRNA expression levels of IFN-γ and IL-17A were remarkably higher in PBMCs from PM/DM patients compared with healthy controls group (p < 0.01). Likewise, in comparison with the control group, mRNA expression levels of REG3A was significantly (p < 0.01) higher in PBMCs from PM/DM patients, while miR-146a expression was markedly downregulated (p < 0.01). Moreover, the levels of IFN-γ and IL-17A in serum from PM/DM patients were significantly increased compared with the healthy controls (Figure 1B). Immunohistochemistry analysis showed that REG3A expression level in the muscle tissue from PM/DM patients was much higher than the healthy controls (Figure 1C).


[image: Figure 1]
FIGURE 1. The levels of regenerating islet-derived protein 3-alpha (REG3A) was increased and miR-146a was decreased in polymyositis and dermatomyositis (PM/DM) patients. (A) Peripheral blood mononuclear cells (PBMCs) were isolated from patients (n = 25) and the healthy controls (n = 20) and the messenger RNA (mRNA) levels of interferon gamma (IFN-γ), interleukin (IL)-17A, REG3A, and miRNA-146a were determined by real-time PCR. The relative mRNA expression was normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH)/U6. (B) The levels of IFN-γ and IL-17A in serum from patients and the healthy controls were determined by ELISA assay. (C) The REG3A levels from patients and the healthy controls were determined by immunohistochemistry. Data are shown as means ± SEM. *p < 0.05, **p < 0.01 in comparison with the healthy controls. PBMCs were obtained from 20 healthy controls and 25 patients with PM/DM.




The mRNA Expression Levels of REG3A Increased and miR-146a Decreased in an EAM Murine Model

To confirm the levels of REG3A and miR-146a in PM/DM, an EAM murine model was established, and the mRNA levels of IFN-γ, IL-17A, REG3A, and miR-146a were determined by real-time PCR. The data showed that the mRNA expression of miR-146a was remarkably lower in muscle tissues, while significantly higher mRNA expression of REG3A, IFN-γ, and IL-17A in muscle samples were observed. Furthermore, the IFN-γ and IL-17A in serum were determined by ELISA assay. As shown in Figure 2B, the protein levels of IFN-γ and IL-17A in serum were significantly (p < 0.01) elevated in the model group compared with the control cohort, indicating that the model was well-established in mice. Consistently, Western blot analysis showed similar increase in the protein levels of REG3A in muscle tissues compared with the control group (Figure 2C). These results suggest the promotion of inflammatory infiltration in the mice muscle tissues with concomitant elevation of REG3A expression, while reduced levels of miR-146a expression was observed.
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FIGURE 2. The levels of regenerating islet-derived protein 3-alpha (REG3A) and miR-146a in an experimental autoimmune myositis (EAM) model. (A) The messenger RNA (mRNA) expression of interferon gamma (IFN-γ), interleukin (IL)-17A, REG3A, and miRNA-146a in muscle tissues were determined by real-time PCR. The relative mRNA expression was normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH)/U6. (n = 9) (B). The levels of IFN-γFand IL-17A in serum from the EAM mice were determined by ELISA assay (n = 9). (C) The protein levels of REG3A in muscle tissues were determined by Western blot (n = 3). GAPDH was used as the internal controls for Western blot analysis. Bands were quantified using ImageJ. Data are shown as means ± SEM. *p < 0.05, **p < 0.01 in comparison with the control group.




miR-146a and REG3A Regulate Macrophage Migration

Macrophage plays a key role in inflammatory response and the development of PM/DM. Therefore, we aimed to probe the effect of miR-146a and REG3A on macrophage migration. First, monocytes were isolated from the PBMCs of the healthy donors and differentiated into macrophages. Monocyte-derived macrophages of healthy donors were transfected with the NC miRNA, miR-146a mimics, and miR-146a inhibitors for 24 h. As shown in Figure 3A, the numbers of migrated cells as indicated by the transwell assay showed a substantial decrease (p < 0.05) in miR-146a mimics group compared with the NC group (Figure 3A). Conversely, a significant increase (p < 0.01) in migratory cell numbers was observed upon treatment with miR-146a inhibitors compared with the NC group (Figure 3A). Next, the macrophages were transfected with the NC-siRNA, REG3A-siRNA, pcDNA3.1-NC, and pcDNA3.1-REG3A plasmids for 24 h. As depicted in Figure 3B, the numbers of migrated cells were substantially decreased (p < 0.05) after transfection with REG3A-siRNA compared with the NC-siRNA group. Likewise, overexpression of REG3A with pcDNA3.1-REG3A plasmids in macrophage resulted in migratory cell numbers markedly increased (p < 0.05) compared with the pcDNA3.1-NC group. Taken together, these findings indicate that miR-146a and REG3A regulated macrophage migration.
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FIGURE 3. The effects of miR-146a and regenerating islet-derived protein 3-alpha (REG3A) on macrophage migration. (A) Monocyte-derived macrophages from the PBMCs of the healthy donors (n = 3) were transfected with the negative control (NC) microRNA (miRNA) and miR-146a mimics, miR-146a inhibitors for 24 h. (B) Monocyte-derived macrophages from the peripheral blood mononuclear cells (PBMCs) of the healthy donors (n = 3) were transfected with the NC siRNA, REG3A siRNA, pcDNA3.1-NC, and pcDNA3.1-REG3A plasmids for 24 h. All treated cells (2 × 105) were suspended and added to the upper chamber of transwell. The medium containing 10% human serum was used as a chemoattractant in the lower chamber. After incubation for 24 h, the invaded cells into the lower chamber were stained with crystal violet. The migrated cells were counted, and photomicrographs were taken under an Olympus inverted microscope (IX71, Olympus, Japan). Data are shown as means ± SEM of three independent experiments. *p < 0.05, **p < 0.01 in comparison with the control group. ##p < 0.05 in comparison with pcDNA3.1-NC group.




IL-17A Induced REG3A Expression in Macrophage

IL-17-mediated inflammation is crucial for autoimmune diseases, which induce a set of gene expression through IL-17 receptor pathway. The relationship among IL-17A miR-146a and REG3A in macrophage remains unclear especially among PM/DM patients. Monocyte-derived macrophages obtained from healthy donors were treated with different concentrations of IL-17A for 24 h. Notably, we found that the mRNA expression of REG3A significantly (p < 0.01) increased by IL-17A treatment in a dose-dependent manner (Figure 4A). Conversely, similar treatment with diverse concentrations of IL-17A did not affect mRNA expression of miR-146a (Figure 4B). Next, Western blot analysis confirmed the induction of REG3A expression by IL-17A in a dose-dependent manner (Figure 4C). Finally, we tested whether IL-17 induced REG3A expression through IL-17RA receptor. Western blot analysis showed that the IL-17A treatment significantly (p < 0.05) increased the expression of REG3A compared with the NC group. Treatment with IL-17A + NC siRNA significantly induced REG3A expression, while the inhibition of REG3A expression was observed upon treatment with IL-17A + IL-17RA siRNA (Figure 4D). Altogether, these results show that IL-17A can induce the expression of REG3A in macrophage through IL-17RA pathway.
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FIGURE 4. Interleukin (IL)-17A induced regenerating islet-derived protein 3-alpha (REG3A) expression in macrophage. (A) Monocyte-derived macrophages from the peripheral blood mononuclear cells (PBMCs) of the healthy donors (n = 3) were treated with the different concentrations of IL-17A for 24 h. The messenger RNA (mRNA) expression of REG3A was determined by real-time PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal controls. (B) Monocyte-derived macrophages from the PBMCs of the healthy donors (n = 3) were treated with the different concentrations of IL-17A for 24 h. The mRNA expression of miR-146a was determined by real-time PCR. U6 was used as the internal controls. (C) Monocyte-derived macrophages from the PBMCs of the healthy donors (n = 3) were treated with the different concentrations of IL-17A for 24 h. The protein levels of REG3A were determined by Western blot. GAPDH was used as the internal controls. (D) Monocyte-derived macrophages were transfected with the NC small-interfering RNA (siRNA) and IL-17RA siRNA in the absence or presence of IL-17A for 24 h. The protein levels of REG3A were determined by Western blot. GAPDH was used as the internal controls. Western blot bands were quantified using ImageJ and normalized to GAPDH. Data are shown as means ± SEM of three independent experiment. *p < 0.05, **p < 0.01 in comparison with the control group. #p < 0.05 in comparison with IL-17A + NC siRNA group.




miR-146a Regulates REG3A Expression in Macrophage

To understand the relationship between miR-146a and REG3A, the regulation of the expression of the latter by the former was established in monocyte-derived macrophages via transfection with NC miRNA, miR-146a mimics, or miR-146a inhibitor for 24 h. Consequently, the real-time PCR and Western blot results showed a significant (p < 0.05) increase in expression of REG3A in miR-146a inhibitor-treated group compared with the NC group. Conversely, transfection with miR-146a mimics resulted in the substantial (p < 0.05) downregulation of REG3A expression in relation to the NC group (Figures 5A,B). On the other hand, transfection with NC siRNA, REG3A siRNA, pcDNA3.1-NC, and pcDNA3.1-REG3A plasmids for 24 h could not alter the level of miR146a (Figure 5C). Notably, treatment of monocyte-derived macrophages with miR-146a mimics in the absence of IL-17A showed decreased mRNA and protein expression of REG3A in comparison with IL-17A treatment group (Figures 5D,E). These findings suggest that the increased expression of miR-146a might lead to the inhibition of REG3A expression irrespective of the presence of IL-17A.
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FIGURE 5. miR-146a regulates regenerating islet-derived protein 3-alpha (REG3A) expression in macrophage. (A,B) Monocyte-derived macrophages from the peripheral blood mononuclear cells (PBMCs) of the healthy donors (n = 3) were transfected with negative control (NC) microRNA (miRNA), miR-146a mimics, or miR-146a inhibitor for 24 h. The messenger RNA (mRNA) and protein levels of REG3A were determined by real-time PCR and Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal controls. (C) The cells were transfected with NC small-interfering RNA (siRNA), REG3A siRNA, pcDNA3.1-NC, and pcDNA3.1-REG3A plasmids for 24 h. The mRNA levels of miR-146a were determined by real-time PCR. U6 was used as the internal controls. (D,E) The cells were transfected with NC miRNA or miR-146a mimics in the absence or presence of IL-17A for 24 h. The mRNA and protein levels of REG3A were determined by real-time PCR and Western blot. GAPDH was used as the internal controls. Data are shown as means ± SEM of three independent experiments. *p < 0.05, **p < 0.01 in comparison with the control group. #p < 0.05, ##p < 0.01 in comparison with IL-17A treatment group.




miR-146a Inhibits Macrophage Migration via Suppression of REG3A Expression

To investigate whether suppression of REG3A by miR-146a has any effect on macrophage migration, we transfected monocyte-derived macrophages obtained from healthy donors with NC siRNA or REG3A siRNA in the absence or presence of miR-146a inhibitor for 24 h. Transwell assay showed that the number of migrated cells significantly decreased (p < 0.01) after transfection with NC + REG3A siRNA compared with the NC + NC siRNA group. Contrarily, migratory cell numbers obviously increased upon treatment with inhibitor + NC siRNA (p < 0.05). However, treatment with inhibitor + REG3A siRNA resulted in the substantial decrease in migrated cell number compared with the inhibitor + NC siRNA and NC + NC siRNA group (Figure 6A), indicating that inhibition of miR-146a could not promote REG3A-silenced macrophage migration. In addition, we transfected monocyte-derived macrophages with the pcDNA3.1-NC or pcDNA3.1-REG3A plasmids in the absence or presence of miR-146a mimics for 24 h. As shown in Figure 6B, a substantial (p < 0.01) decreased number of migrated cells was observed in mimics + pcDNA3.1 group compared with the NC + pcDNA3.1 group. Consistent with results in Figure 3B, transfection of the macrophages with NC + pcDNA3.1-REG3A plasmids led to a significant increase (p < 0.05) in migrated cell numbers compared with the NC + pcDNA3.1 group (Figure 6B). However, treatment of the macrophage with mimics + pcDNA3.1-REG3A displayed a significant decrease in cell migration compared with the NC + pcDNA3.1-REG3A group, indicating that the overexpression of REG3A-induced macrophage migration was inhibited by miR-146a treatment. These data suggest that miR-146a may inhibit macrophage migration via suppression of REG3A expression.
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FIGURE 6. miR-146a inhibited macrophage migration through suppression of regenerating islet-derived protein 3-alpha (REG3A) expression. (A) Monocyte-derived macrophages from the PBMCs of the healthy donors (n = 3) were transfected with the NC siRNA or REG3A siRNA in the absence or presence of miR-146a inhibitor for 24 h. (B) Monocyte-derived macrophages were transfected with the pcDNA3.1-NC or pcDNA3.1-REG3A plasmids in the absence or presence of miR-146a mimics for 24 h. All treated cells (2 × 105) were suspended and added to the upper chamber of transwell well. The medium containing 10% human serum was used as a chemoattractant in the lower chamber. After incubation for 24 h, the invaded cells into the lower chamber were stained with crystal violet. The migrated cells were counted, and photomicrographs were taken under an Olympus inverted microscope (IX71, Olympus, Japan). Data are shown as means ± SEM of three independent experiment. *p < 0.05, **p < 0.01 in comparison with NC + NC siRNA or NC + pcDNA3.1 group. #p < 0.05, ##p < 0.01 in comparison with inhibitor + NC siRNA or NC + pcDNA3.1-REG3A group.





DISCUSSION

This study was designed to test the possibility that miR-146a inhibits macrophage migration by downregulating REG3A expression, which might contribute to the development of PM/DM. The following observations emerged from the present study: the findings support the evidence that the mRNA expression levels are increased in IFN-γ, IL-17A, and REG3A, while miR-146a expression is reduced in PBMCs from PM/DM patients. An EAM murine model increased mRNA expression of REG3A as well as decreased miR-146a mRNA expression. miR-146a inhibited macrophage migration, while REG3A promoted PBMC-differentiated macrophage migration. IL-17A induced REG3A expression in macrophage in a dose-dependent manner in vitro. while miR146a inhibited expression of REG3A in macrophage. Notably, inhibition of macrophage migration by miR-146a was via the reduction in REG3A expression.

Most PM/DM patients experience muscle weakness, skin lesions, fatigue, and breathing difficulties, which majorly affect the quality of their daily life. An earlier study has observed lack of evidence-based theory to identify appropriate treatment options for PM/DM owing to unclear pathology underlying these conditions (7). However, as an idiopathic inflammatory myositis, it has been postulated that inflammation is the primarily underlying mechanism of the aforementioned symptoms of these diseases (27). Over the years, physician experience and empirical data have played key roles in selecting treatments for PM/DM, but difficulty in timely diagnosing PM/DM caused by similar symptoms of the disease to those of myositis has hampered this practice (28). Clinically, previous review showed that corticosteroids yielded only a modest benefit, while azathioprine and methotrexate were demonstrated to be effective in only 8 out of 35 trials (25, 26, 29, 30). Thus, understanding the detailed mechanism underlying the signs and symptoms of PM/DM will aid in the identification of pharmacological biomarkers and the development of effective therapeutic approaches for the cure of these diseases.

Emerging evidence suggests that miRNAs, particularly miR-146a, is reported to play a vital role in the pathological process of inflammatory diseases like PM/DM (31). Likewise, the activation of downstream IL-17A and IFN-γ signaling pathways has been observed to promote inflammation in several diseases (28, 32). Besides, it has been reported elsewhere that the antimicrobial protein REG3A expressed by keratinocytes is induced by IL-17 via activation of keratinocyte-encoded IL-17RA (23). These emerging pieces of evidence, therefore, support the concept that IL-17A, miR-146a, and REG3A are involved in the pathogenesis of inflammatory disease such as PM/DM. In the present study, it was shown that IL-17A and IFN-γ was highly expressed in PBMCs from PM/DM patients with higher mRNA expression of REG3A and lower miR-146a expression (Figure 1). This result corroborates earlier findings that higher levels of IL-17 and its proinflammatory counterparts IL-17RA are produced in PM/DM patients by T helper cells (33, 34). Consistently, the in vivo data obtained from mice model showed that autoimmune myositis resulted in increased mRNA expression of REG3A as well as decreased miR-146a expression (Figure 2). Thus, the associative effect of these biological molecules is relevant for the immune response-inflammatory processes in the PM/&DM pathophysiology. Inflammation is a necessary defensive reaction to several physiological conditions involving immune cells, blood vessels, and molecular mediators. Nevertheless, it contributes significantly to the pathogenesis of various diseases, including PM/DM (1). The primary pathological process in these disorders occurs with inflammatory infiltrates in the muscles (5). Notably, macrophage-mediated inflammatory infiltrates are critical for a variety of human inflammatory muscle disorders as macrophages are key cell types involved in orchestration and modulation of the repair process (31, 35). In addition, unresolved inflammatory infiltration facilitated by macrophage may lead to persistent muscle tissue destruction by immune cells or collagen deposition (36). Therefore, therapeutic strategies targeting inflammatory response in PM/DM may be a promising approach to manage these conditions. A previous report has established the regulation of inflammation infiltration in PM/DM by macrophages via targeting tumor necrosis factor receptor-associated factor 6 and affecting IL-17/intercellular adhesion molecule 1 pathway (11). However, the mechanism underlying inflammatory macrophage infiltration in muscle tissue restoration among PM/DM patients is incompletely understood. Earlier studies have shown that IL-17 has strong influence on the pathogenesis of several other autoimmune diseases, such as rheumatoid arthritis, multiple sclerosis, and psoriasis (37–39). In addition, in muscle tissue, IL-17 coupled with other proinflammatory cytokines, such as IFN-γ produced by monocytes and innate immune responses, acts to potentiate immune responses, which might lead to destruction of muscle tissues (40). Consequently, the increased expression of REG3A induced by IL-17A (Figure 4) might exacerbate the PM/DM condition, thereby potentially heightening immune responses. On the other hand, REG3A is established to be highly expressed in skin cells in concert with IL-17 during psoriasis and wound healing (23), which might play a critical role in muscle tissue healing in PM/DM. Thus, future researches can explore the development of IL-17A/REG3A targeted antibody therapies and their prospect in treating PM/DM. Besides, since REG3A is reported to promote wound healing in skin injuries (41), its role in improving muscular cell growth and tissue restoration in PM/DM patients will be given the needed attention in our subsequent investigations.

Actually, miR-146a expression levels were observed to be markedly lower in either patients and mice models than healthy subjects or the control group, respectively (Figures 1, 2). In addition, experimental treatment with mimics or inhibitors of miR-146a impacted on REG3A expression levels as well as macrophage migratory capacity (Figures 3, 5, 6). Based on these and other findings, we hypothesized that miR-146a and IL-17A regulate the expression of REG3A in PM/DM patients. Although earlier report has recognized the significance of miR-146a in PM/DM (38, 42), its relationship with REG3A has not been established yet. On the account of a previous investigation, which has suggested the abnormal expression of miR-146a and its negative regulatory role in inflammation (43), this study unearths possible mechanism underlying macrophage-mediated inflammatory infiltrates via REG3A (Figure 3). Specifically, increased miR-146a expression was observed to inhibit REG3A expression (Figure 5). Suppression of REG3A expression by miR-146a resulted in the inhibition of macrophage migratory capacity (Figure 6). In the present report, IL-17A and miR-146a inhibitors had positive influence on REG3A expression coupled with macrophage migration, which were counteracted via transfection with REG3A siRNA. Altogether, these findings suggest the relationship between miR-146a and REG3A as well as their involvement in PM/DM pathophysiology. MiR-146a is well established to inhibit cell migration and mediate suppression of inflammatory response in human adipocytes (44, 45). Conversely, REGs are reported to be highly expressed in diseases such as hepatic injury and inflammatory bowel disease-related colonic inflammation (22, 46). Preliminary, this report has evidenced that miR-146a and IL-17A can regulate the pathogenesis of PM/DM via targeting of REG3A, which, to the best of our knowledge, has not been established in other reports. However, the interplay between miR-146a, REG3A, and its related pathways such as defensins and innate immune systems in the pathogenesis of PM/DM will be investigated comprehensively in future studies.

In summary, the present study for the first time proves that reduced miR-146a in PM/DM promotes REG3A expression and inflammatory macrophage migration. We believe that this preliminary evidence will contribute to the understanding of the mechanism underlying PM/DM pathogenesis, which can possibly facilitate diagnosis of the disease. Nonetheless, future investigations are needed to further elucidate other REGs and targeting proteins involve in PM/DM pathogenesis to develop appropriate treatment approaches.
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Elevated cell-free DNA (cfDNA) levels in the plasma and synovial fluid of rheumatoid arthritis (RA) patients are proposed to be pathologically relevant. However, direct evidence to support this perception is lacking, and molecular feature of the cfDNA molecules with assumed pathological function is not well characterized. Here, we confirm remarkably increased levels of total synovial fluid and plasma cfDNAs in a large cohort of patients with rheumatoid arthritis compared to the counterparts in osteoarthritis, and demonstrate the potent inflammatogenic effects of RA synovial fluid cfDNA on both human monocyte cell line and primary cells related to RA. Massively parallel sequencing identifies distinct molecular pattern of cfDNA in RA, as characterized by enriching CpG-motif containing sequences. Importantly, these identified CpG-motif-rich sequences are hypomethylated in RA patients and induce severe inflammatory responses both in vitro and in vivo. Our data demonstrate the pathological role of global and specific cfDNA molecules in RA, thereby identifying novel therapeutic target candidate and potential biomarker for RA.
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INTRODUCTION

In pathological conditions, including cancers, inflammatory disorders and severe trauma (1–3), abnormal amounts of cfDNA are released into body fluids following exorbitant apoptosis, necrosis, NETosis, and pyroptosis (4). Some of previous studies of autoimmune diseases, especially in rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE), have shown that increased level of cfDNA in plasma correlates with disease progression, and thus, cfDNA has been used as a marker to monitor therapeutic responses to certain autoimmune diseases (5, 6).

In addition to the application as a biomarker, prior studies have attempted to determine if cfDNA plays a role in inflammation associated with autoimmune diseases (7). Initially, it was shown that vertebrate cfDNA failed to induce an inflammatory response in autologous plasmacytoid dendritic cells, which are sensitive to bacterial nucleic acids. As a result, it was thought that because cfDNAs are products of self-DNA, the host immune system has tolerance to this self-component. However, the development of improved technology led to the finding that cfDNA, especially derived from mitochondrial DNA, has a high degree of oxidative damage and is similar to bacterial DNA, and can bind with LL-37, HMGB, auto-Ig, and other proteins to form immunocomplexes. These immunocomplexes deliver various cfDNAs into cells, which are then recognized by pattern recognition receptors (PRRs), such as TLR-9 or STING, leading to downstream signaling cascade amplification and cytokine overexpression. Consequently, cfDNA contributes to the etiology of psoriatic arthritis, atherosclerosis, and SLE (8–10).

Like SLE, accumulating evidence suggests that cfDNA might play an important role in the pathogenesis of rheumatoid arthritis (RA). For example, intra-articular injection of CpG ODNs, the unmethylated CpG oligodeoxynucleotides prevalent in bacteria, triggers reactive arthritis in mice (11–13). Further, DNase knock-out mice spontaneously develop polyarthritis with symptoms resembling that of human RA (6, 14). Activation of TLR-9 by chromatin combined with IgG2a can stimulate B cells to produce autoantibodies, known as rheumatoid factors (15). Moreover, it is known that the concentration of cfDNA in plasma and synovial fluid (SF) of RA patients is significantly elevated (16–18). However, the direct evidence that endorses the pathological role of cfDNA in RA is not established, and the molecular nature of RA cfDNA potentially implicated in onset and development of RA is unknown.

In this study, we analyzed cfDNA isolated from the synovial fluid (SFcfDNA) of 113 RA and osteoarthritis (OA) patients via massively parallel sequencing and other in vitro and in vivo approaches. Our findings confirm the inflammatogenic property of cfDNA from RA patients, and the molecular characteristics of SFcfDNA identified in this study provide novel insights into the role of cfDNA in RA.



MATERIALS AND METHODS


Study Design

Plasma and synovial fluid were collected from 163 individuals, including 50 healthy donors (HDs) for plasma, 33 OA subjects for synovial fluid, 80 rheumatoid arthritis patients for plasma and synovial fluid, and the detailed information of the study population is illustrated in Supplementary Table 1. Primary synovial fluid mononuclear immune cells (SFMICs) and fibroblast-like synoviocytes (FLSs) were collected from RA synovial fluid and synovium tissue, respectively, which were stimulated with total cfDNA purified from the SF of the same patient. Intracellular TNF-α staining and cytokine bead assay (CBA)/ELISA were carried out for detection of cytokine expression. Then, the cfDNA size distribution frequency and the discrepancy sequence feature between RA and OA were analyzed. Specific CpG-motif-rich (CMR) sequences and CpG-motif-free (CMF) sequences were acquired by virtue of bioinformatics technique, which would be described in detail in the method of sequencing and analysis. Finally, pro-inflammation capability of high-frequency sequences was tested in vitro and in vivo.



Participants

All the plasma, synovial fluid, and synovium samples of RA patients were collected from Sun Yat-sen Memorial Hospital, General Hospital of Guangzhou Military Command of PLA after informed consent. RA patients who were selected for the study were confirmed with ACR 2010 standards, without bacterial and virus infection. SF of OA control was collected from patients who underwent arthroplasty surgeries in the First Affiliated Hospital, Sun Yat-sen University. Healthy plasma samples were obtained from volunteer donors. The average age of RA (n = 80), OA patients (33) or HDs (n = 50) was 56 ± 3, 58 ± 4, 48 ± 5, respectively. For the sequencing investigation, the subjects were female with the average age 48.5 (±12.7) years in the RA group and 51.0 (±6.2) years in the OA group. The detailed information of patients used in each experiment are displayed in Supplementary Table 1. Studies were approved by the ethics committee of the General Hospital of Guangzhou Military Command PLA, Sun Yat-sen Memorial Hospital and the First Affiliated Hospital of Sun Yat-sen University, respectively. The recruited patients gave written consent according to a protocol approved by the above Committees.



cfDNA Purification and Quantification

After synovial fluid was extracted from joints of patients, an equal volume of PBS was added to dilute the samples, followed by adding hyaluronidase (1 mg/ml, pH = 7.4) and incubated at 37°C for 0.5 h. Then Ficoll-Paque was used for mononuclear cell sorting, and supernatant was collected for cfDNA purification. cfDNA was purified with circulating cfDNA purification kit following the instructions of the manufacturer. The purified cfDNA concentration was quantified via Picogreen@ dye.



Intracellular TNF-α Staining Assay

After diluting SF with PBS, the samples were incubated with hyaluronidase (1 mg/ml, pH = 7.4) at 37°C for 0.5 h. Then the samples were passed through a 70-μm filter, and the SFMICs were collected with Ficoll-Paque. Isolated SFMICs were plated in 24-well plates at a density of 5 × 105 cells/ml with RIPM-1640 (Gibco) completed medium and transfected with 500 ng of cfDNA or CpG 2006 for 24 h via Lipofectamine 2000 (Lipo2000; Invitrogen) following instructions of the manufacturer. The wells with equal volume of Lipo2000 were used as background controls. Monensin solution (1:1,000; BioLegend) was added to inhibit the cytokine secretion before sample staining. After the cells were blocked with Human TruStain FcXTM kit (1:50; BioLegend), they were stained with AF700 Human CD45 (1:100; BioLegend) (Supplementary Table 2) for 30 min at room temperature. Viability was determined by Zombie YellowTM Fixable Viability kit (1:1,000; BioLegend). Cells were washed twice with PBS, fixed and permeabilized with Transcription Factor Fix/Perm Buffer (eBioscience). After the cells were washed by PBS with 2% FBS, they were stained with BV421 Human TNF-α (1:100; BioLegend) (Supplementary Table 2) for 30 min. Then the samples were analyzed by Attune CytoFlex analyzer (ThermoFisher). For TNF-α staining of THP-1 cell line, the same procedure was performed, except for CD45 staining. Briefly, a percentage of TNF-α-expressing cells was analyzed through flow cytometry. Gating strategy was based on, first, viable cells gating via Live/Dead dye, followed by CD45+ gating, then singlet cells of CD45+ cells were gated according to FSC-A/FCS-H properties. Finally TNF-α positive cells were determined.



Cytokines Expression
 
FLS Isolation

Synovial samples were acquired from discarded arthroplasty tissue. After careful dissection, mincing, and digestion with Collagenase I (1 mg/ml; Sigma-Aldrich) in RIPM medium (Gibco) for 30 min with agitation, cells were passed through a 70-μm cell strainer. Then the cells were subjected to red cell lysis and were cultured with DMEM high-glucose completed medium. Three- to nine-passage primary FLS was used for functional assay. Primary FLS validation: Primary FLS used for the study was measured by flow cytometry. The percentage of double positive ratio of PE Anti-Human CD55 (1:100; BioLegend) and PerCP-Cy5.5 Anti-Human CD90 (Thy1; 1:100; BioLegend) (Supplementary Table 2) was more than 98%. For stimulation assay, 500 ng of SFcfDNA was transfected to FLS at a density of 5 × 103 cells per 300 μl in 48-well plates via Lipo2000 following manufacturer's instructions, and an equal volume of Lipo2000 (1 μl) was added into the control wells. After 4 h, the medium was changed, and after 24 h, the supernatant was collected for cytokine evaluation with human ELISA kit Ready-SET-Go! (eBioscience). The concentration of cfDNA for FLS stimulation assay without transfection was 15 μg/ml. For SFMIC stimulation assay, 1 × 105 cells were seeded into 96-well plates, and 500 ng of SFcfDNA was transfected to cells with Lipo2000. After 24 h, the supernatant was collected for cytokine evaluation with ELISA kit. High-frequency sequence PCR purification and amplification were obtained with Advantage® GC2 PCR kit (Takara Biomed), PrimeSTAR® Max (Takara Biomed) on Mastercycler nexus X2 PCR platform (Eppendorf), QIAquick Gel Extraction kit (Qiagen), and QIAquick PCR Purification kit (Qiagen). For CMRs and CMFs stimulation to THP-1 cell lines, the same process was performed as that of SFMIC.




Illumina Sequencing

Cell-free DNA was extracted from SF samples using the MasterPure Complete DNA and RNA Purification kit (Epicenter) according to the instructions of the manufacturer. Next, the sequencing library was prepared using the ND604-VAHTS Universal DNA Library Prep kit (Vazyme) based on the protocol. Then the DNA library was sequenced on Illumina HighSeq 2500 sequencer, and the initial image processing was done by CASAVA (v1.8.2, Illumina).



Sequencing Data Analysis

Sequencing reads were cleaned using Trimmomatic (version 0.36) (19) in order to (i) remove the primers and sequencing adapters; (ii) trim nucleotides with the average quality per base drops below 15 in a four-base-wide sliding window from the 3′ end; and (iii) drop read below the 30 bases long. Cleaned reads were subsequently aligned to the human genome (hg19) using BWA (version 0.7.15) (20). The reads that were uniquely mapped to the human genome were retained for analysis. To compare the genomic distribution of SFcfDNA between samples, two types of fragments were investigated and a normalized sequence density for each fragment, which is similar to the RPKM (Reads Per Kilobase Million) in RNA-seq analysis, was calculated as follows:
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The first type of fragments was chromosome bins with 400-bp width, which provided genomic distribution of SFcfDNA molecules, and the other was the CpG islands across the human genome, which is epigenetically relevant. The sample-specific normalized factor is used for sequencing depth normalization. In detail, a sliding window of 50 kilobase was applied across each chromosome, and the number of sequences falling within each window was counted, and the median value was chosen to be the representative of the chromosome. Because the sex chromosome for each sample might be different, the median sequence representatives among autosomes were used as the normalized factor. Human genome sequence (hg19) and CpG positions from hg19 were downloaded from the UCSC website (http://genome.ucsc.edu/) on April 12, 2018. In total, 28,691 CpG sequences were computationally annotated. Because all the participants in the sequencing cohort were female, CpG islands in human chromosome 1–22 and X, which included 27,537 CpG positions, were involved in the analysis. All the read numbers were counted by featureCounts (version 1.5.2), and the normalized sequence densities were used for comparison among samples in the CpG-enrichment analysis (21).



Total cfDNA and CMR Methylation

For detection of the global SFcfDNA methylation levels of RA and OA, we applied the 5-mC DNA ELISA kit (Zymo Research) according to the manufacturer's instructions. In brief, 100 ng of DNA was coated on the wells of the plate. Then primary (specific for 5-methylcytosine) and secondary antibodies were added to the wells. The OD value was read out by a Bioteck microplate reader at a wavelength of 450 nm. The result was calculated via a standard curve generated by different percentages of methylation levels of standard 5-mC DNA. Specific CMR methylation in RA and OA SFcfDNA was determined with a OneStep qMethyl-Lite kit (Zymo Research). Briefly, 20 ng of global DNA was incubated in the presence (test reaction) or absence (reference reaction) of methyl-sensitive restriction enzymes (5 U each; BStUI, HpyCH4IV and HpaII, NEB) at 37°C for 2 h, followed by real-time reverse transcription PCR (RT-PCR) as described in the manufacturer's instructions. Percentage methylation was calculated using the formula 100 × 2−ΔCt, where ΔCt is the average Ct value from the test reaction minus the average Ct value from the reference reaction. Percentage methylation is relative to each experiment.



SiRNA Knock Down Assay

Three different sequences of human TLR-9 and siRNA were designed and ordered from RiboBio Biotechnology, Guangzhou, China, and are listed in Supplementary Table 3. SiRNAs (200 nM) were transfected via Neon Transfection System (Life technology, Thermo Fisher) following the manufacturer's instruction. The down-regulation of target genes was evaluated by qPCR, with GAPDH as the internal control. After 24 h of stimulation, cell supernatants were collected for TNF-α and IFN-β detection.



Animal Assay

Female BALB/c mice (6–8 weeks) were purchased from Guangdong Medical Laboratory Animal Center. All mice were bred, housed, and used under specific pathogen-free conditions in the animal facility of the School of Life Science, Sun Yat-sen University. The animal studies were performed with the approval of the ethics committee of the School of Life Science, Sun Yat-sen University. At 1 day, 6 μg of CMR-3, CMR-7, CpG 1668 (positive control), CMF-4 in 20 μl of sterile PBS and the same volume of PBS were intra-articularly injected into mouse knees. The same dose of DNA was boosted at Day 4, respectively.



Joint Swelling Measurements and Clinical Scores

The diameter of mice articular joints was measured by a vernier caliper (Guanglu) from the first day of the onset of arthritis. The clinical scores were acquired according to the reported standard description (22): Score 0: no evidence of erythema and swelling occurred. Score 1: erythema and mild swelling appeared. Score 2: erythema and mild swelling extended from the ankle to the tarsals. Score 3: erythema and moderate swelling extended from the ankle to metatarsal joints. Score 4: erythema and severe swelling encompassed the ankle, paws, and digits or ankylosis of the limb.



Morphology Study
 
Photograph

After articular injection of DNA sequences at 3 days, the hindpaws of mice were photographed by a camera. Micro-CT imaging: At day 6, the mice were sacrificed, and the joints were fixed in 10% buffered formalin for a week, then scanned at 80 kV and 500 μA with the resolution of 19 μm in ex vivo micro-computed tomography (Siemens Inveon Micro-CT/PET) for 50 min. Three-dimensional images of joints were obtained by Inveon Research Workplace. Bone mineral density and the trabecular parameters including bone volume/total volume, bone surface area/bone volume, trabecular thickness, trabecular spacing, and trabecular pattern factor were measured by Inveon Research Workplace. MRI imaging: The mice were anesthetized by i.p. injection of 3.5% chloral hydrate, and then the Coronal fat-suppressed T2W TSE MRI (MRI; Achieva 3.0T; Philips Healthcare) of the inflammation articular joints were obtained with an eight-channel transversal animal coil. The parameter briefly: time of repeat/time of echo, 800/80 ms; field of view, 55 × 55 mm2; slice thickness, 1 mm; slice number, 8; number of signal average, 1; matrix, 176 × 190. Spectral pre-saturation inversion recovery (SPIR) fat suppression technique was used. The total imaging time of this sequence was about 4 min 19 s. Readers scored synovitis, bone marrow edema, and bone erosions according to the Rheumatoid Arthritis MRI Scoring (RAMRIS) system (23). RAMRIS scores of mouse joints were obtained following a standard evaluation process. The scale of synovitis is 0–3. Score 0–4 is normal, mild, moderate, severe, respectively. The scale of bone marrow edema is 0–3. 0 = no osteitis; 1 = 1–33% of bone with osteitis; 2 = 34–66%; 3 = 67–100%. The scale of bone erosions is 0–10. 0 = no erosion; 1 = 1–10% of bone eroded; 2 = 11–20%; 3 = 21–30%, etc. The cumulative score of synovitis, bone marrow edema, and bone erosions on a scale of 0–16 served as a measure of the severity of inflammation and joint damage.




Histological Analysis and Immunohistochemical Staining

At day 6, the animals were sacrificed, then the ankle, knee, digital, and wrist joints were fixed with 10% buffered formalin. After, joints were incubated in decalcifying solution (4% hydrochloric acid in 4% formaldehyde) at room temperature for 7 days. The samples were paraffinized and cut into microtome (Leica) slices of 2 μm for histological examination. After staining the slices with hematoxylin and eosin, respectively, the inflammatory cell accumulation in synovial tissues, bone, and cartilage was evaluated by Vectra Automated Quantitative Pathology Imaging System (PerkinElmer).

To evaluate the histology scores of the knee and ankle joints of each mice, the histopathologic feature was graded using a scoring system as previously described (24): synovial cell lining hyperplasia (0–2); mononuclear cell infiltration (0–3); pannus formation (0–3); polymorphonuclear leukocyte infiltration in periarticular soft tissue (0–3); cellular infiltration and bone erosion at distal tibia (0–3); and cellular infiltration of cartilage (0–2). In addition, the sum of all the histopathologic feature scores was the histology score of each animal joint.



Real-Time PCR

At day 6, the mice were sacrificed, then the tissue just above the ankle joint with shinbones were removed and homogenized in TRIzolTM reagent with a homogenizer (T18 digital ULTRATURRAX, IKA) as described previously (6). Briefly, total RNA was extracted with Rneasy Universal Tissue kit (Qiagen); then, they were reverse-transcribed into cDNA using PrimeScriptTM RT Reagent kit with gDNA Eraser and oligo (dT; Takara Biomed) and SYBR® Premix Ex TaqTM II kit (Takara Biomed). qPCR was carried to compare the cytokine expression, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was the internal control. The relative mRNA levels of cytokines and MMP-3 in the normal group were set as 1. The sequences of the primers are shown in Supplementary Table 3.



Statistical Analysis

Statistical differences were calculated with PRISM 5.0 software (GraphPad) using non-parametric Mann–Whitney test, two tailed-paired T test, one-way ANOVA, and Kruskal–Wallis Dunn's multiple comparison. Data were considered statistically significant when values were P ≤ 0.05.




RESULTS


Increased cfDNA Levels in Large Cohort of RA Patients

A number of prior studies reported elevated cfDNA levels in circulation and SF of RA patients (16, 25). However, contradictory data were also emerged recently (26). To clarify this issue, we evaluated the concentrations of plasma and SF cfDNA in large control and RA patient population (80 RA cases) via Picogreen-based assay that only detects intact dsDNA. Our data show that there was a significant difference in plasma cfDNA levels between patients and healthy individuals (median: 41.3 vs. 32.1 ng/ml) (Figure 1A), and the median SFcfDNA level in RA patients was 38.8-fold higher than that in OA individuals (3,182 vs. 82 ng/ml) (Figure 1B). Furthermore, the median cfDNA concentration in the SF was ~77-fold higher than that in the plasma in RA (3,182 and 41.3 ng/ml, respectively). These data confirm increased plasma and substantially high SF cfDNA levels in the relatively larger RA patient cohort (80 cases), and the fact that super high cfDNA concentrations are anatomically restricted within joints strengthens the proposal that cfDNA may be implicated in onset and development of RA.
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FIGURE 1. Elevated cell-free DNA (cfDNA) isolated from the synovial fluid (SFcfDNA) concentrations in RA patients. (A) cfDNA concentrations in plasma of healthy donors (HDs) and rheumatoid arthritis (RA) patients. (B) cfDNA levels of synovial fluid in RA and osteoarthritis (OA) patients. Data was calculated by non-parametric Mann–Whitney test; P < 0.05 is recognized as statistically significant. ***P < 0.001. Data are presented as median with interquartile range.




Cellular Stimulatory Function of SF cfDNA From RA Patients

To further define the pathological relevance of SF cfDNA, we determine if SFcfDNA can induce inflammatory response. SFcfDNA isolated from both RA and OA patients was used to stimulate THP-1 cells, a human monocyte cell line, which express TLR-9 and STING DNA sensors via transfection. Owing to the high variation in SFcfDNA concentrations seen in OA patients (24 ng/ml−1 μg/ml), we pooled synovial fluid from 10 separate OA cases to obtain enough cfDNA to stimulate inflammatory cells, and from 10 separate RA cases as a compared group. Results indicated that SFcfDNA from both RA and OA patients can stimulate THP-1 cells to produce inflammatory cytokine (TNF-α). SFcfDNA from RA patients was even more potent at low doses (250 ng/2 × 105 cells) (Figure 2A). Moreover, SFcfDNA from RA patients could stimulate primary SFMICs (Supplementary Figure 1A) and FLSs (Supplementary Figure 1B) to produce pro-inflammatory cytokines. Briefly, flow cytometer analysis showed that an average of 13.8% of SFMICs expressed TNF-α after SFcfDNA stimulation (Figure 2B), which was further confirmed by measuring TNF-α expression in SFMIC culture supernatant by ELISA (Figure 2C). Moreover, expression of IL-6 and IL-8 was elevated after SF cfDNA challenging FLSs (Figure 2D). However, no increased expression of IL-1β, TNF-α, or IFN-α was observed with FLSs, even present at a dose as high as 1 μg/ml (Supplementary Figure 1C). Thus, our results directly demonstrate the flammatogenic property of RA global SF cfDNA in vitro.


[image: Figure 2]
FIGURE 2. Cellular stimulatory function of SFcfDNA from RA patients. (A) Expression of TNF-α by THP-1 cells stimulated with SFcfDNA from OA or RA patients at two concentrations. The data shown are representative of three independent experiments with the same tendency. (B) The percentage of primary SFMICs from RA patients expressing intracellular TNF-α upon stimulation with SFcfDNA or CpG 2006. The data on the left is a representative sample and on the right is the mean of 12 samples. (C) TNF-α secretion by SFMICs (n = 6) stimulated with CpG 2006 or SFcfDNA (0.5 μg/2 × 105 cells) using the same procedure. (D) IL-6 and IL-8 expression on primary FLSs from RA patients (n = 5) stimulated with SFcfDNA from RA patients. Statistical significance was calculated by one-way ANOVA (A), Kruskal–Wallis Dunn's multiple comparison test (B,C), two-tailed paired T testing (D). *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001. Data are presented as the mean with SD (A), and (B,C) data are presented as the median with interquartile range.




Genomic Landscape and Molecular Feature of SFcfDNA From RA

To identify and characterize individual inflammatogenic SFcfDNA molecules, we investigated the genomic distribution and sequence features of SFcfDNA from RA (n = 50) and OA (n = 23) patients using whole-genome shotgun sequencing (27). The patients were all female with an average age of 48.5 (±12.7) years old in the RA group and 51.0 (±6.2) years old in the OA group (Supplementary Table 1). Sequencing generated a total of 3.7 billion paired-end 125-bp reads, of which 94.9% (median) passed quality control. Of these post-QC reads, 95.4% (~42.3 million per sample) on average aligned uniquely to human genome (Supplementary Figure 2). The number of sequencing reads for each sample is listed in Supplementary Table 4. Uneven distribution of reads across each chromosome was observed, and this intra-chromosomal variation was common among all samples, likely due to sequencing artifacts. However, the number of reads mapped to each 50-kb sliding window per chromosome in each of the samples remained consistent among all chromosomes. The sample-specific normalized factors were calculated using the number of reads per 50-kb sliding window to account for the differences in total sequencing yields among samples. Sequence densities of different regions in all the samples were analyzed. Overall comparison of sequence densities across the whole genome did not show any distinct regions with deeper coverages in the RA group (Figure 3A). However, the analysis, focused on epigenetically relevant CpG-island regions, revealed that the majority of these sequences had higher sequence densities on average in RA patient samples compared to the counterparts in OA patients. More specifically, 71 CpG-motif-rich (CMR) sequences were identified using the Wilcoxon rank-sum test for between-group comparison with Bonferroni-corrected alpha level (Figure 3B), and can be classified into two subgroups, CpG-motif-rich sequences with equal to or >20 CpG dinucleotides (CMRhigh) and CpG-motif-rich sequences with <20 CpG dinucleotides (CMRlow). These CpG-islands were distributed across every chromosome, although there were more in chromosomes 1 and 19. More importantly, one-way clustering plot showed that RA and OA patients could be separated by the frequencies of these 71 CMR sequences, which could be potentially used as biomarkers to distinguish between OA and RA (Figure 3C).
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FIGURE 3. SFcfDNA distribution and CpG-motif-rich (CMR) sequences in synovial fluid. (A) Distribution of total cfDNA density across chromosomes. Briefly, Manhattan plot with –logarithm P-values for the distribution comparison of total cfDNA density across chromosomes. Sequence density of 400-bp chromosome bins across the human genome was used for the measurement of overall genomic distribution of SFcfDNA molecules. Totally 7,590,771 chromosome bins were included and compared. (B) Circular Manhattan plot for the distribution comparison of SFcfDNA at CpG-motif regions. Features aligned onto the main chromosomes as concentric rings (from inner to outer) correspond to (1) Between-group difference (RA–OA) of sequence density of CpG-island regions. The values were coded by color, and the key legend was shown in the center. (2) Manhattan plot with –logarithm P-values for the comparison of sequence density of CpG regions. Totally 28,691 CpG sequences were compared, and the Bonferroni-corrected cut-off with minus logarithm scale is about 5.8. (3) CpG-rich locations identified by sequence density comparison at CpG regions. The larger the circle is, the higher significance it has. (4) The chromosome ideograms. (5) The number of chromosomes. (C) The average sequence density in every CpG location grouped by RA (purple) and OA (green), which clearly shows the presence of CMR sequences mainly in RA-cfDNA originated from RA patients. (D) Assessment of global cfDNA methylation levels in RA (n = 50) and OA (n = 30) patients through analysis of the percentage of 5-mC by ELISA. (E,F) Percentage of methylated (E) CMR-3 and (F) CMR-7 in SFcfDNA from RA and OA patients. (D–F) Statistical significance was calculated by non-parametric Mann–Whitney test, ***P < 0.001. Data are presented as median with interquartile range.


Considering that hypomethylated DNA sequences (like mitochondrial DNA and bacterial DNA) are believed to induce a greater inflammatory response (28, 29), we next compared the total methylation levels of SFcfDNA between RA (n = 50) and OA (n = 30) patients. The global methylation level of SFcfDNA in RA patients was found to be significantly lower than that in OA patients (Figure 3D). Next, we randomly chose two specific CMRhigh sequences, CMR-3 and CMR-7, to compare their methylation statuses in SFcfDNA between RA and OA patients (both n = 24). The results showed that both of the sequences were significantly more hypomethylated in RA patients compared to those in OA patients (Figures 3E,F).

Taken together, these results provide the first evidence that SFcfDNAs in RA are enriched with specific CMR sequences, which are hypomethylated.



Specific SFcfDNA Molecules Induce Potent Proinflammatory Effects in vitro

Hypomethylated CpG-motif-rich (CMR) sequences were previously shown to have a strong pro-inflammatory capability (30, 31), and epigenetic changes were reported to occur in RA-related cells (32, 33). Thus, we hypothesized that the 71 CpG-enriched sequences identified in SFcfDNA of RA patients might be responsible for the inflammatory responses induced in vitro by total RA SFcfDNA as described above. To test this, we investigated whether RA CpG-motif-rich RA-CMRhigh could trigger strong inflammatory response in THP-1 cells with RA CpG-motif free (RA-CMF) sequences of the same length served as control. The individually purified CMR and CMF molecules were obtained by amplifying RA SFcfDNA via PCR with specific primers (Supplementary Figure 3 and Supplementary Tables 5, 6). The cell-based analysis showed that the RA-CMRhigh could robustly stimulate THP-1 cells to express inflammatory mediator TNF-α, with its levels reaching 1.3- to 4.2-fold higher than those induced by RA-CMFs (Figure 4A). Also, intracellular staining revealed a similar finding. Specifically, TNF-α was produced in 25.3% on average of THP-1 cells in the presence of RA-CMRhigh; in contrast, only did 1.36% of RA-CMFs-stimulated THP-1 cells, displaying 18.6-fold difference in the ability of inducing intracellular TNF-α production (Figure 4B). Moreover, among the 71 CpG-motif-rich sequences identified in this study, 10 RA-CMRhigh sequences induced higher TNF-α expression levels than did nine RA-CMRlow sequences (5.9- vs. 3.9-fold) (Figure 4C and Supplementary Table 6). This is consistent with a previous study showing that CpG density correlates with the ability to induce inflammation (31). Next, we explored the signal cascade activation by the RA-CMR sequences in THP-1 cells. Two RA-CMR sequences (CMR-3 and CMR-7), CpG 2006, and one RA-CMF sequence (CMF-4) were used. The results show that CMR-3 and CMR-7 highly up-regulated TNF-α expression as that of CpG 2006 (Supplementary Figure 4A). On the contrary, CMF-4 hardly activated TNF-α expression. In terms of IFN-β expression, all sequences were stimulated at a low extent, and no significant difference was found between CMRs, CpG, and CMF. After knocking down TLR-9 by siRNA, TNF-α induction obviously declined in CMRs and CpG group compared to the wild-type group, while the significant alteration of IFN-β was not observed in all groups (Supplementary Figure 4B). Thus, RA-CMRs mainly induced inflammatory response through the TLR-9 pathway. Since we translocated cfDNA sequences into the cell with Lipofectamine, we need to make sure that the sequences could enter into the endosome and interact with TLR-9. Cy3-labeled CpG 2006 was transfected to the THP-1 cells with Lipo2000, and another known endosomal transfection reagent, DOTAP, was used as control (34, 35). The results show that both transfection reagents can translocate CpG 2006 into the endosome of the THP-1 cell (Supplementary Figure 4C). Overall, analysis of the stimulated human monocytic cell line THP-1 confirms the potent in vitro inflammatogenic property of the individual RA-CMRhigh molecules identified by short-gun genomic sequencing.
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FIGURE 4. SFcfDNA with CpG motif-rich sequences from RA patients induces TNF-α expression in THP-1 cells. (A) TNF-α regulation after stimulation with CMRs and CpG-motif free (CMFs) (250 ng/2 × 105 cells, respectively). Fold change of THP-1 expression was normalized against the control group. (B) Percentage of THP-1 cells expressing TNFα expression following stimulation of CMRs from SFcfDNA. (C) TNF-α expression induced by CMRs containing different numbers of CpG groups. (A,C) Statistical significance was calculated by non-parametric Mann–Whitney test, *0.01 < P < 0.05, **0.001 < P < 0.01. Data are presented as median with interquartile range.




The Specific RA-CMRhigh Molecules Induce Joint Inflammation in vivo

Given that RA-CMRhigh was shown to induce strong inflammatory responses in THP-1 cells (Figures 4A–C), we next investigated whether these hypomethylated RA-CMRhigh molecules could induce RA-like joint arthritis in mice. CMR-3, CMR-7, CMF-4, and CpG 1,668 (6 μg/kg, respectively) were injected into the articular cavity of knees in mice on days 1 and 4, as described previously (36). Following the knee joint challenging, assessment of disease status was conducted, including the joint swelling scores (Figures 5A,B), micro-CT examination of bone erosion (Figure 5C and Supplementary Figure 5A), MRI studies of effusion in the knee joints, swelling of the suprapatellar bursa and bone erosion (Figure 5D and Supplementary Figure 5B), histopathological exam (Figure 5E for ankle joints, Supplementary Figure 5C for knee joints, and Supplementary Figure 5D for histology scores), as well as mRNA levels of cytokines in the shinbones (Figure 5F). Similar with what was observed in the positive control (CpG 1668) group, the mice treated with two individual hypomethylated RA-CMRhigh molecules CMR3 and CMR-7 developed joint arthritis within 3–4 days. This RA-CMRhigh-induced arthritis was characterized by severe joint or paw swelling and joint inflammation with massive leukocyte infiltration and bone erosion, as evidenced by assessing the disease parameters (Figures 5A–F). When evaluated with the same methods, in contrast, mice injected with PBS or CMF-4 had no joint inflammation and bone destruction observed (Figures 5A–F). These findings confirm the inflammatogenic ability of the RA-CMRhigh but not RA-CMF molecules to induce joint arthritis in vivo.
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FIGURE 5. Challenge of BALB/c mice with high-frequency CMR sequences. (A) Swelling of the right ankle joint as measured by the change in ankle diameter (n = 5). (B) Photos of right hindpaws on day 3 after challenge with specific sequences. (C) Representative 3D micro-CT images of the ankle joints of mice after administration for 6 days (resolution: 19 μm). Red arrows indicate bone destruction. (D) Representative T2-weighted MRI images of ankle joints of different groups at day 6. The effusion in the joint is highlighted by red arrows. Bone erosion in the CMR-3 group is highlighted with a red asterisk. (E) Representative HE staining of ankle joints of mice 6 days after administration (×200). Inflammatory cell infiltration in the articular cavity is indicated with black arrows. Bone destruction in mice treated with CMR-3 is highlighted with an asterisk. (F) mRNA level of related cytokines and MMP-3 of shinbones at day 6 after immunization. Relative mRNA expression was normalized to β-Actin. (A,F) Significance was calculated by one-way ANOVA. #0.01 < P < 0.05, ##0.001 < P < 0.01, ###P < 0.001 vs. PBS group. *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001 between two groups. Data are presented as mean with SD.





DISCUSSION

By this work, we further support the observation of abnormal high cfDNA content in the plasma of RA. Moreover, we found that cfDNA content from synovial fluid of RA was much higher than that of OA patients, implying important roles of cfDNA to RA. Previous researches on cfDNA focused on quantitative measurement and biomarker functions, and we have shown that using cationic materials to scavenge cfDNAs may reduce inflammatory symptoms of the RA rat model (36–38). However, the pathogenetic functions of cfDNA in RA remained unclear. Now we showed that SFcfDNA from RA patients elicits robust expression and production of proinflammatory cytokines not only in THP-1 cells but also in primary SFMICs and FLSs from the same RA patients. It is noteworthy that SFcfDNA from OA patients does not have the proinflammatory stimulation ability in vitro when applied at the same doses as those from RA patients. Thus, for the first time, the present study provides a direct evidence that, unlike the OA SFcfDNA, the global RA SFcfDNA is inflammatogenic, facilitating the potent induction of inflammatory mediators (TNF-α and IL-6) that are critical for RA pathogenesis. More importantly, through whole genome shotgun sequencing, 71 CpG-motif-rich sequences were found with high frequencies in SFcfDNA from RA patients. One-way clustering plot analysis allows to classify RA and OA patients based on the CpG contents of their SFcfDNA. We found that the unique sequences in SFcfDNA of RA patients are able to mediate the pro-inflammatory cytokine induction. Among the characterized SFcfDNAs, RA-CMR can stimulate greater production of inflammatory cytokines than RA-CMF. Moreover, the immunostimulatory ability of SFcfDNAs correlates with the density of CpG distribution. These in vitro results were validated in an animal model where RA-CMRhigh, but not RA-CMF, is able to induce even more severe joint inflammation and bone erosion. As reported previously, hypo-methylated CpG-rich sequences have a strong pro-inflammation capability (30), and bacterial DNA is highly pro-inflammatory because unmethylated CpG motifs are present at the expected frequency of 1 per 16 dinucleotides in the bacterial DNA (31). Also, in the pathological condition of rheumatoid arthritis, epigenetic change has been observed in many studies (32, 33). Therefore, for the first time, with high-resolution analysis, we have demonstrated the characteristic features of cfDNA molecules in RA.

Like RA, SLE is another autoimmune disease, and the elevated cfDNA in plasma of patients was first reported in 1966 (39). Since then, the quantity and quality of cfDNAs in SLE have been studied. For example, high frequency G + C-rich DNA fragments showed more affinity to DNA antibody (40), and drug inhibited T-cell DNA methylation can induce autoimmune syndrome (41). Recently, hypomethylation of cfDNA in SLE was also reported by high-resolution analysis with massive parallel genomic and methylomic sequencing study (42). However, there is still no report to show high inflammatogenic-specific sequences of cfDNA. Therefore, our understanding on qualitative feature exampled by RA case will be also valuable to other cfDNA-induced autoimmune diseases. We may give a hint that there are distinct sequences in total cfDNAs that are relevant to certain autoimmune disease and even cancer. In RA patients, the functions of DNase I in circulation, DNase II in lysosomes, and cytoplasmic TrexI are deficient (6, 43, 44). The abnormal DNAases matter in the digestion of RA patient's genomic DNA, and therefore, the remained sequences of cfDNA in circulation become specific to RA development. The questions like the relationships between these cfDNA fragments and DNAase certainly need to be disclosed.

In conclusion, for the first time, we have demonstrated that the qualitative feature of cfDNA is important for the pathogenic development of RA. We show that high-frequency CMRs in SFcfDNA of RA patients stimulate a strong inflammatory response. Therefore, this work supplies not only a strategy to classify RA and OA patient but also a target of treating RA.
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Objectives: To assess whether the histopathological features of the synovium before starting treatment with the TNFi certolizumab-pegol could predict clinical outcome and examine the modulation of histopathology by treatment.

Methods: Thirty-seven RA patients fulfilling UK NICE guidelines for biologic therapy were enrolled at Barts Health NHS trust and underwent synovial sampling of an actively inflamed joint using ultrasound-guided needle biopsy before commencing certolizumab-pegol and after 12-weeks. At 12-weeks, patients were categorized as responders if they had a DAS28 fall >1.2. A minimum of 6 samples was collected for histological analysis. Based on H&E and immunohistochemistry (IHC) staining for CD3 (T cells), CD20 (B cells), CD138 (plasma cells), and CD68 (macrophages) patients were categorized into three distinct synovial pathotypes (lympho-myeloid, diffuse-myeloid, and pauci-immune).

Results: At baseline, as per inclusion criteria, DAS28 mean was 6.4 ± 0.9. 94.6% of the synovial tissue was retrieved from the wrist or a metacarpophalangeal joint. Histological pathotypes were distributed as follows: 58% lympho-myeloid, 19.4% diffuse-myeloid, and 22.6% pauci-immune. Patients with a pauci-immune pathotype had lower levels of CRP but higher VAS fatigue compared to lympho- and diffuse-myeloid. Based on DAS28 fall >1.2, 67.6% of patients were deemed as responders and 32.4% as non-responders. However, by categorizing patients according to the baseline synovial pathotype, we demonstrated that a significantly higher number of patients with a lympho-myeloid and diffuse-myeloid pathotype in comparison with pauci-immune pathotype [83.3% (15/18), 83.3 % (5/6) vs. 28.6% (2/7), p = 0.022) achieved clinical response to certolizumab-pegol. Furthermore, we observed a significantly higher level of post-treatment tender joint count and VAS scores for pain, fatigue and global health in pauci-immune in comparison with lympho- and diffuse-myeloid patients but no differences in the number of swollen joints, ESR and CRP. Finally, we confirmed a significant fall in the number of CD68+ sublining macrophages post-treatment in responders and a correlation between the reduction in the CD20+ B-cells score and the improvement in the DAS28 at 12-weeks.

Conclusions: The analysis of the synovial histopathology may be a helpful tool to identify among clinically indistinguishable patients those with lower probability of response to TNFα-blockade.

Keywords: synovial tissue, anti-TNF, pathotype, rheumatoid arthritis, certolizumab-pegol


INTRODUCTION

Rheumatoid Arthritis (RA) is a chronic inflammatory autoimmune disease characterized by persistent inflammation of synovial tissue. If not adequately treated, it can lead to progressive structural damage and subsequent disability (1). Early diagnosis and the introduction of advanced therapeutics for RA patients has resulted in substantial improvements in clinical outcomes. However, irrespective of drug choice or therapeutic target, response rates have remained stubbornly fixed with approximately 60% of patients attaining a modest 20% improvement in disease activity (ACR20), while only around 20% of patients achieving remission (2). In addition, the mechanisms responsible for such variable response to therapy are still unknown, and there are no biomarkers in regular clinical use which are predictive of treatment response to individual therapeutic agents (3). This is reflected in the most recent EULAR recommendations for the management of RA (4) that support the use of any of the available targeted therapeutics following failure on conventional synthetic (cs) DMARDs, implying a “trial and error” approach to treatment. Such an approach leaves a huge unmet need and exposes patients to a therapeutic lottery of drugs, which they may not respond to and which may cause unnecessary adverse effects. Thus, there has been considerable interest in trying to identify biomarkers of treatment response in the diseased tissue (5), as the search in peripheral blood has been largely unsuccessful (3). Heterogeneity in the quantity and quality of synovial cellular infiltrate is well recognized, and clustering of patients into three histological categories (pathotypes) has recently been described in a large early RA cohort as (i) lympho-myeloid, characterized by well-organized B or plasma cell aggregates and rich in macrophages; (ii) diffuse-myeloid, with predominant macrophages within the sublining tissue and lacking B/plasma cell aggregates, and (iii) pauci-immune, with scant infiltration of immune cells and prevalence of resident fibroblasts (6). Importantly, synovial molecular signatures have also been identified to associate with each pathotype (7). Moreover, synovial pathotypes and molecular signatures in the baseline biopsy are associated with clinical phenotypes, clinical response to csDMARDs, radiologic progression 12 months after the original biopsy (6, 7), and predict future requirement for biologic therapy (8). These data suggest that synovial biomarkers may be useful tools to stratify patients' response to biologic therapy. TNF inhibitors (TNFi) are the most widely prescribed biologic drugs in RA, and thus biomarkers of responses have been the most intensively sought. However, whilst levels of TNFα in the peripheral blood have repeatedly and consistently proven to be ineffective predictors (9), synovial TNFα expression and factors such as the presence of synovial B cell aggregates or specific gene signatures have been variably associated with clinical outcomes (10–12).

In this study, therefore, capitalizing on the current understanding of rheumatoid synovial histopathology, we aimed to investigate whether specific histological features in synovium prior to starting treatment with the TNFi certolizumab-pegol could predict clinical outcome, and furthermore we examined the modulation of histopathology by treatment.



METHODS


Patients

Thirty-seven RA patients [using the 1987 revised American College of Rheumatology (ACR) classification criteria] (13) fulfilling UK National Institute for Health and Care Excellence (NICE) prescribing guidelines for biologic therapy (i.e., failure of at least two csDMARDs and highly active disease demonstrated by DAS28 > 5.1) (14) were enrolled in the study at Barts Health NHS trust. Patients were excluded from the study if daily oral prednisolone dose exceeded 10 mg or if they have previously received any biologic treatment, including non-anti-TNF agents. Routine demographics including age, seropositivity for rheumatoid factor and anti-citrullinated peptide antibodies, disease duration, concomitant therapy and disease activity assessment (DAS28) were performed at baseline. Patients underwent synovial sampling of an actively inflamed joint using ultrasound (US)—guided needle biopsy as previously described (15) with collection of pre-biopsy US images. US images of the biopsied joints were scored for both synovial thickening (ST) and Power-Doppler (PD) using the EULAR/OMERACT US semi-quantitative synovitis score system (0–3) (16). Patients were subsequently commenced on standard treatment with subcutaneous certolizumab-pegol (400 mg at 0–2–4-weeks, then 200 mg every other week). Twelve-weeks after starting treatment, the number of swollen and tender joints (28 joint count), patient visual analog score (VAS) for pain, fatigue, global health and physician assessment of global health were recorded along with Health Assessment Questionnaire (HAQ). Patients were categorized as responders to therapy if a DAS28 fall >1.2 was demonstrated between baseline and 12-weeks, and non-responders if it did not. At 12-weeks, patients were consented to undergo a second synovial biopsy of the same joint sampled as at baseline. The study was approved by the local ethics committee (Rec. No. 10/H0801/47) and written informed consent was obtained from all patients prior to inclusion.



Histological Assessment of the Synovial Tissue

A minimum of 6 samples was retrieved for histological analysis from each biopsy procedure for subsequent paraffin embedding. Following H&E staining of 3 μm-cut paraffin-embedded sections, synovial tissue underwent immunohistochemical (IHC) staining for CD3 (T cells), CD20 (B cells), CD138 (plasma cells), and CD68 (macrophages), as previously described (17). Synovial tissue was deemed as gradable if there was a visible lining layer and/or presence of macrophages in the sublining. Two independent scorers expert in synovial tissue histology quantified the degree of the immune infiltrate using a semi-quantitative score (0–4) as previously described (17). Subsequently, synovial samples were categorized into three distinct synovial pathotypes based on the following criteria: (i) Lympho-myeloid, if CD20+ B-cells score ≥ 2 and/or CD138+ plasma cells score > 2; (ii) Diffuse-myeloid, if CD68+ sublining (SL) macrophages score ≥ 2, CD20+ B-cells score ≤ 1 and CD138+ plasma cells score ≤ 2; Pauci-immune, if CD68SL macrophages score < 2 and CD3+ T cells score, CD20+ B cells score, and CD138+ plasma cells score < 1 (6).



Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 8.2.1. A p < 0.05 was considered statistically significant. Differences in continuous variables between two groups were analyzed by T-test or Mann-Whitney U-test depending on normality. Differences in variables between three or more groups were assessed through one-way ANOVA or Kruskal-Wallis with Dunn's correction test. Wilcoxon matched-pairs rank test was used to compare matched samples (e.g., pre- and post-treatment variables in the same patient). Chi-squared or Fisher's exact test was applied to analyze the significance of the association between categorical variables. Spearman's correlation test was used to assess the presence of significant correlations between variables. Multiple logistic regression analysis was performed with GraphPad Prism version 8.3.1. The binary clinical response (based on DAS28 improvement ≥1.2) was used as the outcome. The primary model was defined by the main effect of the pathotype only. Additional models were adjusted by the inclusion of several covariates such as age, gender, RF/CCP status and baseline DAS28. The Sankey diagram in Figure 5 was plotted using SankeyMATIC (http://sankeymatic.com).




RESULTS


Patients' Characteristics

Patients' baseline demographic and clinical features are summarized in Table 1. Briefly, as expected in a population of established RA, ~80% of patients were female, and the average age was 51.3 ± 11.7 years. About 70% of patients were either rheumatoid factor (RF) or anti-cyclic citrullinated peptide (CCP) antibody positive. As per the inclusion criteria of the study, all patients had high disease activity (DAS28 6.4 ± 0.9). All patients were previously exposed to csDMARDs treatment but were naïve to any biologics, and 35.1% of patients were on concomitant steroid treatment (≤ 10 mg per day) at the time of the recruitment.


Table 1. Baseline characteristics of the population included in the study (n = 37).
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Histological Classification

A total of 37 patients were recruited to the study and underwent a synovial biopsy at study entry (baseline). 28/37 patients subsequently consented to a second synovial biopsy at 12-weeks follow up (Figure 1A, Supplementary Figures 1, 2). 31/37 baseline synovial biopsies and 22/28 12-weeks repeated biopsies yielded synovial tissue of sufficient quality for subsequent histological analysis. Demographics and clinical features of patients classified as “ungraded” (6 patients at baseline and 6 patients at 12-weeks) as well as those of patients who did not undergo a repeated synovial biopsy post-treatment are summarized in Supplementary Tables 1, 2. At baseline, 58% (18/31) were classified as lympho-myeloid, 19.4% (6/31) as diffuse-myeloid, and 22.6% (7/31) as pauci-immune (Figure 1B). Representative immunohistological images are shown in Figure 1C, and the relative degree of immune cell infiltrate per pathotype shown in Figure 1D. 94.6% of the synovial tissue was retrieved from the wrist or a metacarpophalangeal joint (Figure 1E). There was no difference in the pathotype distribution among the various biopsy sites (Figure 1F).


[image: Figure 1]
FIGURE 1. (A–F) Design of the study and histological characterization of the synovial tissue. (A) Timeline of the study, which included a baseline US-guided needle synovial biopsy at week 0 (37 patients) and a second biopsy of the same joint after 12-weeks of treatment with certolizumab-pegol (28 patients). At the top, representative gray-scale transverse section of an US-guided wrist biopsy showing the needle entering the joint space underneath the IV extensor tendons compartment. (B) Distribution (%) of synovial pathotypes at baseline. (C) Representative images of immunohistochemistry staining of synovial tissue for immune cells markers and classification in three pathotypes: lympho-myeloid, diffuse-myeloid and pauci-immune. Original magnification 4x. (D) Heatmap showing the degree of infiltration of immune cells (CD20, B-cells; CD138, plasma cells; CD3, T-cells; CD68L, macrophages of the lining; CD68SL, macrophages of the sublining) in each pathotype. (E) Distribution (%) of biopsied joints. (F) Histological pathotype according to synovial biopsy site. MCP, metacarpophalangeal. Fisher's test: not significant.




Synovial Pathotypes and Baseline Clinical Features

We next evaluated whether there were significant differences in clinical parameters between patients stratified according to baseline synovial pathotype (Table 2). We demonstrated significantly lower levels of C-Reactive Protein (CRP) (Figure 2A) but higher VAS fatigue score (Figure 2B) in patients with a pauci-immune compared to lympho- and diffuse-myeloid pathotypes. The US Power Doppler (USPD) score of the biopsied joint was significantly higher in lympho-myeloid patients, while the US synovial thickening (USST), measured on gray-scale, was comparable among the three pathotypes (Figures 2C,D). This suggests that although the total proliferative cellular burden is the same across the pathotypes there are differences in the nature of the inflammatory milieu between the pathotypes, with increased vascularity observed in the lympho-myeloid pathotype.


Table 2. Analysis of baseline features by pathotype.

[image: Table 2]


[image: Figure 2]
FIGURE 2. (A–D) Violin plots showing differences in CRP (A), VAS fatigue (0–100) (B), ultrasound (US) Power-Doppler (PD) score (0–3) (C) and US synovial thickening (ST) score measured in gray-scale (0–3) (D) of the biopsied joints between pathotype groups. Median and interquartile ranges are represented by thick and thin dotted lines, respectively. **p < 0.01, *p < 0.05, Kruskal-Wallis with post-hoc multiple comparison on 31 patients.




Baseline Synovial Histological Pathotypes Associate With 12-Weeks Response to Certolizumab-Pegol

Twelve-weeks after commencing certolizumab-pegol, 25/37 patients (67.6%) were classified as responders and 12/37 (32.4%) as non-responders based on a DAS28 fall >1.2 (ΔDAS28 response). We next stratified patients according to synovial pathotype and evaluated whether there were significant differences in clinical outcomes between groups. We demonstrated that a significantly higher number of patients with a lympho-myeloid and diffuse-myeloid pathotype in comparison with pauci-immune pathotype [83.3% (15/18), 83.3 % (5/6) vs. 28.6% (2/7), Fisher test p = 0.022] were classified as responders to therapy. A similar distribution was observed when EULAR response criteria were applied: in this case, the rate of EULAR non-responders was 16.7% in both lympho-myeloid and diffuse-myeloid in comparison to 57.1% in pauci-immune patients (Figure 3A). Consistent with this, we also observed a significant fall in DAS28 score pre- and post-treatment in both the lympho-myeloid and the diffuse-myeloid groups [6.4 ± 1 to 3.9 ± 1.5 (p < 0.001) and 6.5 ± 0.8 to 3.2 ± 1.2 (p = 0.002) respectively] but not in the pauci-immune group [6.7 ± 1 to 5.2 ± 1.6 (p = 0.06)] (Figure 3B). Using a dichotomic classification of the pathotypes (lympho-myeloid and diffuse-myeloid vs. pauci-immune) we observed a significantly lower response in the pauci-immune group (Fisher test p = 0.01). The sensitivity of this test as a predictor of response was 83% with a specificity of 71%; the positive predictive value was 90% and the negative predictive value 56%. A logistic regression model including the pathotype alone mirrored the results of the Fisher test (“Model 1” in Supplementary Table 3). The histological classification remained significant when the model was adjusted for age, gender and RF/CCP status (“Model 2” in Supplementary Figure 2) as well as in a larger model including also DAS28 at baseline (“Model 3” in Supplementary Figure 2).
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FIGURE 3. (A) Table summarizing clinical response rates by pathotypes to certolizumab-pegol at 12-weeks. ΔDAS28 was calculated by subtracting the baseline-DAS28 value from the 12-weeks-DAS28; DAS28 fall > 1.2 defined “responders.” Distribution of response rates was tested by Fisher's exact test while differences in ΔDAS28 by Kruskal-Wallis with Dunn's test. SD, standard deviation. (B) Comparison of pre- (pre-TH) and post-treatment (post-TH) DAS28 by pathotype. ***p < 0.001, **p < 0.01, Kruskal-Wallis with post-hoc Dunn's multiple comparison test on 31 patients. Red dotted line represents DAS28 5.1 (“high disease activity”); green dotted line represents DAS28 3.2 (“low disease activity”).




An Inadequate Response to Certolizumab-Pegol in Patients Categorized as Pauci-Immune Pathotype Is Driven by Higher Levels of Tender Joint Counts and Patient-Reported-Outcomes

As patients with a baseline pauci-immune histological pattern were less likely to respond to certolizumab-pegol, we next evaluated differences in individual components of clinical response between pathotype groups at 12-weeks.

We demonstrated a significantly higher level of post-treatment tender joint count and VAS scores for pain, fatigue and global health in pauci-immune in comparison with lympho- and diffuse-myeloid patients (Figure 4A): conversely, there were no significant differences in the number of swollen joints, ESR and CRP at 12-weeks post-treatment between pathotype groups.
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FIGURE 4. (A) Table summarizing the comparison by pathotype of the patients' clinical features at 12-weeks post-treatment (*Kruskal-Wallis with Dunn's correction). Significantly different variables are in bold. (B) Comparison of pre- (pre-TH) and post-treatment (post-TH) individual parameters of the DAS28 by pathotype. p values were calculated with Wilcoxon matched-pairs rank test (31 patients); ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Green dots and line: “responders”; red dots and lines: “non-responders”. SD, Standard Deviation; ESR, erythrocyte sedimentation rate; CRP, C- Reactive Protein; TJ, Tender Joints; SJ, Swollen Joints; VAS, Visual Analog Scale (0–100); GH, Global Health; pt, patient; phy, physician; tir, tiredness; HAQ, Health Assessment Questionnaire.


Furthermore, when evaluating changes in individual components of the DAS28 score between baseline and 12-weeks follow up we saw the most significant falls in ESR, tender joint count, swollen joint count and VAS global health in the lympho-myeloid group. In the pauci-immune group only ESR level and swollen joint count significantly decreased after treatment (Figure 4B). Overall, this data suggests that while anti-TNF therapy is highly effective in the “inflammatory” pathotypes, it is less effective at reducing joint tenderness, pain and overall health scores in the pauci-immune patients.



Clinical Response at 12-Weeks Associates With a Reduction in the Number of Sublining Macrophages and Size of Synovial B Cells Aggregates

In order to evaluate the changes in synovial histopathology between baseline and 12-weeks, we focused on a subset of 17 patients who had gradable synovial tissue at both time-points (Supplementary Table 1). At 12-weeks, of these 17 patients, 47% (8/17) were classified as lympho-myeloid, 17.7% (3/17) as diffuse-myeloid and 35.3% (6/17) as pauci-immune pathotype. Overall, 70.6% patients maintained the same pathotype as baseline, 23.5% changed to a less inflammatory and 5.9% to a more inflammatory histological patter. We then evaluated the change in synovial pathotype per patient between baseline and 12-weeks. We observed that, following anti-TNF treatment, the percentage of lympho-myeloid decreased from 58 to 47% while the number of pauci-immune patients increased from 22.6 to 35.3%. Furthermore, in the absence of B cell aggregates at baseline, patients did not develop B cells and/or plasma cells post-treatment, and so there was no transition to the most inflammatory pathotype (lympho-myeloid) at 12-weeks (Figure 5A).
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FIGURE 5. (A) Sankey diagram representing the shift of pathotypes from pre- to post-treatment of the 17 patients who had gradable tissue both at baseline and 12-weeks. (B) Comparison of the delta (Δ) CD68 sublining (SL) score between responders and non-responders. ΔCD68SL is the difference in the CD68SL semi-quantitative score (0–4) between post- and pre-treatment. Mean and standard deviation shown. **p < 0.01 (Mann-Whitney). (C) Correlation plot showing ΔDAS28[12−weeks−baseline] and ΔCD68SL[12−weeks−baseline]; r Spearman coefficient of correlation, **p < 0.01. (D) Comparison of ΔDAS28 between patients with same/higher (ΔCD20≥0) or reduced CD20+ B-cells score (ΔCD20 < 0) post treatment. **p < 0.01 (Mann-Whitney, mean and standard deviation shown). (E) Correlation plot showing ΔDAS28[12−weeks−baseline] and ΔCD20[12−weeks−baseline]. r Spearman coefficient of correlation, **p < 0.01. Only responder lympho-myeloid patients were analyzed in (D,E) (10 patients). (B–E) Individual dots are color-coded by pathotype (blue, lympho-myeloid; red, diffuse-myeloid; orange, pauci-immune).


Next, we assessed the change in CD68+ sublining macrophages between baseline and 12-weeks in responders and non-responders to certolizumab-pegol and observed a significant fall of this cell subset in responder patients (Figure 5B). We also confirmed a significant correlation between change in CD68+ sublining macrophages and change in DAS28 score between baseline and 12-weeks (Figure 5C). Similarly, we evaluated whether modulation of synovial CD20+ B cells at 12-weeks was related to clinical response. We analyzed patients with a lympho-myeloid pathotype at baseline who had a suitable synovial tissue for histological characterization post-treatment (11 patients). Only one patient was deemed as non-responder; therefore, in terms of clinical response, we did not detect any significant difference between patients with persistence (8/11, from baseline lympho-myeloid to lympho-myeloid at 12-weeks) or complete resolution of CD20+ B-cells aggregates (3/11, from baseline lympho-myeloid to diffuse-myeloid or pauci-immune at 12-weeks). We next stratified responders patients into those with a change in CD20 scores of ≥ 0 between baseline and 12-weeks, meaning same or higher B-cell score post-treatment, and those with a change of <0 (indicating a lower B-cell score at 12-weeks); then, we evaluated the mean change in DAS28 scores between the two groups. Our results suggested that patients with a reduction in the CD20+ B-cells score after treatment had a significantly greater improvement of the disease activity score at 12-weeks (Figure 5D). We also assessed the relationship between absolute change in DAS28 and differences in the CD20+ B-cell scores between baseline and 12-weeks and showed a significant correlation (r = 0.66, p < 0.05), suggesting that clinical improvement is associated with falls in CD20 scores and clinical worsening with increased scores (Figure 5E). These data demonstrate that depletion of synovial sublining macrophages and B cells are important factors in responsiveness to anti-TNF treatment.




DISCUSSION

Despite the considerable improvement in outcomes for RA patients since the introduction of TNFi therapy, clinicians are still unable to reliably identify patients most likely to respond to specific therapies, which remains a huge unmet clinical need. The identification of peripheral blood biomarkers of clinical response to TNFi therapy has been largely unsuccessful (3) and so focus has shifted to the examination of the primary site of inflammation in RA, i.e. synovial tissue (5). Early studies on this topic recognized the heterogeneity of rheumatoid synovitis and the presence of high- and low-inflammation synovial tissue, with the former being associated with higher disease activity and systemic markers of inflammation (18). More recently, numerous studies defining the cellular and molecular composition of the rheumatoid synovium both at single-cell (19, 20) and whole-tissue (6, 7) level have confirmed the heterogeneity and complexity of the tissue in its diseased state as well as its association with clinical phenotypes.

Here, we characterized for the first time the baseline features of the synovial tissue of a homogeneous group of 37 inadequate responders to csDMARDs by applying a histologic algorithm previously validated in a different and independent large cohort of early RA patients and evaluated whether synovial histological characteristics prior-to-treatment correlated with clinical response to the TNFα inhibitor certolizumab-pegol.

Firstly, we confirmed the presence of all three synovial pathotypes as described early in the disease and prior to any treatment intervention (6, 7). These include a pauci-immune pathotype, which, despite the absence of infiltrating inflammatory cells, can be detected in RA patients with active disease fulfilling UK NICE criteria for starting biologic treatment (DAS28 > 5.1). The relative prevalence of the lympho-myeloid pathotypes in this RA cohort with established, more longstanding disease was higher than in early, untreated RA [58% vs. 39% (6)]. This is in line with the recent observation in early RA that patients characterized by a lympho-myeloid pathotype at disease onset are more likely to progress in terms of increasing joint damage as assessed on x-ray and are subsequently more likely to require biologic therapy at 12 months follow up (8).

The relationship between the baseline histological characteristics and the clinical response was assessed at 12-weeks by the change in the DAS28 pre- and post-treatment, since improvement in DAS28 <1.2 at 12-weeks has been shown to be the best predictor of inadequate response at 1 year (21, 22). Overall, 67.6% of the treated patients improved their baseline DAS28 of ≥1.2 and were deemed as responders, aligned with the standard rates of response to TNFα inhibitors in clinical trials (23). However, when patients were categorized according to the baseline histological pattern, the rate of responders enriched from 67.6% up to 83.3% in both the lympho-myeloid and diffuse-myeloid pathotypes; conversely, a pauci-immune synovitis, i.e. scanty synovial inflammatory infiltrate, associated with a significantly lower rate of response (28.6%), impaired reduction of the DAS28 from pre- to post-treatment and higher absolute values of DAS28 at 12-weeks. Notably, and in line with these results, a pauci-immune-fibroblast signature in synovium of treatment-naïve patients (independent from the cohort included in this manuscript) has been found to be associated with resistance to csDMARDs in early-RA (7).

Moreover, by dissecting the post-treatment DAS28 into its individual variables, we demonstrated that the main drivers of the inadequate response in the pauci-immune patients at 12-weeks were the high number of tender joints and the patient global health VAS score whereas ESR and swollen joint count were comparable among the three pathotypes. All the patient-reported-outcomes recorded at 12-weeks, including fatigue and pain, were consistently higher in pauci-immune patients. Thus, although anti-TNF therapy reduced ESR and CRP in pauci-immune patients, it was less effective at reducing joint tenderness and pain scores in pauci-immune patients compared to the other pathotypes. Interestingly, the dissociation of pain scores from markers of inflammation has been recently described in a group of patients bearing a molecularly-defined “low inflammatory” subtype of synovitis characterized by the up-regulation of neurogenesis pathways and TGF-β (24). Thus, altogether, these data support the notion of a distinct “hyperalgesic” clinical phenotype linked to the pauci-immune pathotype. The role played by the synovial histopathology in predicting the response to TNFi has been long debated, particularly, because of the discordant findings coming from various observational studies. To date, chief attention has been given to lymphocytic structures within the synovial tissue. Their presence has been associated with the achievement of clinical response in some (25), though, not all studies (26); alternatively, it has been proposed that the disruption of the lymphoid follicles is instead critical for the success of the treatment (26), hence leaving the question substantially unanswered. Similarly, molecular analysis of the synovial tissue showed that, in some cases, an up-regulation of inflammation-related and myeloid genes characterized responder patients (11, 12) whereas, in others, high synovial content of pro-inflammatory IL7-receptor and IL-18 predicted the absence of response to TNFα blockade (27).

Here, our results suggest that both the baseline high-inflammatory pathotypes lympho-myeloid and diffuse-myeloid, differentiated by the presence/absence of B and/or plasma cell aggregates but both sharing a substantial infiltration by macrophages, had significantly better chances to respond to TNFα inhibition by certolizumab-pegol than patients with a pauci-immune pathotype. Our findings are in line with previous data demonstrating that a myeloid gene signature (12) as well as higher levels of synovial TNFα (28) pre-treatment predict enhanced response to TNFα-blockade. Conversely, the virtual absence of immune cells seems favoring the absence of clinical response, which may be potentially driven by other pathways including maladaptive pain response.

Finding that clinical response to certolizumab-pegol is significantly associated with a fall in CD68+ sublining macrophages is in line with the well-established literature recognizing the decrease in synovial macrophages as a validated biomarker of the clinical efficacy of various therapeutic interventions (29, 30). Several studies involving the use of anti-TNFα agents, including our previous observations (31), have already shown that the reduction in the number of sublining macrophages from baseline, also at early time-points after starting the treatment, associated with clinical response in RA (32, 33); we have here further confirmed this evidence. This early reduction in sublining CD68-positive cells in future responders to TNFi has also been mirrored in the peripheral blood by the change in myeloid-related-protein (MRP) 8/14 (34).

We also showed that if B cells and plasma cells are absent at baseline, as occurs in the diffuse-myeloid and pauci-immune pathotypes, there is no evolution toward a lympho-myeloid pathotype after treatment, in agreement with early works demonstrating a reduced synovial cellular infiltration upon treatment with infliximab (35). We observed that a decrease in the CD20+ B-cell score post-treatment associated with improvement in the DAS28. Thus, depletion of synovial sublining macrophages and B cells are important factors for effective response to anti-TNF treatment. Overall, these data suggest that a shift toward a less inflammatory synovial environment after treatment associates with greater improvement in clinical disease activity, in line with similar observations in early RA patients following csDMARD therapy (7). Because certolizumab-pegol exerts its action by dampening inflammation through inhibition of TNFα, it is reasonable that it does not adequately target the pauci-immune pathotype. Hence, the development of novel therapeutics targeting the fibroblastic synovial component and aberrant nociceptive pathways may be required in the pauci-immune patient cohort and support the notion that a personalized medicine, biomarker driven approach to treating patients with arthritis is required.

In conclusion, we have demonstrated that the analysis of the synovial histopathology may be a valuable tool to discern among clinically indistinguishable patients those with less chance of responding to TNFα-blockade, and additional research efforts are required to properly target the pauci-immune pathotype.
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Dysregulation of osteoclastic differentiation and its activity is a hallmark of various musculoskeletal disease states. In this review, the complex molecular factors underlying osteoclastic differentiation and function are evaluated. The emerging role of KLF2 in regulation of osteoclastic differentiation is examined, specifically in the context of rheumatoid arthritis in which it has been most extensively studied among the musculoskeletal diseases. The therapies that exist to manage diseases associated with osteoclastogenesis are numerous and diverse. They are varied in their mechanisms of action and in the outcomes they produce. For this review, therapies targeting osteoclasts will be emphasized, though it should be noted that many therapies exist which bolster the action of osteoblasts. A new targeted molecular approach is under investigation for the future potential therapeutic development of rheumatoid arthritis.

Keywords: rheumatoid arthritis, osteoclasts, KLF2, differentiation, transcriptional regulation


INTRODUCTION

Bone is a dynamic tissue which is constantly being remodeled. Its organic and inorganic components are formed by osteoblasts and degraded by osteoclasts. Bone critically contributes to systemic metabolic processes and regulation of blood calcium by acting as a reservoir, which can be liberated or stored as needed due to the specialized actions of osteoclasts and osteoblasts. Osteoclasts are specialized bone cells of myeloid origin that participate in skeletal turnover by resorbing bone. They are tissue-specific macrophage derivatives that exert their resorptive actions by carving out pits in bone via chemical secretions. Osteoclasts are critical to bone repair from micro-damage due to daily wear and tear and also play an important role in fracture healing (1). The dysregulation of their differentiation and activity, however, is a critical component of several diverse disease states of musculoskeletal origin. Impaired bone remodeling has varied and serious consequences, both locally and systemically.

Osteoclasts act in concert with osteoblasts and osteocytes, the other cells that make up bone tissue. Osteoblasts are bone-forming cells of mesenchymal origin that deposit the proteins and minerals that form the bone matrix. Osteoblasts modulate osteoclastic differentiation and activity by producing paracrine factors and other signaling molecules. Osteoblasts produce macrophage-colony stimulating factor (M-CSF) and receptor activator of NF-κB ligand (RANKL), key promoters of osteoclastogenesis (2). Moreover, they inhibit osteoclastic function by secreting osteoprotegerin (OPG) (3). Osteoblasts regulate osteoclasts via mechanisms distinct from the classical means of osteoclastic induction; they also exert their effects via the Wnt pathway, through Semaphorin 3A signaling, and IL-34, among others (4, 5). Osteocytes are bone resident cells; they are derived from osteoblasts that have become embedded in the matrix they produced. They are the most plentiful skeletal cells, comprising 90–95% of all bone cells. Osteocytes are important signaling cells; they produce soluble factors that regulate bone homeostasis (6). They respond to mechanical stress to induce bone remodeling by promoting osteoblast and osteoclast activity (7). They produce sclerostin, a secreted product that inhibits bone formation by osteoblasts (8). Moreover, they are capable of producing the cytokines that regulate osteoclastic differentiation and function.



OSTEOCLAST ORIGIN AND DIFFERENTIATION

Osteoclasts are myeloid cells derived from hematopoietic progenitors. They originate from the fusion of preosteoclastic cells, becoming multi-nucleated cells in the process (9). Terminally differentiated osteoclasts secrete proteases and acids that mediate their resorptive activity. Osteoclastogenesis depends on two principal hematopoietic factors that are both necessary and sufficient for differentiation: RANKL and M-CSF, also known as colony stimulating factor (CSF-1) (10). Together, these promote expression of osteoclast-specific genes. Moreover, expression of a number of other genes exerts significant influence on the osteogenic process.

The RANKL/RANK/OPG axis critically regulates osteoclastogenesis (11). Developing and mature osteoclasts express RANK, a transmembrane signaling receptor responsible for activating downstream pathways that promote osteoclastic differentiation, activation, and survival. The ligand for this receptor is RANKL, a tumor necrosis factor (TNF)-related polypeptide that is secreted by osteogenic cells to promote de novo bone formation as well as remodeling. OPG is a secreted TNF receptor (TNFR)-related protein that is known as a decoy receptor for RANKL. RANKL binding to OPG instead of RANK forestalls osteoclastogenesis and bone resorption. A proper OPG/RANK ratio is critical for balanced bone remodeling (12).



OSTEOCLAST FUNCTION AND REGULATION

Osteoclasts participate in skeletal turnover by resorbing, or degrading, bone (13). They are polarized cells which create a microenvironment optimal for breaking down the organic and mineral structure of bone. Osteoclasts secrete hydrochloric acid (HCl), which functions to lower pH at the site of bone resorption. Furthermore, they secrete the protease cathepsin K, which works optimally at a lower pH (14). These chemical and enzymatic mechanisms form pits in bone, allowing for future deposition of new bone by osteoblasts.

Osteoclastic activity is essential for balanced bone remodeling (15). Bones constantly experience stress from the mechanical loads placed on them; osteoclasts aid in recovery from micro-damage. In the event of larger-scale damage, osteoclasts promote fracture healing to restore bones to full function. Bone is unique among tissues for its ability to recover from injury without the formation of scar tissue thanks to the orchestrated actions of osteoblasts and osteoclasts.



ROLE OF REACTIVE OXYGEN SPECIES IN OSTEOCLASTOGENESIS

At high concentrations, reactive oxygen species (ROS) can stress cells and bring about deleterious effects. At lower concentrations, however, they can serve as second messengers in various signaling pathways. ROS have been observed to activate mature osteoclasts to enhance bone resorption (16). Their role in osteoclastic cell development has likewise been demonstrated: ROS, including superoxide and hydrogen peroxide, have been identified as important mediators of the osteoclastogenic process, regulating expression of critical proteins such as p38 and JNK (17). Moreover, RANKL has been shown to generate ROS in osteoclastic precursors (18).



CELLULAR INFLUENCE

Skeletal remodeling depends on the harmoniously orchestrated interplay between bone formation by osteoblasts and bone resorption by osteoclasts. Osteoclasts, therefore, develop in an environment populated by several other cell lineages and rely on signals from these cells to develop and function. As has been discussed previously, osteoblasts provide the signals for osteoclastogenesis in the form of secreted RANKL. Moreover, it is increasingly evident that immune cells play a critical role in osteoclastic differentiation, as osteoclasts and their precursors are sensitive to signals from pro- and anti-inflammatory cytokines. This contributes to the pathogenesis of several diseases and provides clues into how bone remodeling changes as people age.

In the past few decades, the role of immune influence on skeletal homeostasis has emerged as a prominent field of study. Chronic upregulation of inflammatory cytokines in individuals of advanced age, termed “inflammaging,” has been shown to influence bone health (19). During the process of bone resorption, there is intense cross-talk between osteoclasts and T cells. T cells secrete cytokines that promote osteoclastic differentiation and activity; furthermore, osteoclasts produce molecules that in turn activate T cells (20). This is especially important in diseases such as rheumatoid arthritis (RA) that have a well-established immune component, but is an important consideration in all diseases related to osteoclastic dysfunction.



OSTEOCLASTS' ROLE IN HEALTH AND DISEASE STATES

Osteoclast dysfunction is a hallmark of a number of disease states. Osteoporosis is the most common metabolic disease, affecting over 10 million people over the age of 50 in the United States alone (21). Osteoporosis usually develops later in life and occurs when bone resorption by osteoclasts outpaces formation by osteoblasts, leading to fragile and brittle bones which are prone to fracture. Osteopetrosis is characterized by abnormally increased bone mass. It is caused by defects in osteoclast differentiation and function (22). It is a hereditary disease marked by mutations in a number of genes encoding proteins important to osteoclastic development and function. Other diseases that affect bone, such as osteoarthritis and bone metastases, are marked by inflammation that exacerbates osteoclastic activity (23, 24). While aberrant osteoclastic activity is implicated in many diseases, in-depth discussion of these diseases is beyond the scope of this review; we will here focus on RA, the impact of osteoclasts on disease progression, and the therapies that may help mitigate the destructiveness of this disease.



RHEUMATOID ARTHRITIS

RA is an autoimmune disease characterized by inflammation and deterioration of small joints. Osteoclasts are the principal mediators of bone destruction in RA. These osteoclasts are activated by signals from T cells. Cross-talk between RANKL and IFN-γ has been shown to be critical for osteoclastic activation in RA (25). Inflammatory cytokines, especially TNF-α, IL-1, and IL-6, promote accelerated bone loss in RA. TNF-α is considered to be particularly important in RA pathogenesis, as it is a known inducer of RANKL and M-CSF expression (26, 27), yet also induces osteoclastic differentiation independent of RANK/RANKL (28). T helper cells can be sub-classified into Th1 and Th2 cells, distinguished by the cytokines they produce. Th1 cells produce IFN-γ and IL-2, while Th2 cells produce IL-4, IL-5, and IL-10. In RA, the ratio of these cell populations is skewed toward the Th1 phenotype, yet the RA synovium is characterized by nearly absent IFN-γ and IL-2 expression, indicating a dysfunction in these cells (29). The anti-osteoclastic activity of IFN-γ is therefore lost; furthermore, these defective Th1 cells can induce inflammatory cytokines, including RANKL, bringing about a microenvironment in which osteoclastic differentiation and activity are greatly increased.



RHEUMATOID ARTHRITIS THERAPY

Most of the treatments for RA focus on inhibiting the proliferation of aberrantly activated immune cells. This in turn affects osteoclasts indirectly, as they rely on signals from activated T cells for their own differentiation and activation. Treatment objectives for RA are to stop inflammation, alleviate symptoms, and prevent long-term damage to joints and organs. NSAIDs are used to relieve pain and inflammation associated with RA. Corticosteroids, including prednisone and its active metabolite prednisolone, have immunosuppressive properties and are therefore used to mitigate inflammation. Administered at low doses, they help patients manage pain and stiffness, while higher doses are prescribed to manage inflammatory flare-ups (30). Methotrexate is a common disease modifying anti-rheumatic drug (DMARD) with anti-proliferative and immunosuppressive properties (31). As a chemotherapeutic agent, it acts as an inhibitor of the enzyme dihydrofolate reductase and therefore halts thymine synthesis, preventing DNA replication and subsequent mitotic division. At the lower dose used to treat RA, it reduces the growth of rapidly dividing cells, including those of the immune system. The specifics of its mechanism of action in autoimmune diseases, however, are not entirely understood (32). TNF-α inhibiting therapies are used to attenuate inflammation in RA. These therapies have been shown to attenuate osteoclastogenic differentiation and activation by reducing B cell-surface RANKL expression as well as lowering serum levels of soluble RANKL (sRANKL) (33).

Despite numerous treatment options, RA remains a difficult disease to manage due to its complex immune underpinnings and degenerative nature. Hence, it is important to develop improved therapeutics which act via novel mechanisms. As will be discussed later in this review, KLF2 plays critical roles in regulating osteoclast differentiation and function and thus is a promising target for the development of new therapies.



REGULATION OF OSTEOCLASTOGENESIS


Cytokines

Human osteoclastogenesis is regulated by two essential cytokines, M-CSF and RANKL. Moreover, it is affected by expression of pro-inflammatory cytokines, as the growing field of osteoimmunology reveals.



Macrophage Colony Stimulating Factor

M-CSF is critical for the survival, proliferation, and differentiation of early osteoclastic precursor cells. It is produced by mesenchymal cells and their derivatives in the bone marrow microenvironment (34). Secretion of M-CSF is constitutive, yet regulated by several other factors. Following the withdrawal of estrogen after menopause, for instance, M-CSF levels increase due to increased circulating levels of the inflammatory molecules IL-1 and TNF-α (35). Furthermore, increased serum levels of parathyroid hormone promote elevated secretion of M-CSF (36).

M-CSF binds to the cell surface receptor c-Fms, bringing about dimerization and tyrosine kinase activation (Figure 1) (38). Receptor autophosphorylation promotes downstream signaling that triggers a number of intracellular pathways, including extracellular signal-regulated kinases 1 and 2 (ERK1/2), phosphoinositide 3-kinase (PI3K), and phospholipase C gamma (PLCγ) signaling. Downstream signaling by mitogen activated protein kinases (MAPKs) including ERK has been shown to be instrumental for osteoclast development and function (39).


[image: Figure 1]
FIGURE 1. M-CSF signaling is critical for the survival, proliferation, and differentiation of early osteoclastic precursor cells. M-CSF binds to the cell surface receptor c-fms, a tyrosine kinase receptor. Intracellular signaling via the MEK/ERK and PI3 Kinase (PI3K) signaling pathways promote cell proliferation. Signaling via PLC increases intracellular glucose (glc), which increases levels of the anti-apoptotic protein Bcl-X(L), leading to cell survival. Adapted from Stanley and Chitu, Cold Spring Harb Perspect Biol, 2014 (37).




Receptor Activator of NF-κB Ligand

Receptor Activator of NF-κB Ligand (RANKL) is instrumental for the terminal differentiation of myeloid cells into osteoclasts. RANKL binds to its transmembrane receptor RANK and induces intracellular signaling pathways, which include TRAF6 and c-Fos. These signaling cascades selectively activate nuclear factor of activated T cells, cytoplasmic 1 (NFATc1), a transcription factor critically important for expression of osteoclast-specific genes (40).

Osteoclastogenesis is regulated in part by the balance between RANK and OPG, the decoy receptor for RANKL. OPG is produced by osteoblasts and osteocytes and is either expressed on these cells' surfaces or secreted into the bone marrow space. OPG acts as a decoy receptor for RANKL, binding it and thereby preventing its interaction with RANK on pre-osteoclast cells (41).



Transcription Factors

Following initiation of osteoclastogenesis by M-CSF and RANKL, a number of downstream pathways and gene regulation mechanisms are activated. Osteoclastic differentiation requires activation of transcription factors including microphthalmia-associated transcription factor (MITF), c-Fos, NF-κB, and NFATc1. These transcription factors promote the expression of genes critical for osteoclast phenotype and function. Recently, Kruppel-like factor (KLF) 2 has also emerged as an important regulator of osteoclastic differentiation and activity.



Microphthalmia-Associated Transcription Factor

MITF regulates the development and activity of several cell lineages, including osteoclasts. The isoform MITF-E, which is significantly upregulated in developing osteoclasts but is virtually absent in macrophages, is induced by RANKL and has been shown to be critically important for osteoclastogenesis (42). Moreover, MITF-E has more recently been shown to regulate osteoclastogenesis by modulating the activity of NFATc1 (43). MITF is activated downstream of p38 MAP kinase, which in turn is activated as a result of RANKL signaling. MITF is crucial to the expression of genes encoding osteoclast-specific proteins tartrate-resistant acid phosphatase (TRAP) and cathepsin K (2).



NFATc1, NF-κB, and c-Fos

NFATc1 is a transcription factor that is amplified downstream of RANKL activation (11). RANKL signaling via TNF-receptor associated factor 6 (TRAF6) leads to auto-amplification of NFATc1, the master transcription factor regulating osteoclastogenesis (44). Intermediate signals downstream of TRAF6 are mediated via NF-κB and c-Fos (Figure 2) (45).


[image: Figure 2]
FIGURE 2. RANK/RANKL signaling is critical for osteoclastic differentiation and function. RANKL binding to RANK expressed on the cell surface of preosteoblastic cells activates intracellular adaptor protein TRAF6. Activation of c-fos and NF-κB pathways induces the NFATc1 gene. Moreover, activation of PLCγ increases intracellular calcium concentrations; this activates the protein calceineurin, which leads to recruitment of NFATc1 to its own promoter which further induces NFATc1. RANK signaling inhibits the anti-osteoclastic genes interferon regulatory factor 8 (IRF8), V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog B (MafB), inhibitors of differentiation (Ids), and LIM homeobox 2 (Lhx2), which inhibit NFATc1 expression. Adapted from Kim and Kim, J Bone Metab, 2014 (45).


NF-κB is a family of transcription factors that mediate a number of cellular processes. Notably, NF- κB signaling is involved in inflammatory gene transcription; moreover, it is known to mediate RANKL induced osteoclastogenesis (46). In the absence of an activator ligand, the p50 and p65 subunits of NF-κB are inhibited by their interaction with the inhibitor of κB (IκB) protein, which prevents their nuclear translocation. In the “on” state, IκB is phosphorylated by IκB kinase (IKK), which marks it for polyubiquitination and subsequent proteasomal degradation (47). The free subunits of NF-κB then translocate to the nucleus where they modulate gene transcription. NF-κB signaling is initiated in cells by a variety of stimuli, including cytokines, immune modulators, and other factors. Intracellular signaling cascades are activated not only by RANKL but also by TNF-α, IL-1, and radical oxygen species (ROS), among others. The receptors for these molecules often associate with intracellular adaptor proteins such as TRAFs that facilitate recruitment of the downstream signaling molecules that bring about NF-κB activation. c-Fos is a proto-oncogene that critically regulates osteoclastogenesis (48). Like NF-κB, it is a transcription factor that is activated downstream of RANKL, TNF-α, and IL-1 signaling (49). Moreover, evidence suggests that c-Fos regulates RANK expression (50).

Given the importance of NF-κB in RA pathogenesis, it seems to be a sensible target for RA therapeutic development, however, none have been approved for use in patients (51). While it is important to keep exploring this trajectory, it is critical to investigate the therapeutic potential of emerging targets. Emerging findings show that KLF2 regulates most of the inflammatory genes that are regulated by NF-κB, therefore, next we focus on emphasizing the role of KLF2 in regulation of osteoclast differentiation and function in the context of RA and beyond.



KLF2
 
KLF Structure and Function

Krüppel-like factors (KLF) are a family of DNA-binding zinc-finger proteins that can act as either transcriptional activators or repressors. Eighteen members of the KLF family have been identified so far. Their expression varies widely among tissues, pointing to the specific functions of each isoform (52). KLF family proteins are associated with development, metabolic regulation, and maintenance of homeostasis in diverse organs and tissues, from the heart to muscles to blood cells. Many are essential to life: global knockout of most KLF isoforms in vivo causes severe complications or death. KLF4 is especially well-known to researchers due to the role it plays in embryogenesis and for its groundbreaking utility in induced pluripotent stem cell reprograming (53–55).

KLF proteins play a significant role in physiological processes including cell differentiation, growth, and proliferation, as well as in responses to stressors such as apoptosis. Changes in their activity are associated with diverse pathologies, from cardiovascular disease to metabolic aberrations to cancer (56). They share homology with the transcription factor Sp1, which binds CG-rich regions of DNA with its zinc-finger structure; Sp1 and KLF are often classified as members of a common family. The Sp1/KLF family regulates the expression of genes with diverse functions in cell maintenance, development, and homeostasis (57).



KLFs in Bone Biology

Several KLF proteins are involved in bone health and disease. KLF5, expressed in osteoblasts and chondrocytes but not in osteoclasts, is associated with cartilage degradation. This process is mediated by increasing transcription of MMP9 (58). KLF15 has been shown to be upregulated by glucocorticoids, and in turn to impair osteoblast differentiation and bone formation (59). A recent publication demonstrates that KLF10 mediates chondrocyte hypertrophy during development (60). KLF4 expression increases in response to inflammatory stimuli in macrophages and mediates pro-inflammatory signaling pathways in these cells, which may have effects on bone biology given that osteoclasts are derived from myeloid precursors (61). KLF2, discussed in detail below, has been shown to play a critical role in osteoclast and osteoblast development and activity. Further investigation in the field may reveal skeletal involvement of other KLF isoforms.



Physiologic Roles of KLF2

KLF2, also known as lung KLF, is expressed during embryonic development in vascular endothelial cells and is upregulated in endothelial cells subjected to shear stress from prolonged laminar blood flow (62). Homozygous KLF2 knockout is embryonic lethal due to the critical role that KLF2 plays in promoting vessel integrity (63). KLF2 is best known for its importance in lung function, cardiovascular development, and for its atheroprotective qualities (64–66). Moreover, it is a critical regulator of blood cell development, as it promotes erythropoiesis and T cell trafficking (67, 68). Emerging evidence suggests that it also plays a key role in cell differentiation and cellular response to inflammatory stimuli. For instance, KLF2 expression in endothelial cells is suppressed by pro-inflammatory cytokines IL-1β and TNF-α, both of which contribute to the pathogenesis of atherosclerosis. Moreover, myeloid-specific KLF2 deletion results in spontaneous activation of pro-inflammatory myeloid cell activation (69). TNF-α inhibits KLF2 by activating NF-κB and histone deacetylases (HDAC) 3 and 4 (70). In turn, KLF2 has been shown to regulate NF-κB mediated activities, including hypoxia inducible factor (HIF-1α) transcription in monocytes (69, 71). While it does not affect p65 accumulation in the nucleus, KLF2 strongly inhibits its transcriptional activity (72, 73). KLF2 inhibits NF-κB activity via direct interaction with epigenetic regulator p300 and PCAF, which are essential co-activators of NF-κB-directed transcriptional activity (72, 74). Moreover, KLF2 overexpression inhibits intracellular pathways that depend on IL-1β signaling (75). More specifically in the context of RA, global deletion of KLF2 attenuates expression of MMP9 and inflammatory cytokines, contributing to elevated osteoclastogenesis and more aggressive disease progression (76).



Animal Models in KLF2 Studies

The development of animal models for the study of KLF2 is complicated by the fact that global knockout of the gene is embryonic lethal; absent KLF2 precludes proper formation of the vasculature in the developing pup (67). Endothelial KLF2 is essential for life at all stages, and endothelial deletion of KLF2 in adult mice is likewise lethal (77). For that reason, conditional KLF2 knockout in mice is a valuable tool to study the effects of this molecule. To overcome this challenge, two different knockout models are used in the studies detailed below: one is a hemizygous KLF2 knockout, in which the mice have a single copy of the gene instead of the two copies present in wild type animals (76, 78). The other is a monocyte-specific knockout characterized by normal expression of KLF2 in all tissues excluding the monocytes, which don't express any KLF2 (76).

K/BxN serum-induced RA is a useful model to study the immunologic forces at play in RA pathogenesis (79). To induce arthritis in this model, serum from arthritic transgenic K/BxN mice is injected into the foot pad of naïve mice. Signs of arthritis are evident within a few days of injection. The inflammation resulting from serum injection is caused by the formation of autoantibodies against endogenous glucose-6-phosphate isomerase, which leads to immune complexes that activate cells associated with the innate immune response. This reaction mimics the autoimmune nature of RA and this makes for a powerful model for the study of inflammation related to the progression of disease. Similar KLF2 dynamics are observed in K/BxN-induced RA models as well as in samples obtained from RA patients, indicating that this model accurately recapitulates the disease state in humans.



Emerging Roles of KLF2 in Bone Metabolism

It is well-established that KLF2 inhibits pro-inflammatory activation of monocytes (Figure 3) (72). Moreover, studies investigating the effects of KLF2 in the context of RA show that, in mouse models of the disease, KLF2 modulates monocyte differentiation and function (78). In this study, KLF2 hemizygous mice were found to express higher levels of pro-inflammatory genes encoding monocyte chemoattractant protein 1 (MCP-1), cyclooxygenase-2 (COX-2), and plasminogen activator inhibitor-1 (PAI-1) than wild type (WT) controls. These molecules exert a pro-inflammatory influence in the context of RA by recruiting monocytes to the synovium, promoting angiogenesis in synovial tissue, and promoting fibrin accumulation in joint tissues, respectively (81–83). Moreover, methylated bovine serum albumin (mBSA) and IL-1β induced arthritis caused greater damage to cartilage and bones in KLF2 hemizygous mice compared to WT controls. In the RA models, higher recruitment of inflammatory monocytes to the joints was observed in KLF2 hemizygous mice compared to WT controls. Bone marrow-derived monocytes cultured ex vivo from KLF2 hemizygous mice underwent osteoclastic differentiation much more readily than cells taken from WT mice; moreover, the former osteoclasts possessed more aggressive pit-forming capacity, a measure of their function. Together, the data indicate that KLF2 plays an important role in attenuating inflammation and inhibiting osteoclastogenic differentiation and function in RA.
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FIGURE 3. KLF2 attenuates osteoclastogenesis via several complementary mechanisms. KLF2 plays a role in epigenetic modulation of the pro-osteoclastogenic molecule MMP9; data from our lab show that KLF2 knockdown significantly increased enrichment of the active histone marks H3K9Ac and H4K8Ac and respective histone acetylase transfer (HAT) enzymes P300 and PCAF at the enrichment sites for the MMP9 gene (80). KLF2 inhibits pro-inflammatory markers, thereby further inhibiting monocytic activation (72). Furthermore, KLF2 promotes cell quiescence, decreasing osteoclastic activation and function. Altogether, its effects prevent excessive osteoclastic activity, slowing RA disease progression.


While KLF2 has a demonstrable role in osteoclastogenesis, the mechanisms governing this interaction are not well-understood (Figure 4). Recent reports detail work done in a K/BxN serum-induced model of rheumatoid arthritis which further illumines the role of KLF2 in regulating disease progression (80). In this study, RA induction was more pronounced in KLF2 hemizygous (KLF2+/−) mice compared to wild type (WT) animals; more ankle swelling and more severe immunohistochemical signs of inflammation and tissue damage were detected in the KLF2+/− mice, whereas WT animals showed only mild signs of arthritic pathogenesis. After 7 days of arthritic induction, osteoclast precursor cells were isolated from the bone marrow of KLF2+/− and WT animals and cultured in vitro. After 3 and 6 days of culture, osteoclastic differentiation was evaluated by TRAP staining; significantly higher numbers of TRAP stained cells were observed in the KLF2+/− population compared to the WT population. Moreover, differentiated osteoclasts from the KLF2+/− population expressed higher levels of the osteoclastic markers matrix metalloproteinase 9 (MMP9), NFATc1, and v-ATPase than WT cells. Expression of inflammatory molecules was also evaluated in cells isolated from the bone marrow of KLF2+/− and WT mice: q-PCR revealed that cells obtained from KLF2+/− animals express higher levels of the pro-inflammatory molecules IL-1β, IL-6, and TNF-α, higher levels of the chemokines CCL3 and MCP-1, and lower levels of the anti-inflammatory cytokine IL-10 than cells collected from the control group. These findings are consistent with the inflammatory nature of RA pathogenesis and demonstrate that KLF2 may play a protective role in bones and surrounding tissue by attenuating inflammation in arthritic joints.
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FIGURE 4. The emerging role of KLF2 in osteoclastic regulation. Osteoclastic differentiation from myeloid precursor cells is critically regulated by M-CSF and RANKL (2). KLF2 may play an inhibitory role at several stages of osteoclastic differentiation, maturation, and activation (72).


In a subsequent study, K/BxN serum-induced arthritic induction was performed in a monocyte-specific conditional KLF2 knockout mouse model in order to determine whether KLF2 expression in monocytes is important for RA pathogenesis (76). Conditional KLF2−/− mice showed pronounced ankle swelling which caused joint stiffness and impaired movement, whereas WT (KLF2+/+) mice showed minimal ankle swelling or distortion. At the tissue level, conditional KLF2−/− mice showed more severe cartilage and subchondral bone degradation, as well as synovial thickening and hyperplasia; moreover, pannus formation and excessive production of fibrous tissue was observed, which is indicative of severe RA progression. To determine the role of monocytes in RA pathogenesis, bone marrow cells were isolated to study osteoclastogenesis and expression of inflammation-related markers. Increased expression levels of MCP-1, IL-1, IL-6, TNF-α, and MMP9 were observed in conditional KLF2−/− mice compared to KLF2+/+ mice. In order to evaluate effects of monocyte-specific KLF2 knockout on osteoclastic differentiation and resorptive activity, bone marrow cells were harvested from conditional KLF2−/− and KLF2+/+ mice after induction of arthritis. These cells were cultured in vitro in osteoclastic differentiation medium and stained for TRAP on days 3 and 6 of culture; much higher counts of TRAP+ cells were identified in the conditional KLF2−/− mice compared to WT animals. Furthermore, osteoclasts were differentiated and cultured on ivory slices to evaluate their pit forming capacity; again, cells from conditional KLF2−/− mice formed much more aggressive osteoclasts. Finally, MMP9 and MMP13 expression was evaluated in differentiated cells; expression of these molecules was significantly elevated in conditional KLF2−/− mice relative to WT controls. These findings support the hypothesis that monocytic expression of KLF2 is critical for attenuating these cells' potential for osteogenic induction and inflammatory reactions.

In order to determine whether K/BxN serum-induced arthritis has any effects on KLF2 expression in monocytes, monocytes were isolated from C57BL/6 mice 7 days after induction of arthritis and q-PCR was performed to determine expression of various markers. Results indicated decreased KLF2 expression in both the bone marrow and in blood monocytes of arthritic mice relative to healthy controls. Furthermore, arthritic mice expressed increased levels of pro-osteoclastic markers TNF-α, MCP-1, MMP1, and MMP9. This indicates that KLF2 expression wanes over the course of arthritic induction, which allows for an increase in expression of pro-inflammatory proteins.

In human arthritic joints, immunohistochemical analysis was carried out to evaluate recruitment of activated (CD68+) monocytes to the inflammatory sites of RA tissues. More severe pathologic clinical manifestations were observed in human RA patients. Significant numbers of CD68+ monocytes were identified in all RA tissues evaluated in both the lining and sublining layers. Infiltration of numerous cell types was detected in inflamed RA tissues but not in healthy control tissues. q-PCR was carried out in order to evaluate expression of various molecules in peripheral monocytes in healthy vs. diseased patients. Importantly, this analysis revealed significantly decreased expression of KLF2 in monocytes obtained from diseased patients, as well as increased levels of the inflammatory factors TNF-α, MCP-1, MMP1, and MMP9. While a causal role is not established, these data suggest that a decreased level of KLF2 expression and concomitant increased levels of pro-inflammatory molecules are associated with RA pathogenesis not only in animal models of the disease but also in humans with symptoms of active RA.

It was observed that KLF2 knockdown increased MMP9 and NF-κB (p65) expression, and that KLF2 overexpression attenuated MMP9 and p65 levels. In order to better understand how KLF2 regulates MMP9, epigenetic studies were performed. Enrichment sites for epigenetic marks on the MMP9 promoter were identified and chromatin immunoprecipitation (ChIP) analysis and q-PCR were carried out. These experiments revealed that knockdown of KLF2 significantly increased enrichment of the active histone marks H3K9Ac and H4K8Ac and respective histone acetylase transfer (HAT) enzymes P300 and PCAF at the enrichment sites for the MMP9 gene. These findings indicate that KLF2 plays an important role in epigenetic modulation of the gene encoding MMP9. By inhibiting transcription of this gene, the destructive nature of osteoclasts is largely curtailed.

To test the therapeutic potential of KLF2, we have induced KLF2 using a pharmacological compound, histone deacetylase inhibitor (HDACi) and found that KLF2 expression was increased in myeloid cells both in vitro and in vivo. Induction of KLF2 significantly reduced osteoclastic differentiation of monocytes and decreased expression of matrix metalloproteinases in myeloid cells. Specifically in mice, induction of KLF2 in immune cells reduced arthritic inflammation and attenuated joint destruction. Furthermore, co-immunoprecipitation confirmed the direct interaction between KLF2 and HDAC4, thereby providing the groundwork to understand the molecular mechanisms whereby KLF2 regulates RA pathogenesis (80). Altogether, these data demonstrate a novel protective role of KLF2 in regulation of RA severity and progression.

Because KLF2 has demonstrable roles in regulation of RA pathogenesis, it is a promising therapeutic target. Moreover, further research into the pathways downstream of KLF2 activity may elucidate more signaling molecules that can be targeted to modulate disease progression and severity. Moreover, because KLF2 affects osteoclastogenesis, it may be a suitable target for a number of disease states associated with impaired osteoclast differentiation and function.

Similar findings have been reported by other labs showing that KLF2 overexpression in bone marrow-derived macrophages cultured in M-CSF and RANKL leads to lower rates of osteoclastic differentiation compared to control cells (84). Moreover, KLF2 overexpressing cells have lower mRNA expression of cFos, NFATc1, and TRAP and reduced levels of cFos and NFATc1 protein expression. Conversely, KLF2 downregulation with siRNA increases osteoclastic differentiation and leads to decreased expression of cFos, NFATc1, and RANKL mRNA as well as decreased levels of cFos and NFATc1 protein expression. They also found that KLF2 overexpression in primary osteoblasts cultured in osteoblastic differentiation medium containing BMP2, β-glycerophosphate, and ascorbic acid enhances their function by increasing expression of Runx2, alkaline phosphatase (ALP), and bone sialoprotein (BSP). Furthermore, KLF2 silencing decreases osteoblastic differentiation, as evidenced by significantly reduced ALP activity, bone nodule formation, and calcification, as well as decreased expression of osteoblastic marker genes compared to control cells.

This study also identified IFN regulatory factor 2 binding protein 2 (IRF2BP2), a regulator of KLF2, as a potential regulator of osteoclastogenesis and osteoblastogenesis. IRF2BP2 has been shown in several diverse research settings to attenuate inflammation; however, it has been studied less extensively than KLF2 (85, 86). In these studies, IRF2BP2 overexpression in osteoclast precursor cells significantly increases KLF2 expression, decreases osteoclastogenesis, and reduces expression of cFos and NFATc1 at the mRNA and protein levels and RANKL at the mRNA level. Moreover, IRF2BP2 overexpression in osteoblast precursors increases their expression of KLF2 and promotes osteoblastic differentiation and function by increasing expression of Runx2, ALP, and BSP. These findings indicate that IRF2BP2 mediates its effects on osteoblasts and osteoclasts by modulating KLF2. While IRF2BP2 overexpression inhibits osteoclastogenesis, its inhibitory effect is significantly reduced by silencing KLF2 with siRNA. In osteoblasts, IRF2BP2 overexpression increases differentiation, as evidenced by increased Runx2 and ALP expression and increased bone nodule formation; KLF2 silencing in these cells abrogates these effects. While the available data indicate that IRF2PB2 has a strong association with KLF2, the latter molecule appears to be more immediately important for the regulation of osteoclasts and osteoblasts. IRF2PB2 may be a promising anti-inflammatory target in the context of RA therapeutic development, however, much more is known about the role of KLF2 in this disease state. Moreover, it is not well-understood whether IRF2BP2 mediates osteoclast and osteoblast differentiation and function exclusively via KLF2 regulation or if it has effects independent of this downstream mediator.

A growing body of evidence supports the hypothesis that KLF2 regulates not only osteoclasts but also osteoblasts. A report indicates that KLF2 is expressed in osteoblast precursors as well as in mature terminally differentiated cells (87). This study found that osteoblasts cultured for 9 days in an osteogenic medium containing BMP2, β-glycerophosphate, and ascorbic acid expressed higher level of KLF2 throughout the differentiation process at both the mRNA and protein level. Moreover, cells cultured in osteogenic medium express higher levels of the osteoblastic marker genes ALP, osteocalcin, and osterix. Runx2 is a transcription factor that serves as the master controller for osteoblastic differentiation as well as the bone forming functions of mature osteoblasts (88). ALP, osteocalcin, and osterix genes are regulated by Runx2, which was also increased in expression throughout the differentiation process in a time-dependent manner at both the mRNA and protein levels. siRNA-mediated KLF2 knockdown led to reduced expression of Runx2, ALP, osteocalcin, and osterix in cells cultured in osteogenic medium, implying that KLF2 is a critical regulator of osteogenic differentiation. Moreover, KLF2 overexpression significantly enhanced Runx2, ALP, osteocalcin, and osterix expression at the mRNA and protein levels in osteoblastic progenitors cultured in osteogenic medium, further supporting the role of KLF2 in osteoblastic differentiation. KLF2 promotes osteoblastic activity by increasing expression of Runx2; importantly, immunoprecipitation experiments performed in HEK293T cells (human embryonic kidney cells) revealed that KLF2 physically interacts directly with Runx2 and thus promotes expression of ALP, osterix, and osteocalcin in osteoblast precursor cells. These findings illustrate the important role that KLF2 plays in promoting healthy skeletal remodeling and bone function.

Taken together, the data from our lab and those presented by other research groups provide a well-rounded view of the mechanisms by which KLF2 attenuates bone resorption and promotes bone formation. In the context of RA, curtailing the aggressiveness of osteoclasts is especially important, but the additional positive effects of KLF2 on osteoblasts indicate that this molecule may be a useful target in a number of diseases affecting the bones. Currently, most available medications aim to either reduce bone resorption or promote bone formation, but targeting KLF2 may lead to the development of therapies with dual functions. This emerging focus of study deserves the attention of researchers and holds great promise for future therapeutic developments.





CONCLUSIONS AND FUTURE DIRECTIONS

Osteoclasts play a critical role in human health and disease. They resorb bone in response to a number of factors secreted by resident bone cells as well as cells of immune system. They are necessary for the maintenance of skeletal health and maintaining homeostasis: insufficient activity leads to dense bones, while excessive activity results in brittle and fragile bones. While the role of osteoclasts in diseases such as osteoporosis is well-understood, how their dysfunction contributes to other diseases remains unknown. Moreover, certain targets represent untapped therapeutic potential; as new molecular pathways regulating osteoclasts are elucidated, new medications may be developed to treat osteoclast-related diseases. One such molecular target is KLF2: while its role in vascular development has been well-established, the mechanisms by which it regulates monocytes' differentiation into osteoclasts, as well as their activation and function are gradually being discovered. Moreover, their role in the promotion of osteoblastic differentiation and function further supports their utility as a target in bone metabolic diseases. Modulating KLF2 may prove useful to treat diseases involving osteoclasts.
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Objectives: Our study aimed to identify: (1) the prevalence of spine and pelvis magnetic resonance imaging (MRI-spine and MRI-SIJ) inflammatory and structural lesions in patients (pts) with a diagnosis of axial spondyloarthritis (axSpA); (2) the predictive factors for a severe disease pattern with a higher probability of radiographic progression.

Materials and Methods: Seventy-five pts with low back pain (LBP) (≥3 months, ≤2 years, onset ≤45 years) underwent physical examination, questionnaires, laboratory tests, X-rays, MRI-spine, and MRI-SIJ at baseline (T0) and during a 24-months follow-up. Two expert rheumatologists made axSpA diagnosis and classification (according ASAS criteria). MRI-spine, MRI-SIJ and X-rays were scored independently by 2 readers following the SPARCC, mSASSS, and mNY-criteria. According to ASAS criteria, 21 pts fulfilled imaging arm only and 29 clinical arm with/without imaging arm; 25 pts did not fulfill ASAS criteria.

Results: At T0 the mean ± SD LBP onset was 28.51 ± 8.05 years, 45.3% pts were male, 38.7% were HLA-B27+; 56% showed bone marrow oedema (BMO) at MRI-spine and 64% at MRI-SIJ. Signs of enthesitis were found in 58% pts in the thoracic spine. Eighteen (24%) pts presented BMO at MRI-spine with a negative MRI-SIJ. The prevalence of BMO lesions and the SPARCC SIJ and spine score decreased during the follow-up in the 2 cohorts meeting ASAS criteria. An early onset of LBP, a lower use of NSAIDs, a BASDAI>4 were identified as predictors of spine structural damage; the high SPARCC SIJ score appeared to be a predictor of SIJ structural damage. A higher mSASSS was predicted by a lower age of onset of LBP. Predictor of higher SPARCC spine was a higher NSAIDs and of higher SPARCC SIJ score the HLA-B27 positivity with increased inflammatory biomarkers.

Conclusions: At T0 a significant prevalence of BMO lesions was observed both in SIJ and spine, with predominant involvement of thoracic district. Since positive MRI-spine images were observed in the absence of sacroiliitis, these findings seem to be relevant in the axSpA diagnosis. Early age of disease onset, long duration of LBP, increased inflammatory biomarkers, higher use of NSAIDs, male gender, HLA-B27 positivity, SPARCC SIJ score>2 appeared predictors of radiological damage and activity.

Keywords: diagnostic imaging, inflammatory biomarkers, low back pain, spine, disease process


INTRODUCTION

Spondyloarthritis (SpA) is a group of chronic inflammatory rheumatic diseases that share overlapping features and can be subdivided into axial SpA (axSpA) and peripheral SpA (pSpA) (1–3). AxSpA mainly affects the spine and the sacroiliac joints (SIJ), has an early onset at young age and can be further subdivided between non-radiographic (nr-axSpA) and radiographic axSpA (r-axSpA), the latter also known as ankylosing spondylitis (AS) (2). With the development of new effective treatment strategies, the need to identify patients in an earlier stage of disease has increased (3, 4). Early onset nr-axSpA may present as a very active disease with axial pain symptoms responding quickly and effectively to therapy. Therefore, the identification of these early forms becomes a priority in order to establish the most appropriate treatment (1, 3). The Assessment of SpondyloArthritis International Society (ASAS) has established classification criteria to identify patients with early stage axSpA (3); the imaging arm of the criteria requires the presence of sacroiliitis on magnetic resonance imaging (MRI) or on X-rays in addition to one SpA feature for patients with chronic low back pain (LBP) with onset ≤ 45 years of age. Conventional X-rays of SIJ, still frequently used to detect sacroiliitis, do not appear to provide adequate information to classify patients with suspected early axSpA, as they detect only structural bone damage, indicative of a more advanced disease stage (3, 5). Thus, MRI represents an important additional screening option since it can detect inflammatory lesions of SIJ in patients with early-onset axSpA without evidence of radiographic sacroiliitis (6). Positive MRI-SIJ scans were defined by the ASAS/Outcome Measures in Rheumatology MRI working group (ASAS/OMERACT) as the presence of inflammatory lesions such as bone marrow edema (BMO) which is highly suggestive of SpA (6) (Figures 1A,B). Whether structural SIJ lesions should be added to this definition and whether structural and inflammatory spinal lesions could contribute to detecting axSpA remains a matter of debate (7). Inflammatory spinal lesions on MRIs may nevertheless occur in the absence of SIJ involvement (8, 9). These lesions include BMO adjacent to vertebral endplates at the attachment of the annulus fibrosus to the vertebral rim and at the insertion of anterior and posterior longitudinal ligaments, both within the facet joints (Figures 2A,B). Since there is evidence that spondylitis may also occur prior to -or even without- sacroiliitis, it was deemed important to define the characteristics of a MRI-spine considered positive for inflammation. The ASAS/OMERACT working group thus defined MRI-spine criteria of inflammatory lesions (spondylitis) and structural changes (fat deposition) (7). Imaging of the thoracic spine, often involved in axSpA, has instead not yet been taken into consideration in evaluation of structural damage (10–12). The goal of this study was to determine the prevalence of spine and SIJ lesions on MRI and their correlation with clinical and disease activity indices in patients with early axSpA included in the SpondyloArthritis-Caught-Early (SPACE) Italian cohort at baseline (T0) and during a 24-months follow-up. Secondary objectives included evaluation of: (a) the role of imaging in the diagnostic process of axSpA with or without SIJ involvement; (b) evolution of MRI features over time and their relationship to radiographic damage; (c) predictors of radiological progression and severe disease.
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FIGURE 1. (A,B): Bone marrow oedema (BMO) signs at both SIJ. (A) hypointense signal at the sacral and iliac superior and inferior third region of both right and left SIJ in sequence T1. (B) corresponding iperintense signal at the sacral and iliac superior and inferior third region of both right and left SIJ in sequence STIR. The written informed consent was obtained from the individual for the publication of these images.
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FIGURE 2. (A,B) Anterior spondylitis. (A) hypointense signal at the anterior-superior corner of L1 (white ring) in sequence T1 (B) corresponding hyperintense signal at the anterior-superior corner of L1 in sequence STIR (white ring). The written informed consent was obtained from the individual for the publication of these images.




MATERIALS AND METHODS


Patients

The SPACE study is an on-going observational prospective cohort multi-center study II level evidence (Netherlands, Norway, Sweden, Italy). Patients who were at least 16 years old, suffering by chronic inflammatory LBP (≥3 months, ≤2 years, onset < 45 years) of unknown origin and referred to a rheumatologist were included. In the present study only patients from our center were considered. Approval by local Medical Ethics Committee (Azienda Ospedaliera di Padova [approval no. 2438P]) was obtained. Informed consent was required from the patients prior to inclusion. Eligible patients underwent physical examinations and laboratory tests following a standardized protocol at baseline (T0) and at 6, 12, 24 months (T6, T12, T24). The patients also completed questionnaires on disease activity, physical functioning, pain and disease-related impairment. SIJ and spinal plain radiographs and MRIs were performed at T0, T12 and T24. Axial pain and MRI lesions were localized in 4 sites: cervical/thoracic/lumbar spine and SIJ. X-rays and MRI images were read by two expert radiologists (SV and VS), while 2 experienced rheumatologists (RR and ML) made axSpA diagnosis and classified subjects according to ASAS criteria (3). The patients were subdivided into three cohorts: those fulfilling only the imaging arm of ASAS axSpA criteria (axSpA imaging arm), those fulfilling the clinical arm of ASAS axSpA criteria in presence/absence of imaging arm (axSpA clinical±imaging arm) and those not fulfilling ASAS axSpA criteria (not full ASAS axSpA). A detailed description of the recruitment and clinical assessment of the SPACE cohort has previously been published (13, 14). At T0 all the patients were being treated with non-steroidal anti-inflammatory drugs (NSAIDs). Afterwards, patients were being treated according to best clinical practice, with no limitation on pharmacological treatments, physical therapies or other treatments.



Methods
 
Physician Clinical, Questionnaires', and Biochemical Assessments

The clinical evaluation focused on an examination of the spine, SIJ and entheses, using the Bath Ankylosing Spondylitis Metrology Index (BASMI) and the Maastricht Ankylosing enthesitis Spondilities Score (MASES). The patients' disease activity and physical functioning were assessed using self-reported questionnaires and composite indices: the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI), the Bath Ankylosing Spondylitis Functional Index (BASFI), the Ankylosing Spondylitis disease activity score (ASDAS), the Visual Analogue Scale (VAS) pain, the VAS night pain, the VAS disease activity, the Bath Ankylosing Spondylitis Patient Global Score (BASG1), the BASG2, the Health Assessment Questionnaire (HAQ). Biochemical parameters included the erythrocyte sedimentation rate (ESR) (Westergren method in mm after 1 h; normal range 0–15 mm/h) and C-reactive protein (CRP) (ELISA in mg/l; Research & Diagnostic Systems, Inc., expressed in mg/L, normal range 0–6 mg/L). DNA was also collected to perform HLA-B (complement-dependent microlymphocytic assay). Bank serum was be stored at −70C. Serum for the assays was separated by centrifugation at 3,000 rpm for 10 min. All blood samples were analyzed twice using the same method.



MRI and Radiographs Assessments

MRI-SIJ and MRI-spine were performed using a 1.5 T scanner Magnetom Harmony, Siemens AG Medical Solutions, Munich, with phased-array surphace coil, acquiring T1-weighted turbo spin echo (T1TSE; TR 583/TE 9.4) and short-tau inversion recovery (STIR; TR 2980/TE47) sequences. The coronal oblique and sagittal views of the SIJ and spine were taken, with a slice thickness of 4 mm. Lateral view radiographs of the cervical and lumbar spine and anterior-posterior view radiographs of the pelvis were taken. The images were obtained with a Philips vertical bucky, with a focus-film distance of 140 cm, film size of 18 × 43 cm. MRI images were analyzed according to ASAS/OMERACT criteria (6, 7). The inflammatory positive MRI images were scored using the Spondyloarthritis Research Consortium of Canada (SPARCC) score (15, 16). For spine and SIJ X-rays the Stoke Ankylosing Spondylitis Spinal Score (SASSS) system modified by Creemers (mSASSS) (10) and mNY criteria (5) were used. All readers were blinded for clinical and laboratory data, and for the results of the other imaging methods. The temporal sequence of the images was unblinded to radiologists for the scoring. When two readers (SV and VS) both scored an SIJ image positive according to ASAS/OMERACT and mNY, the image was considered positive. In case of disagreement, an adjudicator was introduced (CL). If the primary readers agreed on a positive (or negative) MRI-SIJ, the mean SPARCC scores were calculated based on the scores of these primary readers. In cases of disagreement, the mean scores were based on the consensus scores of the adjudicator and 1 primary reader. A similar process was followed for calculating the mean SPARCC scores in the MRI-spine. The adjudicator (CL) was also introduced in case of disagreement between the readers regarding the presence/absence of spine radiological lesions on X-rays. In cases of agreement, the mean score between the 2 readers was calculated for mSASSS. Intra and inter-observer reliability was assessed.




Statistical Analysis

The Cohen's Kappa test was used to assess the intra and inter-observational reliability between the two rheumatologists and radiologists. The non-parametric Kruskal-Wallis test (one-way ANOVA for ranks) for repeated measurements followed by the Dunn's multiple Comparison test were used to compare the clinical (BASMI, MASES), bioumoral (ESR,CRP), functional (BASFI, HAQ, BASG1, BASG2, VAS pain, VAS night pain, VAS disease activity) and disease activity indices (BASDAI, ASDAS) at T0, T6, T12 and T24. The same method was used to compare the imaging scores (mSASSS, score SIJ mNY, SPARCC SIJ, and SPARCC spine) at T0, T12 and T24 in all patients and among the three cohorts (axSpA imaging arm, axSpA clinical±imaging arm and not full ASAS axSpA). A linear regression analysis was performed to identify baseline predictors of inflammation and radiological progression of the disease evaluated using as outcomes mSASSS, score SIJ mNY, SPARCC SIJ and SPARCC spine indices at T24. The following independent variables were considered in the univariable analysis: female sex, age of LBP onset, duration of LBP, presence of HLA-B27, elevated inflammation indices, BASDAI>4, use of NSAIDs, SPARCC SIJ score>2. The significant independent variables (p < 0.1) at univariable analysis were introduced in the multivariable models. The radiographic progression of SIJ from T0 to T24 was defined as (17): (1) transition from nr-axSpA to r-axSpA according to the mNY criteria; (2) change of >1 degree of sacroiliitis but ignoring the transition from degree 0 to 1 of sacroiliitis. The radiographic progression of the spine from T0 to T24 was defined as (18) an increase in mSASSS score >2 over the course of 2 years of observation. All statistical analyses were performed using the SPSS 13.0 program (SSPS Inc, IL, USA). The values of p < 0.05 were considered statistically significant.




RESULTS

Seventy-five patients with chronic inflammatory LBP were enrolled. According to the ASAS criteria for axSpA, 21 (28%) patients were classified as axSpA imaging arm, 29 (38.7%) patients as axSpA clinical±imaging arm and 25 (33.3%) patients as not full ASAS criteria for axSpA. The agreement between the two clinicians was good (k 0.75). The average age at LBP onset was 28.51 ± 8.05 years, 45.3% were male, 38.7% were HLA-B27+. Thirty-nine (52%) of patients presented an exclusive axial involvement, while 36 (48%) of patients also had peripheral involvement. A high prevalence of psoriasis and heel enthesitis was observed (33.3 and 72%, respectively). Other characteristics of the patients, including typical SpA features, have been reported in Table 1 and have previously been published (19). Out of all 75 patients, 37.3, 56, 100, and 64%, respectively, complained of cervical/thoracic/lumbar/buttock pain. We found a higher prevalence of HLA-B27, male gender, uveitis, increased serological markers and alternating buttock pain among subjects with MRI-SIJ+ for BMO lesions; instead a higher prevalence of inflammatory bowel diseases (IBD) in those with MRI-spine+ for BMO lesions. The other SpA features were comparable between subjects with MRI-SIJ+ and/or MRI-spine+ (Table 1). The clinical (MASES, BASMI), disease activity (BASDAI, ASDAS), functional (HAQ, BASFI, VAS pain, VAS pain night, VAS disease activity, BASG1, BASG2) indices as well as inflammatory biomarkers (ESR, CRP) were analyzed and measured at T0, T6, T12, and T24. Out of all 75 patients, 90.7% were evaluated at T6, of these 78.7% patients at T12, of these 72% at T24.


Table 1. Baseline features of all LBP patients in relation to the presence of BME lesions on MRI-spine and on MRI-SIJ.
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(A) The Prevalence of the Inflammatory and Structural Lesions on MRI at T0

The inter-observer reliability of MRI-SIJ and MRI-spine between two expert readers was good to moderate (kappa 0.75 for inflammatory lesions and 0.62 for structural lesions on MRI-spine; kappa 0.76 for inflammatory lesions and 0.64 for structural lesions on MRI-SIJ, respectively). The inter-observer reliability of X-rays was good (kappa 0.81 for spine radiological lesions and kappa 0.79 for SIJ radiological lesions). Moreover, intra-observer reliability was good for all spine and SIJ images on X-rays and MRI (respectively, kappa 0.78 for spine and 0.84 for SIJ on X-Rays and kappa 0.80 for spine and 0.82 for SIJ on MRI). Fifty-two (69.3%) patients presented structural and/or inflammatory lesions on MRI-SIJ at T0 (on the right SIJ in 63% of the patients and on left one in 59% of the patients). BMO lesions were observed in 48 (64%) patients (58% on the right SIJ and 50% on the left one) and structural lesions on MRI-SIJ in 33 (44%) patients (37% on the right SIJ and 30% on the left one). Fifty (66.7%) patients had inflammatory and/or structural lesions on the MRI-spine at T0. BMO lesions on the anterior corner of the spine were observed in 42 (56%) patients (cervical/thoracic/lumbar regions: 19, 39, and 33%, respectively). Structural spine lesions were detected in 28 (37.3%) patients (cervical/thoracic/lumbar regions: 18, 14, and 19%, respectively). Signs of enthesitis were found in 47 (62.7%) patients: (cervical/thoracic/lumbar spine: 8, 58, and 11%, respectively). At T0 18 patients (8 fulfilling axSpA clinical±imaging arm and 10 not fulfilling ASAS axSpA criteria) with inflammatory lesions on MRI-spine showed no abnormalities in SIJ, while 11 (14.7%) patients without active sacroiliitis on MRI-SIJ did not present MRI-spine lesions.



(B) The Prevalence and Type of MRI Lesions in the 3 Cohorts at T0 and T24

The prevalence of inflammatory and structural MRI lesions in the three cohorts is outlined in Table 2. As it could be expected, an increased prevalence of structural lesions on MRI-SIJ was found at T0 in the axSpA imaging arm and axSpA clinical±imaging arm compared to those who did not fulfill ASAS axSpA criteria. In the cohorts who met axial ASAS criteria, a higher prevalence of inflammatory and structural spinal lesions was observed, as well as a decrease of MRI lesions during the follow-up period.


Table 2. The prevalence of inflammatory and structural lesions at T0 and T24 in three cohorts (axSpA imaging arm, axSpA clinical ± imaging arm, not full ASAS axSpA).
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(C) Analysis of Clinical, Serological, Disease Activity, Imaging Indices in Overall Patients, and in the 3 Cohorts Over 24 Months Follow-Up

All indices (values expressed as mean and standard deviation-SD), analyzed by Kruskal-Wallis test are reported in Table 3 [data previously published elsewhere (19)]. Considering the whole population, a significant decrease in the following variables was noted from T0 to T24: MASES (p = 0.008), BASG1 (p = 0.02), BASG2 (p < 0.0001), HAQ (p = 0.0002), VAS pain (p = 0.01), VAS pain night (p = 0.04), VAS disease activity (p = 0.05), BASFI (p = 0.02), BASDAI (p < 0.0001), ASDAS (p < 0.0001). Conversely, BASMI, ESR, and CRP did not significantly decrease. Considering the patients subdivided in the 3 cohorts, a downward trend in all functional and disease activity indices was observed, which in some cases was significant (see Table 3); however, no significant differences were found among the cohorts. A significant downtrend of SPARCC SIJ and SPARCC spine score was also observed in axSpA imaging arm and axSpA clinical±imaging arm cohorts (Figures 3A–D).


Table 3. Clinical, functional, disease activity, and serological indices values from T0 to T24 in the whole group of patients (n = 75) and in three cohorts (axSpA imaging arm, axSpA clinical ± imaging arm, not full ASAS axSpA).
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[image: Figure 3]
FIGURE 3. (A–D) Imaging indices values (mSASSS, mNY score, SPARCC spine, SPARCC SIJ), expressed as mean (deviation standard) from T0 to T24 in the three cohorts (axSpA imaging arm, axSpA clinical±imaging arm, not full ASAS axSpA). *p < 0.01 vs. T0, **p < 0.001 vs. T0. Stoke Ankylosing Spondylitis Spinal Score (SASSS) system modified by Creemers (mSASSS); modified criteria of New York (mNY) score; Spondyloarthritis Research Consortium of Canada (SPARCC); Sacroiliac joint (SIJ). The written informed consent was obtained from the individual for the publication of these images.




(D) Regression Analysis to Identify the Predictors of Disease Activity and Radiological Progression

A regression analysis was performed to identify any baseline predictors of radiological activity on MRI at T24 (measured by continuous variables such as SPARCC SIJ and SPARCC spine) and of structural damage at T24 (measured by continuous variables such as mSASSS and SIJ mNY score and dichotomous variables such as presence/absence of structural lesions on X rays of SIJ and spine). As shown in Tables 4–6, at the multivariate analysis radiological spine structural damage was independently predicted by an early onset of LBP, a lower use of NSAIDs, a BASDAI>4. Radiological SIJ structural damage was independently predicted by high SPARCC SIJ score. A higher mSASSS was independently predicted by a lower age of onset of LBP. Predictive factors of increased radiological activity were: a higher NSAIDs intake for a higher SPARCC spine score and the HLA-B27 positivity and increased serological inflammatory markers for a higher SPARCC SIJ score, respectively.


Table 4. Baseline predictors factors of mSASSS score at T24.
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Table 5. Baseline predictors factors of SPARCC spine score and SPARCC SSJ score at T24.
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Table 6. Baseline predictors factors of spine or pelvis structural lesions at T24.
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(E) Evaluation of the Pelvic and Spinal Radiographic Progression From T0 to T24

In our study SIJ radiographic progression (17) and spine radiographic progression (18) were not significant from T0 to T24.




DISCUSSION

Our study highlighted the presence of BMO both in the SIJ and in the spine, especially the thoracic spine. BMO seemed to be positively associated to HLA-B27 and inflammatory serological indices at the SIJ level, moreover it was negatively associated with NSAIDs use at the spine level. When present, BMO tended to decrease during follow-up, after beginning an adequate therapy for axSpA.

The advent and development of new imaging methods in the last two decades has increased the interest to diagnose axSpA forms in the earlier stages—before structural damage has occurred—aiming at an earlier and more effective treatment (3, 4, 20, 21). MRI has a high sensitivity in detection of inflammatory lesions of the spine and SIJ, hence its widespread use in clinical practice, especially in assessing patients with suspected axSpA and/or a history of chronic inflammatory LBP (6, 7, 22–25). MRI-SIJ is useful since it reveals the pathological lesions which led to an axSpA diagnosis (6). Based on the definition of the ASAS/OMERACT criteria, an MRI-SIJ is considered positive if at least one BMO, highly suggestive for SpA, is present on ≥2 consecutive slices or if ≥2 bone inflammatory lesions are visible on a single slice (26, 27). Nevertheless, a SPARCC score >2—widely used because it measures inflammation on a continuous scale with good sensitivity to change (15, 16)—can be used to define a positive MRI-SIJ (ASAS definition) in clinical trials (28). Some studies have recently considered inflammatory and structural lesions observed on MRI-spine in SpA patients (7, 22): the most frequent and specific lesions are the BMO of the anterior vertebral corners, which is an expression of anterior osteitis (29); other possible lesions are fatty lesions—replacement of vertebral corners with fatty tissue—though they appear to be less specific for SpA and of later appearance (30–32). Likewise to previous studies, including those from ASAS/OMERACT MRI study group, the prevalence and type of both inflammatory and structural lesions in our study were analyzed in subjects with LBP and suspected early axSpA. In our study population, a higher prevalence of BMO lesions compared to structural lesions, has been noted at MRI, confirming the ability of this method in the visualization of inflammatory lesions. A significant prevalence of BMO lesions was observed in both SIJs and the spinal district, with predominant localization in the vertebral anterior corner. This observation, in keeping with previous studies, highlights the importance of spine involvement in the initial stage of the inflammatory process in axSpA (3, 29, 33, 34). This data are especially interesting in the nr-axSpA forms without sacroiliitis on MRI, suggesting that the inclusion of spine BMO lesions at MRI among the classification criteria for axSpA would decrease the number of false negative patients. In some studies, it has been shown that the determination of ≥3 inflammatory lesions (BMO) in the anterior vertebral site (anterior spondylitis) in subjects younger than 45 years increases the likelihood of axSpA diagnosis (32, 35, 36). On the other hand, although the appearance of multiple structural (at least three) and fatty lesions increases the probability of axSpA (37), it has been reported that these lesions tend to increase with aging and can be found even in healthy individuals or in those affected with other spinal degenerative diseases (38, 39). In a recent study the presence on MRI of ≥ 5 spinal inflammatory lesions or ≥ 5 spinal fatty lesions—unlike the presence of ≥3 spinal lesions—appears to discern between axSpA patients and non-SpA patients, while maintaining >95% specificity (40). Furthermore, while an association between inflammatory MRI lesions and LBP has been confirmed, it remains unclear whether axSpA spinal lesions could be associated with pain (41). Therefore, the inclusion of MRI-spine lesions in classification criteria is currently under discussion owing to its increased sensitivity—albeit with a reduced specificity. In the present study, MRI-spine also showed a high prevalence of inflammatory lesions attributable to enthesitis (47 patients) mostly in the thoracic district (58%) (42), suggesting an early involvement of this site in the initial stage of axSpA. We found no significant variations in the radiological progression of SIJ and spine evaluated by SIJ mNY and mSASSS scores from T0 to T24, according to definitions used in previous studies (17, 18). These results may be explained by the very early disease stage of our patients and the relatively short follow-up (24 months is a minimal timeframe to observe any significant radiological changes). A downward trend of radiological activity measured by ΔSPARCC SIJ and ΔSPARCC spine and of prevalence of inflammatory lesions on spinal and pelvic MRIs was observed in the 2 cohorts that met the ASAS criteria, probably due to the pharmacological treatment initiated after baseline evaluation and the diagnosis of axSpA (Figures 4A–F). However, due to the non-homogeneity in therapy and reduced sample size (n = 54 patients) at T24 with available imaging, a comparative analysis on the ΔSPARCC SIJ and the ΔSPARCC spine by treatment type was not possible. Several studies systematically evaluated the concomitant use of MRI-spine and MRI-SIJ in patients with suspected axSpA and healthy controls, highlighting an improved diagnostic capacity for the two techniques together compared to MRI-SIJ only (8, 43). However, other authors claim that this procedure only increases the level of diagnostic probability in patients with suspected axSpA due to the inclusion of false positives (37–39, 44). In another recent study the prevalence of lesions on MRI-spine in patients with ≤3-year duration of chronic LBP included in SPACE and DESIR cohorts, was found in very few patients without sacroiliitis on X-rays or MRI-SIJ: 3/447 (1%) patients in SPACE cohort and 8/382 (2%) in DESIR cohort, respectively. The conclusion of this study was that the addition of MRI-spine in ASAS axSpA criteria yielded few newly classified patients (45). On the opposite, our study suggests that the use of MRI-spine along with MRI-SIJ could add a relevant information which can be useful in the diagnosis and in the the follow-up. In fact, at T0 we found 24% patients with positive MRI-spine and negative MRI-SIJ, as well as 14.7% patients with negative MRI-spine and positive MRI-sacroiliitis. Predictors of radiological damage and activity in our population were: early age of disease onset and long duration of LBP, increased inflammatory biomarkers, higher use of NSAIDs, male gender, HLA-B27 positivity and a SPARCC SIJ score>2, in keeping with previous studies (46, 47). Moreover, in our study we observed as curiuos aspect that patients with positive MRI-spine had higher prevalence of IBD, instead patients with positive MRI-SIJ presented more frequently uveitis. Our study also investigated whether there were differences in clinical indices of disease activity according to the presence or absence of signs of sacroiliitis on X-rays and MRIs. Despite the differences at T0 in the three cohorts in the prevalence of sacroiliitis on MRIs, X-rays, and SPARCC SIJ score, no differences were found in clinical and disease activity indices. Patients with active MRI sacroiliitis did not show higher disease activity indices compared to those without inflammatory changes in the SIJs or those with initial signs of radiographic sacroiliitis. In contrast, several studies reported higher values of clinical, functional and disease activity indices in AS and r-axSpA in patients with long disease duration vs. subjects with nr-axSpA (46, 48–52). In our study a significant reduction of functional and disease activity indices was observed in all patients throughout the follow-up period. Nevertheless, no markedly significant decrease of these indices was observed in one cohort vs. the others. The improvement of these indices may depend on the successful pharmacological treatment after the diagnosis of axSpA.


[image: Figure 4]
FIGURE 4. (A–F) Progressive reduction until disappearance of BMO signs and subsequent corresponding appearance of signs of adipose metaplasia on left SIJ during a follow up period of 24 months. (A) MRI-SIJ at T0 in T1 sequence (B) MRI-SIJ at T0 in STIR sequence (C) MRI-SIJ at T12 in T1 sequence (D) MRI-SIJ at T12 in STIR sequence (E) MRI-SIJ at T24 in T1 sequence (F) MRI-SIJ at T24 in STIR sequence. The written informed consent was obtained from the individual for the publication of these images.


Some of the limitations of this study pertain to the small sample size, the early disease stage which could limit the potential to detect radiographic changes, and the variability of treatments in the three cohorts. Conversely, the strengths are the prospective study design and the central reading by two expert radiologists.



CONCLUSIONS

A high prevalence of inflammatory lesions on MRI-SIJ and MRI-spine was found in our patients. Since inflammatory lesions on MRI-spine can occur in the absence of SIJ involvement, the use of MRI-spine alongside MRI-SIJ may add a relevant information which can be useful in the diagnosis, especially of nr-axSpA. As of today, no studies assessed the involvement of the thoracic spine by means of a spinal structural damage scoring method. Notably, we observed a significant involvement of the thoracic region in our patients which warrants further investigation. In the current study, different types of axial involvement—presence/absence of sacroiliitis—were not associated to significant differences in clinical severity and disease activity indices in all three cohorts.
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Rheumatoid arthritis (RA) is a systemic immune mediated inflammatory disease of unknown origin, which is predominantly affecting the joints. Antibodies against citrullinated peptides are a rather specific immunological hallmark of this heterogeneous entity. Furthermore, certain sequences of the third hypervariable region of human leukocyte antigen (HLA)-DR class II major histocompatibility (MHC) molecules, the so called “shared epitope” sequences, appear to promote autoantibody positive types of RA. However, MHC-II molecule and other genetic associations with RA could not be linked to immune responses against specific citrullinated peptides, nor do genetic factors fully explain the origin of RA. Consequently, non-genetic factors must play an important role in the complex interaction of endogenous and exogenous disease factors. Tobacco smoking was the first environmental factor that was associated with onset and severity of RA. Notably, smoking is also an established risk factor for oral diseases. Furthermore, smoking is associated with extra-articular RA manifestations such as interstitial lung disease in anatomical proximity to the airway mucosa, but also with subcutaneous rheumatoid nodules. In the mouth, Porphyromonas gingivalis is a periodontal pathogen with unique citrullinating capacity of foreign microbial antigens as well as candidate RA autoantigens. Although the original hypothesis that this single pathogen is causative for RA remained unproven, epidemiological as well as experimental evidence linking periodontitis (PD) with RA is rapidly accumulating. Other periopathogens such as Aggregatibacter actinomycetemcomitans and Prevotella intermedia were also proposed to play a specific immunodominant role in context of RA. However, demonstration of T cell reactivity against citrullinated, MHC-II presented autoantigens from RA synovium coinciding with immunity against Prevotella copri (Pc.), a gut microbe attracted attention to another mucosal site, the intestine. Pc. was accumulated in the feces of clinically healthy subjects with citrulline directed immune responses and was correlated with RA onset. In conclusion, we retrieved more than one line of evidence for mucosal sites and different microbial taxa to be potentially involved in the development of RA. This review gives an overview of infectious agents and mucosal pathologies, and discusses the current evidence for causality between different exogenous or mucosal factors and systemic inflammation in RA.

Keywords: rheumatoid arthritis, periodontitis, intestinal, mucosa, trigger


INTRODUCTION

Rheumatoid arthritis (RA) is a common immune mediated inflammatory condition primarily affecting the joints. Despite the well-described contribution of a genetic background predominantly at the immunological synapse and the many other candidate autoantigens, the origin of this potentially devastating human disease is still enigmatic. Increasing efforts have been made in the recent past to unravel the interaction of affected subjects with their environment, but many aspects of a multitude of potential triggering factors and their respective contribution in RA pathogenesis are still unknown. The mucosal surface of the oral cavity and the gut is physiologically colonized by commensal microbes, which possess the capacity to profoundly shape the repertoire of adaptive immune responses. It is one of the most fascinating current perspectives to employ this way of immune system regulation for therapeutic or preventive purposes.

An immune response against citrullinated peptides is the most specific immunological marker of RA. Citrullinated peptides are abundant in many types of inflammation, RA synovitis with all antigens for the most relevant fine-specificities of anti-citrullinated protein antibodies (ACPAs) (1–5), in extra-articular RA manifestations (6), but also in non-RA related inflammation (7) as well as in Porphyromonas gingivalis (Pg.) induced periodontitis (PD) (8). Already in the pre-clinical phase, RA patients develop ACPAs against an increasing numbers of epitopes (9). Affinity maturation of ACPA paratopes appears to cause the antigen spreading (10), but little is really understood or even proven how this phenomenon occurs. A persistent response of ACPA expressing plasmablasts predominantly of an IgA isotype suggests one or several persistent mucosal triggers in this process (11). Moreover, the highest diagnostic specificity of IgA-isotypic ACPA further supports the assumption that the most specific immune system activation in RA is happening at mucosal sites (12).

In the following chapters, we try to review parts of the overwhelming amount of data which we think is of most probable relevance. We will follow different currently proposed tracks of RA pathogenesis from genetic and environmental risk factors to microbial species and microbial communities, from innate inflammatory to adaptive immune responses and ultimately to associations with some of the characteristic features of RA. In order to sensitize the readers, we strongly recommend to scrutinize the proposed relationships in view of the Bradford–Hill criteria for causality (13). Among them, we believe that the highest attention should be given to the reported strengths of association, reproducibility, specificity, temporality, and the overall coherence of epidemiological and experimental findings.



INBORN FACTORS IN RA

RA is apparently not very strong clustered in families, but the genetic background of RA was in the focus of pathogenesis oriented research until the decryption of the human genome at the turn of the millennium and in the following years (14, 15). In a nationwide sibling study in the UK from 1993, monozygotic twins had about four times higher RA concordance rates than dizygotic twins (16). More recently, in the largest registry study on the inheritance of RA in Sweden, the odds for RA heritability was about three in first degree relatives and about two in second degree relatives, irrespective of the affected being parent, sibling or offspring (17). Both studies independently point to a significant genetic background of RA, which may confer to about 50% of disease risk. Today genetics in RA are still an important aspect of research with a new focus on personalized medicine, as an individually tailored approach for the minimization of the large inter-individual variability response to therapy (18).

The strongest genetic risk factor for RA is a specific peptide sequence in the type II human leukocyte antigen (HLA) or major histocompatibility complex (MHCII) of only six amino acids, called the shared epitope motif. Shared epitope motifs are especially frequent in native Americans (19). MHCII molecules play a crucial role in the presentation of antigens, and their association with RA is a consistent finding in many populations of different ancestry (20–24). MHCII molecules are central in directing adaptive immune responses. Only a few alleles in the DRB1 molecule, which are coding for QKRAA [Q (glutamine) K (lysine) R (arginine) and AA (alanine-alanine], QRRAA, or RRRAA amino acid sequences in the positions 70–74 of the third hypervariable region, have a strong association with RA. However, other alleles in the HLA complex (25) as well as dozens other non-HLA genes appear to also confer to the genetic risk of RA, but to a much lesser extent (26). Other sufficiently robust RA associated genes are single nucleotide polymorphism (SNP) in the PTPN22 gene, which codes for a non-receptor lymphoid protein phosphatase and negative regulator of presentation of immune complex derived antigens (27) and a specific allele in human PADI4 (28). Other genetic associations were too inconsistently associated with RA to mention in this brief overview.

Recently, X-ray crystallography studies could demonstrate citrullinated as well as non-citrullinated vimentin peptides in the binding groove of HLA-DRB1 molecules (29). This finding suggests that the genetic background of MHC molecules is directly linked to the antigenicity of specific peptides. Interestingly, recent data demonstrate an effect of the shared epitope on the gut microbiome in clinically healthy study populations (30). Thus, it is tempting to speculate that RA-related MHC alleles affect the presentation of disease relevant antigens and the symbiotic coexistence of the host and its microbiota by the same key MHCII molecules. However, other researchers suggested an alternative and probably antigen independent explanation for the association of MHC molecules with RA (31, 32).

Another inborn X-chromosomal risk factor for RA is the female sex. Notably, although female subjects are about two to three times more often affected by RA in the general population, familial RA aggregation appears not to be affected by sex (17). Female RA preponderance seems to be limited to the reproductive phase of life, but late onset RA appears to be similar prevalent in male and in female (33). We currently have no consistent data on an inappropriate inactivation of X-chromosomal genes in RA (34). Furthermore, as indicated by the preferential disease onset in the menopause, RA onset or flares in the first year after delivery but treatment-independent amelioration of disease activity during pregnancy, the role of the female sex hormones in RA appears to be complex (35, 36). As for all large epidemiological studies, it has to be kept in mind that the results are strongly depending on the robustness of disease definition, e.g., autoantibody status, which can be a major challenge in the field (17). Furthermore, the strength of observed association with sex appears to be affected by ancestry, by disease severity, by disease onset during life time or parity (37). Although the research field on the vaginal microbiome and female health is rapidly growing, we did not retrieve any specific literature on this topic in relation to RA.



AGE AND BEHAVIORAL RISK FACTORS FOR RA

RA as well as RF and ACPA associated types of juvenile idiopathic arthritis may start at any phase of lifetime. However, RA incidence is highest in the fifth and sixth life decade. This fact may hint to the important non-genetic factors, which become only active under certain circumstances. Life style factors also appear to be relevant, as age- and sex-standardized incidences were lower in densely populated areas and in individuals with high educational level (34). Depending on sex, RA occurred in a study from Sweden more often in male farmers, brick layers, and electric or electronic workers, and in female preferentially in nurse assistants and social science related workers (38).

Smoking is one of the best established environmental risk factors especially for RF-positive RA and especially in men (39). Tobacco smoking was the first environmental factor that was associated with the onset RA (40, 41), but smoking can explain the severity of RA only to some extent (42). Furthermore, smoking is associated with extra-articular RA disease manifestations such as interstitial lung disease (43) and subcutaneous rheumatoid nodules (44). The mechanisms of how smoking might affect RA must be further elucidated. Moreover, with the given focus of this review, smoking is also an established risk factor for periodontitis (45).

The influence of diet on the onset and course of RA is since a long time a matter of an intensive debate. Mediterranean diet as well as antioxidant and fruit-rich diet have been proposed to be protective (46–48), while obesity seems to have negative effects on the risk for the development of RA. However, any observed effects of diet on the RA disease risk were rather small, and even bariatric surgery appeared to be without effect on RA status, despite its obvious consequences for the nutritional status as well as for the intestinal microbiome (49, 50). Coffee or tea consumption appears to be irrelevant for the onset of RA (46). Alcohol consumption in contrast to smoking does not seem play a relevant role in the incidence of RA (51), but appears to have modest effects on PD (52).



INVASIVE INFECTIOUS TRIGGERS

One of the most frequent causes of an inflammation is an invasive infection. However, RA in contrast to reactive arthritis starts very rarely with a clinically apparent infection. Following the classic postulates of Robert Koch for the proof of a microbial origin of disease, RA would not be proven infectious origin (53). However, an imperfect but repeatedly significant association of specific MHCII alleles necessary to develop RA may indicate a relevant role of host response mechanisms for an infection with low disease penetrance, which could have prevented the discovery of an infectious origin of RA.

Following the first of Koch's postulates of an infectious disease origin, a microbial agent or at least some of its components should have been detected in RA joints. A landmark study on this topic was published in 2003 (54), when authors searched for bacteria-derived muramic acid by gas chromatography-mass spectrometry (GC-MS) as well as bacterial 16s or 23s rRNA by polymerase chain reaction in RA synovium. This study was positive in a few patients with longstanding RA, but in similar frequency as in control subjects (54). In another study, bacterial DNA from Pg. was identified in 15% of RA samples, which was significantly more frequent than in the 3% of synovial fluid from control subjects (55).

Zhao et al. (56) reported the presence of bacterial 16s rRNA from many different species in synovial materials from RA and control samples, which draws any species-specific invasive infection to cause RA into question. However, this notable finding should be confirmed in an independent study. An invasive infection in RA must not necessarily be proven in the joint. In RA associated vasculopathy, Methylobacterium oryzae was detected in the aortic adventitia in 3 out of 11 biopsies, but different bacterial species were detected by 16s rRNA sequencing in 4 out of 11 control samples (57). As far as we know, Methylobacterium oryzae has never been isolated from RA joints.

Viral infections are since a long time handled as a potential infectious trigger of RA. In a recent systematic review, an overall poor quality of studies on RA incidence upon viral exposure was reported. The risk of RA onset appeared to be somewhat increased after Parvo B19 [n = 12 studies, OR = 1.77 (95% CI: 1.11–2.80), p = 0.02], hepatitis C virus [n = 7 studies, OR = 2.82 (95% CI: 1.35–5.90), p = 0.006] and possibly also after EBV infection (58). In summary, we have some evidence for infectious triggers, but only limited evidence for an invasive infection causing RA. Furthermore, all the few positive studies for an invasive infection in RA are still awaiting independent confirmation.



DISEASE MODELS FOR MUCOSAL INFECTIONS AND DYSBIOSIS

In animal models, major effects of oral as well as of intestinal infectious triggers could be observed on incidence and severity of arthritis (Table 1). Furthermore, inoculation of some specific periopathogens in the oral cavity appeared to affect the composition of the gut microbiome. However, there also exists experimental evidence from the K/BXN serum transfer model in C57BL/6 mice that an existing arthritis might not only be consequence of intestinal dysbiosis, but may act back on mucosal inflammation by down-regulation of several pro-resolving mediators (59). As compared to control mice, the gut protective mediator resolvin became metabolized to its inactive 17-oxo metabolite, when arthritis was induced by K/BxN serum transfer. Furthermore, the mucosal expression of anti-inflammatory IL-10, the number of goblet cells and the expression of tight junction molecules was reduced in arthritic mice, thereby increasing the gut permeability for microbes (59). Increased gut mucosal permeability upon serum transfer was further aggravated upon Pg. inoculation directly in the stomach, but administration of resolvin in arthritic Pg.–inoculated mice normalized mucosal IL-10 expression and gut permeability and ameliorated arthritis. This study elegantly demonstrates how a weakened gut barrier can be critical for the pathogenic action of intestinal microbes (59).


Table 1. Mucosal inflammation in arthritis models.
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In the study of Flak et al. (59), an oral pathobiont was directly inoculated into the stomach, thereby preventing Pg-induced PD. In the meantime, a correlation of oral and intestinal mucosal colonization was confirmed for several times and in different arthritis models (Table 1). However, most of the data come from collagen induced arthritis (CIA), which typically develops a rapidly erosive but self-limiting disease without citrulline specific immune responses. Nevertheless, as a conclusion of a rapidly increasing number of animal experiments, we have strong evidence that arthritis-relevant triggers of the immune system could be initiated by commensal or facultative human pathogens in the oral as well as in the intestinal mucosa.



PERIODONTITIS

Healthy squamous epithelium of the mouth or cylinder epithelium of the gut and respiratory mucosa should represent a sufficient defense line against invading microbes of low virulence. However, these mucosal tissues show important anatomical differences, which may warrant more attention than what is currently reported.

The gingival mucosa especially in the close proximity of teeth represents a weak point in the barrier against invasive microorganisms. The periodontal tissue is perfect site for longstanding commensal colonization and a nidus of dysbiotic biofilm for a permanent immune stimulation. With a 3.47 billion people estimate (95% CI: 3.27–3.68), oral disorders are globally the number one among all level three burden of disease conditions (75). Nutritional components such as carbohydrate intake and other behavioral factors such as standard and habits of dental hygiene as well a smoking are likely to have a major influence on the microbial colonization and thus on both the evolution of caries and periodontitis during lifetime. According to recent global estimates, 743 million people worldwide are affected by severe PD (76).

PD is characterized clinically by bleeding or suppuration upon probing due to pocket formation and loss of supporting alveolar bone (77). In contrast, the gingivitis is characterized by a bleeding of the gingiva without pocket formation and bone loss. PD is triggered by so-called lead bacteria, which are mostly facultative anaerobic pathogens. It is assumed that these ubiquitous taxa are present in every human's oral cavity, but in such small numbers that they can be kept in check by the natural microbiota and the host immune system. Socransky categorized PD triggering bacteria into four different complexes (78), the early colonizer which are mainly streptococci, followed by so called bridge species such as Fusobacteria and Prevotellaceae, which create an ideal livelihood for the most aggressive microbes.

More recently, a new periodontal disease model, i.e., the polymicrobial synergy and dysbiosis (PSD) model, has been proposed (79) (Figure 1B). Peridontitis in the PSD model is initiated by a synergistic and dysbiotic microbial community rather than by select “periopathogens,” such as the “red complex.” In this polymicrobial synergy, different members or specific gene combinations within the community fulfill distinct roles which may act synergistically in order to form and stabilize a disease-provoking microbiota. In this model certain microbial species, termed “keystone pathogens” play a crucial role to modulate the host response in ways that impair immune surveillance and shift the balance from homeostasis to dysbiosis. The so called “keystone pathogens” also increase the virulence of the entire microbial community through interactive communication with accessory pathogens.
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FIGURE 1. Simplified scheme of four hypotheses or aspects in the etiopathogenesis of periodontitis (PD) relevant to RA. (A) Falsified scenario of a single specific infectious microbial pathogen, i.e., P. gingivalis. (B) Current hypothesis of an increasing multitude of microbes necessary to initiate and maintain PD the polymicrobial synergy and dysbiosis model (PSD) and immune response in RA. (C) Osteoimmunology. (D) Excessive or unresolved inflammatory response. (1) Squamous epithelium, (2) Periodontal space (orange line), (3) Fibroblast periodontal ligament cells, (4) Osteocyte control Wnt-signaling by Sclerostin and DKK-1 (green dashed arrow) in (5) Osteoblasts and activate (6) Osteoclasts by RANKL (green solid arrow). Abbreviations for different immune cells: Mϕ are macrophages, DC dendritic cells, PMN neutrophils, CD4+, Th1, Th2, Th17, and Treg are some of a much larger multitude of T cell subsets in PD. MHC, major histocompatibility complex and TCR, T cell receptor represent the immunological synapse of antigen-specific immune response. All other abbreviations of soluble factors are explained in the text.


To the “key stone” pathogens belong the facultative anaerobic bacteria Pg., Treponema denticola, Tannerella forsythia, and Aggregatibacter actinomycetemcomitans (Aa.). These pathogens are strongly related to the flora found in deep periodontal pockets associated with advanced periodontal disease (80). Pg. possesses some virulence factors of special interest in the context of RA: it has its own citrullinating enzyme, Porphyromonas peptidylarginine deiminase (PPAD), which is expressed on the outer membrane of Pg. and differs from human PAD's in its Ca2+ independent enzymatic activity (62). Furthermore, PPAD in contrast to human PAD is capable of citrullinating C-terminal arginine residues, which are generated by another Pg.-derived enzyme, arginine specific gingipain (Rgp) protease (81). The coordinated activity of these two microbial enzymes is unique in having the capacity of generating known RA autoantigens such as C-terminal citrullinated fibrinogen and enolase without aid of human enzymes (82).

One of the first cross-sectional RA association studies with PD goes back to 1997 (83), when the nowadays available modern biological and targeted immunosuppressive therapies were not available. Many patients were at that time in advanced stages of RA and handicaps in accurately performing oral hygiene measures were likely present in this population with longstanding RA. By using nationwide health care data for PD, the number of reimbursed dental treatment courses for PD as well as the costs for PD therapy before the onset of RA were significantly increased in a large Taiwanese case-control study (84). As compared to health care insurance patients in a database without PD, patients with PD but without dental scaling (HR = 1.89, 95% CI: 1.56–2.29) had the highest RA risk, followed by PD patients who had received PD therapy (HR: 1.35, 1.09–1.67 (85). In some studies, the oral microbiome appears to be altered in RA anyway and irrespective of the co-existence of PD (86, 87), and even in orally healthy subjects (88), but the composition of the oral microbiome was not in all association studies associated with RA (89).

In RA association studies for specific periodontal microbes, Pg. was on basis of its citrullinating properties of self- and foreign-antigens the first candidate periodontopathogen to be studied in context of RA (90–92). Infection of the gums by Pg. and PD is probably not the same, as Pg. alone at very low colonization levels was not sufficient to cause periodontitis in germfree mice, but disrupted the host-microbial homeostasis and caused severe PD when added to a community of commensal microbiota (93, 94). Furthermore, Pg. in contrast to typically health associated oral commensals was eliminated from the feces, elicited systemic immune responses and induced pathological changes in the liver, which supports the importance of an oral-gut connection (93).

Better understandable in respect of these experimental findings was that the frequency of PD as well as of immune responses against Pg. was increased in a British study in ACPA positive subjects without arthritis (95). In a Western Chinese study, Pg. was expanded in patients with established RA, but reduced in ACPA positive high-risk individuals (96). ACPA positivity in contrast was not linked to immunity against Pg. in the French early RA study cohort (97). Furthermore, in treatment naïve patients with arthralgia, inflammation was rather linked to the presence of PD than the presence of Pg. (98). Moreover, PAD expression and citrullination in the periodontium was neither associated with the presence of Pg. nor with Aa., another interesting common pathogen PD in context of RA (99). In a study in patients with established RA, antibodies against Pg. derived arginine gingipain type B (RgpB) were associated with RA, but smoking interacted with PD as well as with RA (100). Finally, as a summary from three studies in patients with established RA, the presence of Pg. in the gingival crevicular fluid as well as Pg. directed antibody response appeared to be more closely associated with PD than with RA (86, 91, 101). Other cell- and surface receptor-specific data will be discussed in the respective chapters.

The second already mentioned periodontal pathogen with specific features of interest in context of RA, Aa., induces the pore-forming toxin leukotoxin-A (LtxA), thereby releasing citrullinating enzymes from neutrophils (102). A third periodontal taxa to be briefly discussed in context of RA is Prevotella intermedia (Pi.) and Prevotella_6 (P_6). Pi. causes citrullination of different peptides in the crevicular fluid, among them peptides from Tenascin-5. Anti-tenascin-5 antibodies were detected in 18% of pre-RA and in about 50% of sera from patients with manifest RA with a specificity of 98% (103). P_6 was identified in the Western Chinese study population in high-risk individuals for RA and in patients with established RA (96).


Pathology of PD

Gingivitis and PD are a continuum of diseases of the teeth supporting tissues (Figures 1A–D). In 1976, Roy Page and Hubert Schroeder described PD as the host response to a lasting accumulation of dental plaque. They described the entire process in four phases, an “initial,” an “early,” an “established,” and an “advanced” stage of lesions (104, 105). Initial lesions were characterized by an inflammatory infiltrate of mainly neutrophils, early lesions predominated by macrophages and lymphocytes and later phases of PD with more complex cellular infiltrates.

In gingivitis and the initial stage of PD, the junctional epithelium starts to produce prostaglandin E2 (PGE2) and other chemotactic mediators (106). This leads to enhanced permeability of the endothelium, accumulation of numerous neutrophils, and evasion from the junctional epithelium into the gingival sulcus. The mucosal epithelium starts to proliferate and an apical migration of the junctional epithelium may be observed. Detachment of the junctional mucosa from the enamel defines disease progression from initial to an early disease stage, while deeper pockets are characteristic for an established stage. From this stage onwards the epithelial defense line is growing and the retention of the dysbiotic biofilm at the same time facilitated.

In parallel to the epithelial alterations and cellular infiltrates, the subepithelial matrix stroma becomes increasingly affected. Periodontal ligament cells and other fibroblasts start to proliferate. Furthermore, osteoblasts and other progenitor cells differentiate into osteoclasts and start to degrade the bone matrix, which is the main criterion of advanced PD. Page and Schroeder already reported from longitudinal observations that established lesions did not necessarily progress to bone resorption and edentulism, but could remain stable indefinitely. This led them to conclude that an appropriate level of host response and maintenance of a stable balance despite the persistence of a dysbiotic biofilm could be achieved in chronic PD (104, 107). Variants in the MHC II complex definitely have an important impact on the strength of adaptive immune responses, and an overwhelming amount of data from around the globe shows their importance for the development of RA (20–24). In comparison, the strongest known genetic associations for PD are observed with genes outside the MHC II complex (23, 24, 108), and they are much weaker. Thus, RA and PD are not linked to each other by their genetic background. In the following, we will discuss the potential role of different cell types for the onset of PD with a perspective of its relevance for RA.

Since the early descriptive studies of PD (107), major advances in knowledge about the biology of PD could be achieved by interventional studies in various PD models. Experiments were performed in knock-in and knock-out animals and even germfree mice. Some came to fascinating novel results that changed the view on PD, but most of these data are yet unrelated to systemic (auto-)immunity or arthritis. At this place, we like to refer to the excellent review of Hajishengallis and Korostoff (104) for a comprehensive overview, but we want to briefly discuss here some of the central results and the findings with highest probability to be relevant for RA.



Resident Periodontal Cells

The alveolar bone is the indispensable mechanically stable ground for the fixation of the teeth and covered by the periodontal and gingival epithelium and subepithelial stroma. In between of teeth and the bone, the architecture of the periodontal tissue is defined by collagen fibers, glycoproteins, and many other macromolecules. To allow a stable fixation of the teeth in the cavities of alveolar bone, oblique, and horizontal type-1 collagen fibers are circumferentially strained around the teeth. This extracellular matrix is synthesized and continuously reshaped for the changing demands over time by resident periodontal ligament (PDL) cells and fibroblasts. However, in their capacity of producing high amounts of tissue degrading matrix metalloproteinases (MMPs) in an activated state, they resemble to some extent fibroblast-like cells in the RA synovium. PDL are also capable of phagocytosing and processing pathogenic periodontal microbes such as Aa. (109). Upon stimulation, e.g., with viable Pg., PDL express increased amounts of the inflammatory cytokines IL-1β, IL-6, TNF, as well as chemokines such as IL-8, CCL3, CXCL12, and monocyte chemotactic protein MCP-1 (110). Notably, PDL and fibroblasts of other subgingival localization appear to respond differently to inflammatory stimuli (111). However, despite their capacity of transiently elevating the expression of MHC II molecules upon stimulation with pro-inflammatory cytokines, even potently cytokine-stimulated PDL do not express CD40 or CD80 co-stimulatory molecules, which are fundamentally important characteristics of professional APC (109).

Alveolar bone loss is hardly reversible and a hallmark of the most advanced stage of PD (Figure 1C). Until recently, when we compare PD with a cacophonic symphony of the oral and dental health, microbial invasion was believed to be the conductor and the host's inflammatory response the orchestra of PD. The bone tissue was until recently exclusively believed to be the passively suffering audience, with the osteoclasts among them at best as applauding listeners. Recently, it became clear that osteocytes play an active and central role in PD by expressing receptor activator of nuclear factor kappaB ligand (RANKL) (112). Together with macrophage colony stimulating factor (M-CSF) which stimulates the proliferation of osteoclast progenitors (113), RANKL is the key stimulus of osteoclast formation (114, 115). When a mixture of Pg. and Fusobacterium nucleatum, two frequent dysbiotic bacterial strains were several times inoculated into the periodontal tissue of osteocyte-specific RANKL-deleted mice, osteoclast numbers were not increased nor were the bony surfaces eroded. In contrast, the same PD-associated bacteria mixture increased osteoclast numbers and caused severe alveolar bone loss in wild type mice (112).

Osteocytes do not only express RANKL, but they also express other mediators with major relevance for anabolic processes in the bone. Wnt/β-catenin (named by homologies to the wingless gene in Drosophila and int-1 oncogene in mice) is a major signaling pathway for osteoblast formation and differentiation (116). This pathway is of central importance in the embryonic osteogenesis and later in life for bone homeostasis. Wnt/β-catenin signaling in osteoblasts is under control of sclerostin and dickkopf-1 related protein (DKK1). Sclerostin antagonizes canonical Wnt-signaling directly by binding to the LRP5/6 receptor, while DKK1 exerts its action by binding to the Wnt co-receptor (116, 117). Osteocytes express and secrete sclerostin and DKK1 (118).

Sclerostin appears to be involved in the etiopathogenesis of PD, as knock out mice had a slightly ameliorated PD phenotype (119) and antibodies against sclerostin inhibited the progression of PD (116). Even more interesting, sclerostin antibodies were able to ameliorate inflammation and to partially revert PD related bone damage (118). In conclusion, osteocytes are a source of important mediators of bone in periodontitis. In human PD, sclerostin concentrations were locally elevated in the gingival crevicular fluid only from diseased sites (120), hereby indicating a locally restricted response of osteocytes. This finding seems to be specific for sclerostin, as concentrations of TNF and a soluble activator of the Wnt-pathway, Wnt-5a, appeared to be altered in a similar way (120). In opposite to this local finding, sclerostin in contrast to DKK1 concentrations were elevated on a systemic level in the sera of PD patients (121). In difference to PD, elevated DKK1 but not sclerostin serum concentrations were related to joint damage progression in RA (106). Furthermore, although the biological importance of sclerostin for the negative effects on bone formation were recently shown in arthritic rats (122), the periodontal bone loss in PD is restricted to the gums, and a direct link to the joint erosions in RA remains currently unexplained by soluble factors. However, it could be interesting to study the relevance of sclerostin and DKK1 on a systemic level for other bone-specific aspects of human RA such as osteoporosis, abnormal bone geometry and accelerated thinning of metacarpal bones (123–125).



Innate Immunity

With their main function of phagocytosis and elimination of pathogens, polymorphic nuclear cells (PMN) are the dominant cell population in gingivitis (Figure 1D). Given the relevance of infectious noxes in PD, it appears rational to assume that an impaired elimination of dysbiotic bacteria by defective PMN might be critical. However, a normal frequency of PD in patients with a severe X-linked defect in the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase necessary for the respiratory burst of phagocytes (104, 126) suggests only a secondary role of bacterial elimination by neutrophils for the prevention of PD.

We have increasing evidence that a periodontopathogen such as Pg. may circumvent elimination despite an originally intact neutrophil biology. PMN migrate along chemokine gradients such as C′5a or C′3a complement factor concentrations through the capillary endothelium, the submucosal stroma and gingival epithelium. Intriguingly, therapeutic blockade of the C′5 receptor in a prophylactic protocol prevented PD, respectively application in a therapeutic manner alleviated PD in a Pg. induced periodontitis model (127). Notably, Pg. can use the C′5a receptor in crosstalk with toll-like receptor 2 (TLR-2) to induce proteasomal degradation of the Toll-like receptor-2 adaptor myeloid differentiation primary response protein-88 (MyD88) in neutrophils and other phagocytes (128). The resulting lack in MyD88 impairs the rapid activation of the inflammasome complex and affects the host defense against dysbiotic microbes, but the same initial process activates a phospho-inositol-3 kinase (Pi3K) dependent pro-inflammatory pathway.

TLR-2 is a pivotal receptor for innate immune processes in neutrophils, in monocytes and in macrophages (129). Activation of TLR-2 appears to be crucial for the development of PD, as TLR-2 deficient mice are normally resistant to Pg. induced PD (130). Adoptive cell transfer of TLR-2 positive monocytes and macrophages enables Pg. to induce PD in TLR-2 deficient mice (130). Furthermore, TLR-2 may mediate longer bacterial persistence in macrophages and stimulate TNF-dependent osteoclast activation (130, 131).

Macrophages are directed in vitro to M1 in the presence of lipopolysaccharides (LPS), granulocyte-monocyte colony stimulating factor (GM-CSF), and interferon-gamma (IFN-γ), and are characterized by CD86 surface expression, inducible nitric oxide synthase (iNOS), TNF, interleukin 1 beta (IL-1β), IL-6, IL12, and IL-23 expression. M2 macrophages in contrast origin from alternative activation in a Th2 dominated cytokine milieu with excess of IL-4 and IL-13 from Th2 differentiated T cells. M2 cells are characterized by CD206, IL-10, and transforming-growth factor beta (TGF-β) expression (132). Both, M1 as well as M2 macrophages are present in human PD, but periodontal macrophages appear to be predominantly polarized to the classically activated M1 phenotype (133, 134).



Switching From Innate to Adaptive Immunity

A low number of lymphocytes, predominantly CD4+ and CD8+ and a few γδ T cells can be found in the healthy periodontium (Figure 1D) (135). Upon activation by antigen-presenting cells, naive CD4+ T cells can be polarized into distinct effector T helper (Th) cell subsets; Th1, Th2, Th17, and regulatory T (Treg) cells, depending on the local cytokine milieu.

Dendritic cells (DCs) are the best studied APCs in mucosal tissues. DCs can be subdivided into predominantly resident DCs and those with migratory potential. For the spreading of RA relevant antigens, the latter appear to be of greater interest (136). With regard to their migratory capacity, Pg. is capable of inducing CCR6 expression in CD1c+ DCs, as the CCL20 ligand of CCR6 was elevated in Pg. induced PD (137). Non-canonical DC maturation by Pg. is reported to occur with or without GM-CSF/IL-4, and Pg.-infected DCs become resistant to apoptosis and inflammatory pyroptosis (138).

The 67 kDa minor fimbriae Mfa-1 bacterial adhesion molecule is known for inducing the expression of dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) or CD209 (138). Mfa-1 is a DC-SIGN ligand, and the 41 kDa major fimbriae protein FimA a TLR2 agonist (139). DC-SIGN and TLR-2 are two different pattern recognition receptors (PRRs) on DCs, and their activation has divergent consequences for the survival of Pg. (138). TLR2/4 deficiency ameliorates the course of PD to the costs of more extensive bacterial spreading throughout the body due to insufficient bacterial containment or killing (140). Uptake of Pg. into DC by interaction of Mfa-1 with DC-SIGN resulted in lower intracellular killing and higher intracellular content of Pg. in single membrane phagosomes, where the bacteria survived intracellularly after prevention of phagolysosome formation. Furthermore, interaction of Mfa-1 with DC-SIGN in stably transfected monocytic cell lines induced lower expression levels of CD80, CD83, and CD86 co-stimulatory molecules, and secreted significantly lower levels of inflammatory cytokines IL-1β, IL-6, IL-8, IL-12 p70, and TNF (139). In contrast, uptake of Pg. in the absence of DC-SIGN upon single activation of TLR-2 and autophagy was associated with endosomal lysis and reduced survival of Pg. (138).

Another receptor on DCs for fimbriae proteins is C-X-C chemokine receptor type 4 (CXCR4), which is also present on DCs in RA synovium (141). Activation of the CXCR4 receptor appears to be beneficial for the severity of PD by disrupting immunosurveillance, but with the consequence of prolonged bacterial persistence (142, 143). As another interesting finding, CXCR4 inhibition appears to be beneficial in terms of a lower expression of oncogenes (144). Upon activation of the MAP kinase pathway, Pg. may induce protective genes against oxidative stress and apoptosis in mDCs via forkhead box class-O protein FOXO1 (143). Control of FOXO1 in DCs reduced the cleavage of caspase-3 and decreased the expression of pro-apoptotic proteins Bax and Bim (144). Myeloid DCs had a better longevity and propagated the generation of local Treg by Indole amine 2,3 dioxygenase (Ido1) activity in the presence of Pg. (144).

FOXO1 transcription factors appear to be essential for the mucosal immunity, as they do not only regulate DCs, but pro-inflammatory signaling molecules (TLR-2, TLR-4, IL-1β, and TNF), wound healing factors such as TGF-β and vascular endothelial growth factor (VEGF), integrins, a proliferation inducing ligand (APRIL) and B-lymphocyte stimulator (Blys), T-regulatory modulators (Foxp3 and CTLA-4), antioxidants and DNA repair enzymes in different immune relevant cell populations (145). In conclusion, Pg. infected and apoptosis resistant mDC can lead to local immunological tolerance, but are at the same time a good candidate for spreading the key pathobiont of PD into other organs and tissues.

CD207+ (langerin) positive Langerhans cells (LC) are potent immune regulators, but are in contrast to conventional myeloid DCs resident cells predominantly in the periodontal epithelium (146). They are important mediators of Pg. induced local Th17 differentiation, but have only little effect on the migratory capacity of conventional mDCs (146). Myeloid CD207-DCs could migrate from the lamina propria into the regional lymph nodes. We speculate that non-Langerhans DC are more likely to have an impact on systemic immune response or microbial spreading. Furthermore, the generation of Th1 cells as well as regulatory T cells was not affected in mice lacking LC (146). Notably, despite a deficiency of Th17 cells, alveolar bone resorption by osteoclasts was not affected by a lack of LC (146).



Adaptive Immune Response

T and B cell infiltrates are abundantly present in established and in advanced PD (104) (Figure 1D). T cells become locally primed, according to the dominating cytokine milieu, into Th1, Th2, or Th17 cells, to provide locally active inflammatory, regulatory, or immune activating signals. Th17 cells are divided into two subsets; homeostatic Th17 cells which accumulate in the periodontal space in an IL-6 dependent manner, and locally expanding Th17 cells which require both, IL6 and mostly monocyte derived IL-23 for local expansion. Genetic as well as therapeutic blockade of IL-17 diminished the amount of inflammatory response in PD as well as bone loss, but propagated fungal infections (147).

Plasma cells are also present in chronic PD. The occurrence of IL-35 and IL-37 expression appears to be beneficial to the local inflammatory process, as both cytokines inhibited osteoclast formation at least in vitro (148). However, these findings appear to be controversial to other studies, and we retrieved surprisingly little original data on the role of plasma cells as local antibody secreting cells (149).

Probably more interesting for the systemic aspects of mucosa driven autoimmunity in RA is the total lack of reports regarding the formation of lymph follicles or other organized lymphoid structures, which appears notable in view of more than 500 histological studies that were performed in relation to PD. Thus, any canonical immune response in relation to mucosal infections requires the migration from the affected tissue to the regional lymph nodes.



Effects of PD Treatment on RA

More intensive than only standard hygienic means are necessary in the advanced stages of PD, when deeper pockets prevent an efficient reduction of pathogenic bacteria from heavily colonized dental plaques (76). Standard of care in advanced PD is non-surgical scaling and root planning (SRP) plus intensive oral hygiene, e.g., with antimicrobial chlorhexidine containing mouth rinse. This procedure reduces the periodontal microbiota at least transiently is called a one-stage full mouth disinfection (FMD), which may be completed by short term systemic antibiotic therapy (150–152). In a recently published randomized controlled trial in patients with PD plus RA, no significant effect on RA disease activity was demonstrated upon standard PD therapy (153). However, although the autoantibody profile against citrullinated peptides remained unaffected, it was shown in another uncontrolled study that FMD plus antibiotics could be beneficial for RA in some highly selected patients (154). More mechanistically, no significant changes in the peripheral blood DC or T cell population were observed upon standard non-surgical local therapy for PD (136), but myeloid DCs (mDCs) with a pro-inflammatory phenotype were reduced upon one week of antibiotic co-therapy (136). These changes in numbers of mDCs with an inflammatory phenotype to the levels of healthy control subjects was paralleled by lower Th17 to Treg ratios (136).

So far, we have only discussed the local dysbiotic periodontal colonization and the resulting inflammation that could be associated with RA, but a sufficiently large cross-sectional RA association study on the subgingival microbiome came to a negative result (89). Furthermore, it has to be kept in mind that the periodontal microbiome in RA could share relevant similarities with the microbiome on the palatinal tonsils, as it was at least demonstrated in healthy subjects (155). According to this finding, it might be worth to study whether a colonization of dysbiotic bacteria in the periodontal niches might be linked to a pathogenic antigen presentation on the tonsils in patients with RA.




INTESTINAL MUCOSA IMMUNITY


Intestinal Dysbiosis

One of the first large metagenome-wide association study (MGWAS) on the microbiome in fecal samples revealed significant differences between RA and control subjects with regard to the phylogenetic taxa, redox environment, transport, and metabolism of iron, sulfur, zinc, and arginine (156). Furthermore, significant associations were observed when the stool samples were compared to dental biofilm and saliva from the same individuals (156). Interestingly, MTX and an alternative herbal treatment partially restored the microbiome to a more normal respectively healthier state (156), an unexpected finding at that time, which resembles experimental evidence that an inflammatory status such as arthritis could act back to disrupt the mucosal integrity (59).

As to be expected are nutritional factors important modulators of the intestinal microbiome, which appears to also have important impact on systemic immunity. It was recently shown in this context that the treatment of mice with an alpha-glucosidase inhibitor affected the intestinal microbiome and alleviated CIA (141). Furthermore, vitamin D and its active 1,25 hydroxylated metabolite is not only a differentiation factor of monocytes and Th17 cells (157, 158), but vitamin D deficiency impairs the intestinal barrier function and affects the microbiome composition (74).

In 2017, N-acetylglucosamine-6-sulfatase (GNS) and filamin A (FLNA) were identified in RA as HLA-DR–presented peptide autoantigens for T and B cell responses (159). Both autoantigens had marked sequence homology with gut derived peptides from Prevotella copri (Pc.) and other gut commensals (159). Since then Pc. is in the focus by research on microbial species that could be implicated in the etiopathogenesis of RA (159–163). Subsequently, a Pc.-derived 27 kDa peptide was identified in association with new onset RA (160). In 2019, Alpizar-Rodriguez et al., reported that Pc. was enriched in the gut microbiome of asymptomatic European first-degree relatives of RA patients with immunity against citrullinated peptides, when their stool microbiome was compared to asymptomatic first degree relatives without ACPA (161). In the same year, Pc. as well as other Prevotella species were reported as being enriched in a gut MGWAS in Japanese RA patients (164). Prevotellaceae are also common in the periodontal pathology, but is to our knowledge not specifically associated with RA when present in the oral microbiota (165). While these studies appear to hint to potential microbial triggers of RA related immunity, it is remarkable to find in healthy subjects bearing RA-associated DRB1 alleles in association with the intestinal microbiome (30), suggesting that a RA-related genetic background could shape the microbiome.



Immune System Activation in the Intestinal Mucosa

The importance of ACPA in RA led us to search in the literature for evidence of the presence of citrullinated peptides in the mucosa. Indeed, a recent proteome analysis revealed striking differences in abundance of citrullinated proteins in the colon mucosa in RA and in healthy controls (166). However, this study was performed in a small number of patients only and awaits replication. Furthermore, we do not know whether the citrullinated peptides represent known RA antigens.

Goblet cells and M cells are specialized epithelial intestinal cells, which are permissive for intestinal antigens from the gut lumen. Furthermore, CX3CR1+ expressing dendritic cells (DC) have the capacity of sampling commensal antigens in the small intestine via transepithelial intercellular dendrites into the gut lumen (167).

Mucosa associated lymphoid tissue (MALT) is the next line of defense against invading microbes. MALT has many anatomical similarities with secondary lymphoid organs of other locations, but a specificity of MALT is its immediate vicinity to in quantity more commensal than virulent microbial factors. Invading gut commensals are rapidly killed by macrophages, but intestinal DCs can contain small numbers of live commensals for several days (168). This process is highly relevant to selectively induce a protective IgA response. At the same time, immune responses to commensal bacteria need to be restricted to the regional lymph nodes, without potentially damaging the entire immune system (168).

DC subtypes are since a couple of years in the focus of research on intestinal MALT. Circulating DC are found throughout the entire intestine. They are located in the lamina propria of the small gut, where they accumulate in lymphoid aggregates or follicles such as Peyer patches. DC engulf microbial peptides, degrade them in their phagolysosomes into presentable components via MHC molecules to antigen specific T cell receptors (TCR) of their thymus selected T lymphocyte counterparts. DCs can be subdivided into resident plasmacytoid DCs (pDCs) and mDCs in secondary lymphoid organs, and into a migratory tissue derived DC phenotype. Notably, migratory DCs can be further subdivided by their surface molecule expression profile. In context of the local induction of regulatory T cells (iTreg), CD103+ αE integrin expressing migratory DC have the selective ability to direct toward (iTreg) via production of retinoic acid, which is an important myeloid cell differentiation factor (169, 170). CD103+ cells are present throughout the intestinal mucosa, but can be differentiated according to their Integrin αM CD11b expression into CD103+CD11b+ DCs preferentially of the small intestine and CD103+CD11b− DCs, which are enriched in the colonic mucosa, in Peyer's patches and lymphoid follicles (171). As a third intestinal mucosal DC population, CD103−CD11b− DCs also express CX3CR1. This DC subset is resident under control of normal commensal conditions, but can switch into a migratory phenotype with the capacity of entering regional lymph nodes upon broad-spectrum antibiotic therapy (170). At least to be briefly mentioned in this review are type 3 immune-like cells (ILC3s) a fourth non-classical type of antigen presenting cells, which are important for the inflammatory response in the gut mucosa and at least present in the synovium of arthritic joints (172, 173).

Each DC subtype appears, depending on the DC to T cell ratio and other factors, to be associated with rather specific T cell responses: CD103+CD11b− DCs appear to essentially foster the generation of a Th1 expression profile, but CD103+CD11b+ DCs preferentially lead to either Th17 or iTreg differentiation, while CD103-CD11b+ DCs appear to direct T cells to both, Th1 and Th17 responses (171, 174, 175). In the presence of IL-6 and TGF-β, T cells can either differentiate into pro-inflammatory or into immune stimulatory Th17 cells or into iTreg. Macrophage derived IL-23 is essential in directing CD4+ T cells into the inflammatory Th17 phenotype. Th17 cells express different IL-17 isoforms and IL-22, which exert important functions in APCs and in epithelial cells (176, 177). After having passed the regional lymph nodes, gut derived T cells, but also B cells and plasma cells could circulate throughout the entire body, and their evasion from the circulation will be directed by specific exit signs for their integrin homing receptors. The probably most prominent representative of these molecules is α4 β7 integrin, which directs the evasion of lymphocytes at intestinal blood vessels. IgA producing plasma cells should essentially be located at the gut mucosa, but specialized regulatory microenvironments are of major relevance for the local distribution of antibody secreting plasma cells in the gut or in the bone marrow (178, 179).




PRELIMINARY CONCLUSIONS

We have aimed to collect as much as possible of the currently available clinical, epidemiological, and experimental evidence for the discussion of a causative link between mucosal inflammation and the emergence of RA (Figure 2). However, the amount of literature is overwhelming, and not all the potentially relevant information could be incorporated into this review simply for space and time restriction. We will now briefly discuss assembled data according to the Bradford Hill criteria of causality (13).

1. Strength of association: We identified many reports with an association, but pathogenic links between (a) periodontitis and RA, (b) oral microbiome and RA, (c) intestinal microbiome and RA as well as, (d) specific periodontal microbiota and RA were always weak.

2. Consistency: Shared epitope and the presence of ACPA were reproduced in many populations and on different continents. Reports on association of PD with RA came from different continents. Furthermore, this association was observed in populations of different ancestry. Intestinal Prevotellaceae were identified in association with RA in Northern America, Europe and Japan, but a Chinese study did not find this association. The microbial metagenome is probably more diverse than the human genome, but all the currently available MGWAS studies are by far smaller than the rather large and robust genetic association studies. In conclusion, although we have no formal power estimates for this statement, we believe that larger MGWAS studies are warranted.

3. Specificity: Microbes with a low level of virulence usually colonize in mixed communities. It can be assumed that this statement is likewise true for the periodontal and other localizations such as the intestinal tract. The polymicrobial synergy and dysbiosis model (PSD) is an example of how a combination of bacteria rather than a single specific species is causal in a chronic disease process like PD. Furthermore, not only Pg., but different periodontal pathobionts aroused suspicion to specifically trigger different important aspects of immunity in RA. Moreover, at least in experimental settings, bacteria of the oral cavity significantly affected the intestinal microbiome. In conclusion, it is from the current perspective not a single agent, but the combination of oral and intestinal microbiota as well as other potential sites of mucosal inflammation to be followed in parallel in future studies.

4. Temporality: PD diagnosis before the onset of RA perfectly fulfills this prerequisite of causality. Furthermore, a high prevalence of intestinal Pc. in an ACPA-positive at risk population in a cross-sectional setting appears to fulfill this criterion, but the definitive results of longitudinal studies have to be awaited, before definiteconclusions can be made.

5. Biological gradient: A dose dependency of a single causal agent, was demonstrated in several experimental settings. However, in PD, not the most severe aggressive type but the less progressive chronic form is preferentially associated with RA. Furthermore, it is currently not clear how to quantify models of polymicrobial synergy. We currently have no information of biological gradients at hands to explain the entire process of mucosal inflammation, citrullination, ACPA-specific immunity, and arthritis. Furthermore, we yet do not know how the type, the combination of synergistic factors, or the effects of time exposure for different interacting stimuli to be designed in a composite model.

6. Biological plausibility: We identified many reports about mucosal inflammation or a specific mucosal stimulus that were associated with onset or severity of experimental arthritis. Now, albeit the detailed current knowledge about the cellular mechanisms in the intestinal immune system and in periodontal inflammation is not known, it appears essential to pursue the identification of the cellular and molecular processes between mucosal inflammation and immunization in arthritis models as well as in human disease.

7. Coherence: This review is only a small extract of all the available, but to some extent contradictory knowledge, i.e., regarding specific microbial taxa being implicated in the connection of mucosal immunity and RA. Furthermore, in terms of generalizability and the transfer of data from model to disease, questions about the ACPA status, which is different in CIA and RA, as well as the different arthritis susceptibility in male and female humans and mice should be answered.

8. Experiment: Chronic PD is a hardly reversible disease, but the effects of PD therapy on RA severity are controversial. Lower incidence rates of RA in treated than in untreated PD patients go into this definition.

9. Analogy: Different periodontal pathogens cause a similar type of PD, and different oral or intestinal microbiota were associated with RA. However, it is too early to decide whether different exposures in terms of microbial taxa leading to RA can be interpreted as analog evidence for causality, or alternatively, as a violation of the criterion of specificity.


[image: Figure 2]
FIGURE 2. Hypothetical summary schedule of some of the possibilities to connect the mucosal sites and RA joints, from top to bottom: persistent bacterial components in DC and other phagocytosing cells, shaping of the T cell memory at mucosal sites, plasmablasts or plasma cells and soluble factors, as exemplified by antibodies (IgG monomers, IgM pentamers, and IgA dimers). Important for the control of the mucosal responses are probably the clearing regional and secondary lymph nodes. As we identified no reports on germinal center responses in the periodontal tissues, but some similarities between the subgingival periodontal and the palatinal microbiome, we include the tonsils as another possibility of mucosal activation of immune processes in RA.


Taken together, we summarized the current viewpoints on putative mucosal triggers of RA in a narrative review. This paper is an incomplete compilation of the currently available supporting data for the postulated link between mucosal immunity and RA. In this summary of work in progress, several pieces of evidence appear to be of high validity. We conclude that ongoing major efforts, both on PD as well as the oral and intestinal microbiome, are warranted in order to answer the many remaining questions about the etiopathogenesis of RA.
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In the human genome, the aminopeptidases ERAP1, ERAP2 and LNPEP lie contiguously on chromosome 5. They share sequence homology, functions and associations with immune-mediated diseases. By analyzing their multifaceted activities as well as their expression in the zoological scale, we suggest here that the progenitor of the three aminopeptidases might be LNPEP from which the other two aminopeptidases could have derived by gene duplications. We also propose that their functions are partially redundant. More precisely, the evolutionary story of the three aminopeptidases might have been dictated by their role in regulating the renin–angiotensin system, which requires their controlled and coordinated expression. This hypothesis is supported by the many species that lack one or the other gene as well as by the lack of ERAP2 in rodents and a null expression in 25% of humans. Finally, we speculate that their role in antigen presentation has been acquired later on during evolution. They have therefore been diversified between those residing in the ER, ERAP1 and ERAP2, whose role is to refine the MHC-I peptidomes, and LNPEP, mostly present in the endosomal vesicles where it can contribute to antigen cross-presentation or move to the cell membrane as receptor for angiotensin IV. Their association with autoinflammatory/autoimmune diseases can therefore be two-fold: as “contributors” to the shaping of the immune-peptidomes as well as to the regulation of the vascular response.
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In the human genome ERAP1 (Endoplasmic Reticulum Aminopeptidase 1), ERAP2 (Endoplasmic Reticulum Aminopeptidase 2) and LNPEP (Leucyl and Cystinyl Aminopeptidase) lie contiguously in 200 kilobase segment on the chromosome 5q21 and share sequence and functions as aminopeptidases. They are members of the oxytocinase subfamily of M1 Zn-metallopeptidases (1, 2). Noteworthy, their protein sequences are closely related, with LNPEP showing 43 and 49% identity to ERAP1 and ERAP2, respectively, while the two ERAP enzymes are 49% identical. These observations suggest recent gene duplication events and subsequent divergence.

ERAP1 and ERAP2 are expressed in various human tissues and are regulated by interferon-gamma (IFN-γ) (3); they reside in the endoplasmic reticulum (ER) where they trim the N-terminal peptide residues to the correct length to bind the HLA-class I molecules. In fact, cytosolic peptides are delivered through channels formed by TAP (Transporter associated with antigen processing) into the ER where they will be trimmed at their N-terminal end by the ERAPs. ERAPs have different specificities and they complement each other in shaping the antigenic repertoire: ERAP1 preferentially cleaves N-terminal hydrophobic residues whereas ERAP2 prefers positively charged amino acids. Both however cannot trim peptide bonds involving Pro. Indeed, this amino acid is frequently found at P2 in epitopes presented by HLA-I molecules sharing a Pro-permissive B pocket (4). Trimming of longer peptides probably requires the concerted action of both ERAPs and indeed ERAP1 and ERAP2 have been found to co-localize in vivo and to form heterodimeric complexes (5). The homologous gene LNPEP encodes a cytosolic and endosomal aminopeptidase (IRAP, Insulin-Regulated membrane Aminopeptidase) cleaving before cysteine and leucine as well as other amino acids. Endogenous peptides including arginine-vasopressin and oxytocin have been show to be processed by LNPEP. Alternative splicing results in multiple transcript variants encoding different isoforms. Interestingly, LNPEP can be found secreted in soluble form in maternal serum during normal pregnancy (6). Thanks to an additional N-terminal cytoplasmic domain, LNPEP is retained in the endosomal vesicles from where it can traffick to the cell membrane forming a type II integral membrane glycoprotein. LNPEP co-segregates with GLUT4 transporter in storage vesicles that traffic to and from the plasma membrane in insulin-responsive cells (7). Besides, LNPEP in the membrane catalyzes the final step of the angiotensinogen to angiotensin IV (AngIV) conversion and it is acknowledged as AT4 receptor (8) being in humans predominally expressed in brain and, to different extents, in heart, kidney, adrenals and blood vessels. LNPEP has a positive influence on a number of physiological and behavioral functions including blood flow, neuroprotection, synaptogenesis, long-term potentiation and memory consolidation and retrieval (9–11). LNPEP is also an essential component in the renin–angiotensin system (RAS): it degrades peptide hormones, such as oxytocin, vasopressin and angiotensin III (AngIII), and plays a role in maintaining homeostasis during pregnancy. In the evolution of human race the RAS played an important role due to its ability to control salt intake and stimulate thirst. Recent studies have unraveled roles for RAS and its main effector molecule angiotensin II (AngII) in inflammation, autoimmunity and aging (12). AngII levels can be regulated by angiotensin converting enzyme 2 (ACE2), that leads to the production of the vasodilatory heptapeptide Ang 1–7, and by other aminopeptidases including ERAPs generating AngIII (Ang 2–8) and AngIV (Ang 3–8). AngIII has similar effects to AngII, although with lower potency, in enhancing blood pressure and vasopressin release and stimulating the expression of pro-inflammatory mediators (13). AngIV exerts a protective role by increasing blood flow in the kidney and brain (12). In fact, one the most recent advance in the field, it has been the discovery of local RAS in heart, brain, pancreas, lymphatic and adipose tissue. The local RAS can operate independently or in close interaction with circulating RAS. In addition, a functional intracellular RAS has been identified highlighting several prominent effects of AngII, including pro-inflammatory, proliferative and pro-fibrotic activities (8, 14). In this context, LNPEP is involved in the inflammatory response by activating the NF-kB pathway via Ang IV (15, 16). Most interestingly, it has been demonstrated that its aminopeptidase activity is responsible for the trimming of cross-presented peptides in the endosomes of dendritic cell (DC). This observation makes LNPEP as fully belonging to the antigen presenting machinery with a prevalent role in refining extracellular epitopes. However, at the current state a contribution to the processing of intracellular epitopes traveling across the vesicles network cannot be excluded (17, 18).


DISEASE ASSOCIATIONS

The three aminopeptidases have been found associated with distinct as well as overlapping pathologies (19). This has been discussed in several reviews (2, 4, 19–21). In short, ERAP1 is associated with birdshot chorioretinopathy (22), ankylosing spondylitis (23–26) psoriasis and Behçet's disease (27) in individuals carrying the corresponding HLA-I susceptibility alleles. Interestingly, while ERAP1 haplotypes determining a higher expression associate with the first three diseases, Behçet's risk alleles induce a lower ERAP1 expression (28). Since the peptides bound to the susceptible HLA-B51 molecules carry a Pro2 or Ala2 as N-terminal anchor, it is possible that ERAP1 influences the balance of the resultant peptidomes (4, 29). In general, genetic and functional data show that the haplotypes carrying polymorphisms associated with a higher ERAP1 and/or ERAP2 expression are, in most cases, detrimental. In the case of ERAP1 this can be due to its activity as “ruler” either by destroying “protective” epitopes or by refining the susceptible peptidome (30, 31). To this regard, a recent observation has shown that in a melanoma cell, ERAP1 inhibition enhanced the predicted MHC-I binding affinity, reduced the presentation of sub-optimal long peptides and increased the presentation of many high-affinity 9–12 mers, suggesting that the baseline ERAP1 activity is destructive for many potential epitopes (32). A higher expression of ERAP2 is associated with birdshot chorioretinopathy, ankylosing spondylitis and psoriasis (4, 19, 33, 34). However, and most interestingly, this association is not in epistasis with the HLA-I susceptibility allele (35). This suggests that the two molecules do not necessarily converge in the same pathway in conferring disease susceptibility. More precisely, it allows to speculate that, while ERAP1 is fundamental in shaping the peptide repertoire for the relevant HLA-I molecules, ERAP2 can contribute different facets to disease pathogenesis. This is also suggested by the association of ERAP2 with a wider array of diseases, such as preeclampsia or IBD (36–38). At present, the relationship between ERAP1 and ERAP2 is not completely clear: there are suggestions that they can cooperate, but also that ERAP2 can regulate ERAP1 expression and activity (39, 40), modifying the peptidome and, consequently, the expression of the HLA molecules in a subtype-dependent manner (23). LNPEP has been involved in diabetes (41) and associated with psoriasis (42, 43), sharing the last feature with the other two aminopeptidases. Although not demonstrated in the literature, it is however still possible that LNPEP can contribute to disease pathogenesis by modulating the peptidome cross-presented by the HLA-I molecules (44). More interesting, although speculative, is the hypothesis that the LNPEP specific role in the RAS can have a strong impact in psoriasis. Several considerations support this hypothesis: angiotensin-converting enzyme gene, which is also a key component in the renin–angiotensin system, has been reported to be associated with psoriasis (45–47). Moreover, it has been shown that LNPEP genetic variants are associated with biological effects on vasopressin clearance and serum sodium regulation (48). Furthermore, the activation of the NF-kB cascade via Ang IV can play an additional role (15, 16). In the lack of conclusive data, we can assume that LNPEP can contribute to different aspects of the disease.



ARE LNPEP AND ERAP2 PARTIALLY INTERCHANGEABLE?

Here we want to consider the hypothesis that ERAP2 can exert functions affecting or at least partially overlapping with those of LNPEP, in particular in local RAS resulting from inflammation. Indeed ERAP2, besides its function as peptide trimmer, has also been found to play a role in the AngII conversion in AngIII and AngIV and consequently, in the predisposition to preeclampsia via the RAS (49, 50). It must be reminded that the association of ERAP2 with the immune-mediated diseases is in quantitative terms. Indeed, ERAP2 displays a balanced polymorphism at the SNP rs2248374 (A/G) that controls protein expression. In particular, the presence of a guanosine causes the elongation of exon 10 inducing a nonsense-mediated RNA decay, a quality-control process that destroys incorrect mRNAs. Consequently, G/G homozygotes accounting for about 25% of the population, do not express ERAP2. This has suggested that a selective pressure by infectious agents has helped to maintain a balanced selection (51). However, another possibility is that there is a redundancy in the function of the three aminopeptidases inside and outside the cells being all of them secreted. Given the function of ERAP2 in RAS, it can be hypothesized for this protein an ancillary role which makes it dispensable and even dangerous if over-expressed. This is suggested not only by the lack of ERAP2 in 25% of humans but also by its absence in rodents.



EVOLVING AMINOPEPTIDASES

To have a hint on this intriguing question, we interrogated data banks asking what the expression of ERAP1, ERAP2 and LNPEP across the species is (248 species: 127 mammals, 61 birds, 9 lizards, 4 turtles, 4 alligators, 4 amphibia, 40 bone fish) (Supplementary Table 1). Ortholog ERAP1, ERAP2 and LNPEP genes appear in 173 (69.8%), 131 (52.8%), and 232 (93.5%) species, respectively. ERAP1 is substantially missing in bone fish (39 species) and a large part of birds (29 species). Instead, most mammals that do not express ERAP2 are rodents, which make-up to 85% of the ERAP2 negative fraction in mammals (23 rodents together with domestic cat, rabbit, koala and common wombat). As for LNPEP, however, the species that do not express this gene are predominantly birds (69%, 11 species) and bone fish (Figure 1). Overall, most of the mammals express the three genes (Figure 2A) and they usually are in the same region of the chromosome. An exception is the lack of ERAP2 in rodents (Figure 2B). It has been suggested that ERAP2 derives from a gene duplication event of ERAP1 in mammals. This appears most unlikely since ERAP2 is present in amphibia, in fishes and even in reptiles (Figure 1). Interestingly, within the rodents, Mus pahari (shrew mouse) carries ERAP1 in a different chromosome (chr 11) than LNPEP (chr 21). Most intriguingly, a truncated form of ERAP2 is present in this species, contiguously to LNPEP. This observation could suggest that indeed ERAP2 stems from a duplication of LNPEP and that it has been lost in rodents. Besides, mouse ERAP1 is encoded by a sequence near a putative breakpoint on chromosome 13 and LNPEP is encoded on chromosome 17. Mouse ERAP2 may therefore have been destroyed by a recombinant event. In any case, ERAP2 is apparently not required for an efficient trimming in this species. Why that happened, it remains unknown. However, it confirms that ERAP2 in the antigen processing and presentation (APP) pathway is dispensable and, most probably, redundant. ERAP1 instead is present in almost the totality of mammals whereas absent in the majority of bone fish, which express ERAP2 together with LNPEP. The birds are the most interesting case. They almost completely lack ERAP2 and the great majority (50 species) expresses LNPEP. However, there is a subset that expresses ERAP1 only, and a tiny group expressing ERAP2 only, suggesting again that there is a high degree of redundancy among these genes. ERAP2 is instead lacking in two of the three amphibia species analyzed, the only positive being Rhinatrema bivittatum. In reptiles LNPEP is expressed across all species whereas the expression of ERAP1 and ERAP2 appears again as alternate. In bone fish the majority of species lacks ERAP1, or both ERAP1 and ERAP2. There is however a significant percentage that expresses ERAP2 only and a very tiny subset expressing the three genes. This analysis points out a high degree of redundancy among the three aminopeptidases and shows that, in many cases, one aminopeptidase is enough to supply the needed functions. Moreover, the expression of all three of them appears to correlate with the genetic complexity with the exception of rodents where ERAP2 has been lost.
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FIGURE 1. Pie charts summarizing the expression of the orthologous genes ERAP1, ERAP2 and LNPEP along the animal classes as reported by the NCBI's Gene resource (https://www.ncbi.nlm.nih.gov/search/all/?term=orthologs). Amphibians, reptiles, and birds have been merged due to the small number of available species analyzed. The composition of the negative fraction for each gene is shown in the pie charts at the bottom.
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FIGURE 2. (A) Percentages of mammals, amphibians, reptiles, birds, and bone fish expressing ERAP1, ERAP2, and/or LNPEP genes. (B) Percentage of ERAP1, ERAP2, and/or LNPEP genes in the mammalian class (left) extrapolating rodents (right).




DO THE THREE AMINOPEPTIDASES HAVE AN EXTRACELLULAR ROLE?

ERAP1 has been found to be secreted by activated macrophages and, in turn, to potentiate their activation (52). More recently, it has been shown that ERAP2 also can be secreted from human monocyte-derived macrophages (MDMs) in response to IFNγ/LPS stimulation and this corresponds to an increased CD8+ T cells activity (53). The mechanisms underlying these effects are not clear. However, the secretion of these molecules apparently occurs in activated macrophages and might have different outcomes: i.e., the triggering of a vascular response relevant in the inflammatory process accompanying these diseases. In humans for example, ERAP1 rs30187, a loss-of function gene variant that reduces AngII degradation in vitro, is associated with hypertension (54). The role of LNPEP in the RAS is well-documented as well as the association of ERAP2 with preeclampsia. We can therefore speculate that all three aminopeptidases play a role in the control of the vascular response in inflammation. In support of this theory there is their expression along the zoological scale where, in most cases, the “classical” antigen presenting functions are absent. It might be that the specific role in the complex network of antigen presentation has been acquired later on and maintained because the “trimming” function has become an essential part of a productive defense against viruses (18). A second implication is that the redundancy of their function can lead to a “quantitative” control of the three aminopeptidases so that the full expression of all of them is disfavored. In this regard, we have recently shown that the transcription of ERAP1 and ERAP2 is interlinked: the variant G at rs75862629 in the intergenic region between the two genes strongly influences the expression of the two aminopeptidases with a down-modulation of ERAP2 coupled with a significant higher expression of ERAP1 (40). Even more intriguing is the observation that the ERAP2 variants co-segregating with a lower or null expression of ERAP2 (G at rs75862629 and G at rs2248374, respectively) appear more frequent in the equatorial regions, where the malaria has been endemic. It is interesting that an evolutionary analysis of antigen presentation pathways (55) showed that positive selection has driven the recurrent appearance of ERAP2 protein-destabilizing variants during mammalian evolution in a region apparently not involved in antigen presentation. LNPEP was also found to evolve adaptively in mammals. In this case, four positively selected sites were found to be located at the C-terminal domain 4, which has been shown to possess regulatory activity. The same study points out an inter-species selection of LNPEP gene, an inter-and intra-species selection of ERAP2 gene and an intra-species selection only in the human lineage of ERAP1 gene. This suggests that the ERAP1 gene appeared consequently to that of ERAP2.

In conclusion, we propose here that the expression of the three aminopeptidases mapping on chromosome 5 in the human genome have evolved from the duplication of the precursor LNPEP gene. We also propose that their original function is in the control of the renin–angiotensin system and blood pressure. The “trimming” function has been acquired later on along the zoological scale. The most ancient function is therefore quantitatively controlled through an alternative expression in most cases. Indeed in mammals, ERAP2 has been sacrificed being absent in rodents and controlled in humans where 25% of population is null and 50% is monoallelic. These observations offer a new functional frame in which the association of the aminopeptidases with immune mediated diseases can be reconsidered.
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Objective: Interleukin-15 (IL-15) is a pro-inflammatory cytokine that is increased in joint fluids of early-stage osteoarthritis (OA) patients, and has been associated with expression of proteases that can damage cartilage, and the development of neuropathic pain-like symptoms (NP) after nerve injury. The objective of this study was to further explore the role of IL-15 in the pathogenesis of OA cartilage degeneration and test genetic variation in the IL-15 receptor α gene (IL15RA) for an association with OA with radiographic severity and symptoms.

Methods: Cartilage samples from donors (n = 10) were analyzed for expression of the IL15 receptor α-chain using immunohistochemistry, and for responses to IL-15 in vitro using explant cultures. Data from two independent Nottinghamshire-based studies (n = 795 and n = 613) were used to test genetic variants in the IL15RA gene (rs2228059 and rs7097780) for an association with radiographic severity, symptomatic vs. asymptomatic OA and NP.

Results: IL-15Rα was expressed in chondrocytes from cartilage obtained from normal and degenerative knees. IL-15 significantly increased the release of matrix metalloproteinase-1 and -3 (MMP-1 and -3), but did not affect loss of proteoglycan from the articular matrix. Genetic variants in the IL15RA gene are associated with risk of symptomatic vs. asymptomatic OA (rs7097780 OR = 1.48 95% 1.10–1.98 p < 0.01) and with the risk of NP post-total joint replacement (rs2228059 OR = 0.76 95% 0.63–0.92 p < 0.01) but not with radiographic severity.

Conclusions: In two different cohorts of patients, we show an association between genetic variation at the IL15 receptor and pain. Although ex vivo cartilage explants could respond to IL-15 with increased protease production, we found no effect of IL-15 on cartilage matrix loss and no association between IL15RA variants and radiographic severity. Together, these results suggest that IL-15 signaling may be a target for pain, but may not impact structural progression, in OA.

Keywords: inflammation, pain, proteases, interleukins, interleukin-15, osteoarthritis, neuropathic pain, neuropathic pain-like symptoms


INTRODUCTION

The inflammatory response has been shown to play an important role in osteoarthritis (OA) (1), both in symptomatic and structural manifestations, but the relative importance of specific inflammatory mediators in OA joints is yet to be fully elucidated. Previous work has evaluated common-gamma chain cytokines and specifically detected interleukin-15 (IL-15) in many synovial fluid (SF) specimens from people with knee OA (2, 3). IL-15 is a pro-inflammatory cytokine that is best characterized for its effects on T-lymphocyte and NK-cell activation, proliferation, and survival (4, 5). We previously found IL-15 levels in the SF to be elevated in early-stage disease compared with advanced disease and correlated with SF matrix metalloproteinases-1 and -3 (MMP-1 and MMP-3) levels (2). These two proteases are often elevated in the joints of OA patients and have been linked to extracellular matrix turnover. Using a proteomic approach to identify biomarkers of disease, other investigators found IL-15 detectable in serum samples from participants in the Baltimore Longitudinal Study of Aging (BLSA) (6). In this study, serum IL-15 was associated with radiographic OA changes in the knee and hands, and was elevated in individuals up to 10 years prior to observation of radiographic changes. Taken together, these studies suggest that IL-15 might play a role in early initiation events leading to joint degeneration in OA.

IL-15 has also been linked with pain in various rheumatologic diseases including rheumatoid arthritis (RA), lupus, and OA (2, 7–11). IL-15 inhibition has been tested in clinical trials for RA, and has been demonstrated to improve pain (12). In addition to nociceptive pain, IL-15 has been linked to the development of neuropathic pain-like symptoms (NP) after nerve injury, due to its role in neuroinflammation (13). In OA, multiple pain phenotypes have been described including NP (14, 15) and neuroinflammatory mechanisms have been implicated mechanistically [reviewed in (16)].

The association of IL-15 with the emergence of radiographic changes, protease production within the joint, and pain severity in OA, suggest that this cytokine may play multiple roles in OA disease pathogenesis. Importantly, IL-15 signaling is dependent on binding to the high specificity IL-15 receptor chain, interleukin-15 receptor α (IL-15Rα), encoded in humans by the IL15RA gene (17). The aims of this study therefore were to explore the potential effects of IL-15 on OA by examining both structural and symptomatic disease manifestations. Given the association with protease production in previous studies, we first evaluated whether chondrocytes express IL-15Rα, and whether IL-15 has a direct effect on protease production and matrix loss from human cartilage in vitro. We then investigated whether select IL15RA variants were associated with symptoms or radiographic severity in OA by examining two separate cohorts of patients.



MATERIALS AND METHODS


In vitro Cartilage Experiments
 
Cartilage Donors

Cartilage was collected within 24-h post-mortem from the knees of ten organ donors with no history of arthritis through the Gift of Hope Organ and Tissue Donor Network (Itasca, IL), through an IRB-approved bio-repository at Rush University Medical Center. Age and gender of the donors was recorded. Degenerative changes in the knee joint were evaluated by a pathologist at the time of dissection, according to the modified Collins grade (18). When degenerative changes were present, cartilage was taken from lesional areas. The characteristics of these donors are presented in Table 1, and representative gross morphology presented in Figure 1.


Table 1. Characteristics of cartilage tissue specimens used for in vitro experiments.
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FIGURE 1. Representative gross morphology of donor knees. Grade 1–4 represent modified Collins grade as follows: Grade 1 = limited disruption of the articular surface with only minor fibrillations; Grade 2 = fibrillation of cartilage with fissures ± small osteophytes; Grade 3 = osteophytes + cartilage fibrillation and fissuring with 30% or less of the cartilage surface eroded down to subchondral bone; Grade 4 = osteophytes and gross geometric bony change + >30% of the cartilage surface eroded down to the subchondral bone.




Immunohistochemistry

Tibial cartilage specimens from three organ donors were formalin-fixed and paraffin-embedded. Six-micron sections were prepared and stained for IL-15Rα using standard immunoperoxidase technique and a polyclonal antibody directed against the human IL-15Rα chain (goat anti-human IL-15Rα, Santa Cruz Biotechnology). Non-immune goat IgG was utilized as negative control for staining specificity.



Explant Culture

To test effects of IL-15 on cartilage, 4 mm cartilage punch biopsies were prepared from the tibial or femoral surfaces of organ donors (n = 10 donor experiments, each run in duplicate, Table 1). For each donor, 2 explants per well were placed in a 24 well plate with 1 ml DMEM (+100 U/ml Penicillin-Streptomycin). After 24 h, media was replaced with 1 ml of fresh media with or without recombinant human IL-15 (100 ng/ml, Peprotech, NJ). The concentration of IL-15 was chosen based on the range of concentrations required for in vitro stimulation of NK cell proliferation and activation (19). TNF-α + Oncostatin M (100 ng/ml each, R & D Systems, MN), a potent stimulus for MMP production and cartilage proteoglycan loss (20, 21) was used as a positive control. Every 2 days for up to 10 days, culture supernatants were collected and replaced with fresh media with or without cytokines. Consecutive 2-days supernatants were analyzed in duplicate from each well, and two wells per donor analyzed, for MMP-1, -3, and -9 using a human MMP 3-plex ultrasensitive electrically-activated chemiluminescence immunoassay (Meso Scale Discovery, Rockville MD) read on a Sector 6000 Imager. Total ng in each supernatant aliquot was determined, cumulative amounts at each time point calculated, and results were expressed as the percentage of the total ng released in 10 days from the untreated control (=100%) to allow comparison between donors.

Explant supernatants (n = 7 donors) were processed for measurement of glycosaminoglycan (GAG) release using the Dimethyl Methylene Blue (DMMB) assay (22). For three donors, total GAG content (explants + supernatants) was measured as follows. Cartilage explants (fresh day 0 and those after 14 days of culture) were extracted and digested according to previously reported methods (23). Extractable GAG content of the explants was then determined, and total extractable GAG content (the sum of supernatants up to 14 days + explants after 14 days) was calculated and compared to unstimulated cultures. The percentage of the total GAG content released into the media was calculated as a measure of GAG breakdown.




Genetic Study of IL-15 Receptor Variants
 
Study Participants

A subset of knee OA cases from the Nottinghamshire-based Genetics of OA and Lifestyle (GOAL) study and from the Nottingham Genetics Case Control study [previously described (24)] were used in this analysis to assess the role of IL15RA variation on radiographic severity and symptoms in OA. All individuals from both cohorts had X-rays assessed at baseline. Analyses here are based on tibiofemoral (TF) Kellgren/Lawrence (K/L) grade. Symptomatic or asymptomatic status was available only for participants in the GOAL study. Additionally, hip OA cases are not included here because of a lack of asymptomatic hip OA cases. Individuals classified as asymptomatic OA cases were originally recruited as controls for OA and were later found to have radiographic evidence of knee OA, despite not reporting knee pain.

A postal questionnaire about joint pain, quality of life and medical history was sent on average 4.8 years later to individuals from both cohorts, including hip OA cases not included in the knee OA study, when most (91.4%) individuals had undergone a total joint replacement (TJR).

The North Nottinghamshire Research Ethics Committee gave approval for the ethics of the two studies. All participants gave written, informed consent (according to the Declaration of Helsinki).



Binary Trait Definitions for Statistical Analysis

The joint-specific version of the painDETECT questionnaire (PDQ) for NP symptoms of the joint was used (25), and included in the postal questionnaire administered after enrollment. Possible joint NP was classified as a score of >12 on the site-PDQ as described and validated previously (25). TF K/L scores were dichotomized as 0 = grade 2, 1 = grades 3 and 4 (in OA-affected individuals in both groups).



Genetic Data

Blood samples from the participants in this study were processed to obtain genotype data as previously described (26). These data were available for all participants in this part of the study. Binary logistic regression analysis was used to test two genetic variants (SNPs) in the IL15RA gene, rs2228059 (mapping to chromosome 10 position 5960405, minor allele, C, with a frequency of 0.492) and rs7097780 (mapping to chromosome 10 position 5968264, minor allele G with a frequency of 0.323) for an association with TF K/L grade of radiographic severity and possible NP in both groups. These two SNPs together represent 67% of the variation in the IL15RA gene (https://snpinfo.niehs.nih.gov/snpinfo/snptag.htm).

Symptomatic vs. asymptomatic OA variables were also tested in the GOAL group only. The statistics package R (version 3.0.2) was used for these analyses. All analyses were adjusted for age, sex, and BMI. Meta-analysis was used to test the overall effect of IL15RA genotype across both groups where necessary.





RESULTS


Articular Chondrocytes Express the IL-15 Receptor α-Chain

Cellular responses to IL-15 are mediated by binding to the IL-15 receptor which is composed of three subunits: the IL-15Rα chain which confers binding specificity for IL-15, and a common β and γ chain shared by the IL-2 receptor (17). We therefore studied expression of IL-15Rα by articular chondrocytes. Formalin fixed, paraffin-embedded articular cartilage specimens from three donors (one each of grade 0, 2, and 3) were sectioned for immunohistochemical staining as described. As depicted in Figure 2, staining for IL-15Rα was observed in chondrocytes regardless of Collins grade. In addition, staining was observed throughout the thickness of the cartilage, from the superficial layer to the deep zone.


[image: Figure 2]
FIGURE 2. IL-15Ra staining in human articular cartilage. Cartilage specimens were processed and immunostained as described. Representative photomicrographs of cartilage from a grade 0 donor (A,B), grade 2 donor (C,D), and grade 3 donor (E,F) at 10× (A,C,E) and 40× (B,D,F) are shown. Isotype-matched negative control staining is shown in inset of (B).




IL-15 Induces MMP-1 and MMP-3 Production From Articular Cartilage in vitro

Given the association of IL-15 with protease activity (3) we next tested whether IL-15 exposure could induce MMP production from articular chondrocytes using an in vitro explant system. MMP-1, -3, and -9 production was measured in explant supernatants collected every 2 days for 10 days. Levels were expressed as the percentage of the total released in 10 days without cytokine stimuli (100%). Release of MMP-1 in response to IL-15 was observed in cartilage explants from eight of 10 donors (mean ± SEM MMP-1 release: 843% ± 222 of control, Figure 3A), and MMP-3 in five of 10 donors (mean MMP-3: 206% ± 42 of control, Figure 3B). This release was delayed (observed at 4–6 days) compared to the positive control stimuli (TNF/OSM). IL-15 had no effect on MMP-9 release (mean 109% ± 17 of control, Figures 3C,F). When examined according to Collins grade of the explant donor, MMP-1 release in response to IL-15 treatment was observed in explants with grade 1 through 4 cartilage degeneration, but not in the normal (grade 0) cartilage donor (Figure 3D). A similar pattern was observed with MMP-3 (Figure 3E).
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FIGURE 3. IL-15 effect on MMP-1, -3, and -9 release from human cartilage explants over 10 days in vitro. Articular cartilage explants were exposed to IL-15 (100/ml) in vitro for 10 days as described, and supernatants collected and replaced every 2 days. Explants exposed to TNF + OSM served as a positive control. MMP-1, -3, and -9 were measured in explant supernatants at each time point, and levels expressed as the percent of the total amount produced in 10 days in unstimulated control cultures (mean ± SD of 10 experiments). IL-15 increased release of (A) MMP-1 and (B) MMP-3 compared to unstimulated control explants (*p < 0.001, 2-way ANOVA). (C) No effect of IL-15 on MMP-9 release was observed. (D,E) The effects of IL-15 on (D) MMP-1 and (E) MMP-3 release was highly variable, with the most significant differences observed in explants from donors with early (grade 1) degenerative changes. (F) There was no release of MMP-9 in response to IL-15, regardless of explant grade.


As expected (20, 21), robust but variable MMP-1 and MMP-3 production was observed in response to the positive control stimuli TNF + OSM from all explants, whether from normal or degenerative donors (Supplemental Figures 1A,B). We found no significant differences in the TNF + OSM response when comparing donors that responded to IL-15 vs. non-responders (Supplemental Figures 1C,D, Mann-Whitney P > 0.05), and no statistically significant correlation between the responses to IL-15 and TNF + OSM, for either MMP-1 (Spearman r = 0.54, P = 0.11) or MMP-3 (r = 0.05, p = 0.89) (Supplemental Figures 1E,F).



IL-15 Does Not Promote GAG Loss From Articular Cartilage

GAG content of culture supernatants was measured in seven experiments, to determine whether IL-15 impacted GAG loss from cartilage matrix. Over 10 days in culture there was an average loss of 306 (±46) μg GAG from the unstimulated explants that was not further enhanced by exposure to IL-15 (303 ± 50 μg, Figure 4A). Explants responded as expected to TNF/OSM with a loss of 897 (±161) μg in 10 days. Since cytokines can also modulate GAG synthesis by chondrocytes, we measured GAG content in explants from 3 of the donors as described in Methods. As shown in Figure 4B, over a 14 days culture period, GAG content increased slightly in unstimulated explants (240.0 ± 6.0 μg at day 0, to 424.8 ± 6.7 μg at day 14) suggesting some new synthesis. Exposure to IL-15 did not alter this increase (457.3 ± 22.4 μg). In contrast, in 2 of 3 experiments there appeared to be a decrease of GAG content of the tissue compared to day 0 explants in response to TNF/OSM exposure, although mean explant GAG was not different from unstimulated controls at day 14 (202.6 ± 127.6 μg, Figure 4B). When total GAG content of the system (14 days tissue + supernatants) was calculated there was no difference in unstimulated and IL-15 stimulated groups, while TNF/OSM exposure led to a net increase in total GAG content (media + explant) reflecting both enhanced synthesis and subsequent release into the media (Figure 4C).


[image: Figure 4]
FIGURE 4. Effect of IL-15 on GAG release and tissue GAG content in vitro. (A) Cartilage explants (n = 7 experiments) were exposed to 100 ng/ml rhIL-15 (blue squares) or left unstimulated (control black circles) as described. Exposure to TNFα and Oncostatin M (TNF-OSM, 100 ng/ml each, red triangles) served as a positive control for proteoglycan release. The cumulative GAG content of the media collected every 2 days for up to 10 days is depicted over 10 days in culture. IL-15 had no significant effect on GAG loss from explants compared to unstimulated control cultures. (B) GAG content of cartilage explants (n = 3 separate experiments) collected at day 0 (fresh) and after 14 days of culture was measured as described. IL-15 had no effect on cartilage tissue GAG content after 14 days compared to control unstimulated explants. TNF/OSM led to net loss (p = ns) of cartilage GAG content as expected. (C) The total GAG content of the culture system (explants + media aliquots) after 14 days in vitro was calculated to evaluate GAG synthesis and subsequent release. Total GAG content was increased at 14 days compared to baseline in unstimulated controls, indicating a net synthesis of GAGs in the explants. This was not further impacted by exposure to IL-15. *p < 0.05 compared to day 14 unstimulated explants.




Genetic Variation in the IL-15 Receptor Is Associated With Symptomatic OA and With Neuropathic Pain-Like Symptoms but Not With Radiographic Severity

The effects of IL-15 are dependent on binding to its highly specific receptor (17) which is encoded by the IL15RA gene. We next used a genetic approach to assess if there is a relation between IL15RA variation, radiographic severity and pain measures in people with OA. The descriptive characteristics of the participants with knee OA and post-TJR in this genetic study are shown in Table 2.


Table 2. Descriptive statistics for the groups used in the genetic analysis.
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We found no significant association between either of the IL15RA variants and radiographic severity of knee OA (Table 3), although there was a trend between the G allele frequency at rs7097780 and TF K/L grade (K/L = 2: 30.2%, K/L = 3: 33.3%, K/L = 4: 36.2%, Armitage trend test p = 0.07). On the other hand, the frequency of the G allele was associated with risk of OA symptoms. A significant association was seen between the rs7097780 genotype and the risk of symptomatic vs. asymptomatic knee OA. The unadjusted analysis gave a result of: OR = 1.56 (1.18–2.07), p = 0.0019. After adjusting for age, sex and BMI the odds ratio remained significant, at 1.48 (1.10–1.98), p = 0.0098 (Table 3). Further adjustment for maximum TF knee OA grade gave a result of: OR = 1.43 (1.04–1.99), p = 0.029. To determine whether results could be driven by the subgroup of patients with NP, we re-ran the analysis removing participants with possible NP from the model. This reanalysis demonstrated an OR = 1.45 (1.05–2.01), p = 0.025.


Table 3. Association between knee OA and pain-related traits and two IL15RA SNPs.
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The minor (C) allele in rs2228059 was associated with a lower risk of NP joint symptoms post-TJR. Before adjusting for covariates, the effect of rs2228059 genotype on the risk of NP in the GOAL cohort was: OR = 0.75 (0.58–0.96). A very similar effect size is seen in the Nottingham replication cohort: OR = 0.81 (0.60–1.09). After adjustment for covariates and meta-analysis of both cohorts, this achieves: OR = 0.76 (0.63–0.92), p = 0.005 (Table 3).




DISCUSSION

In this study, we explored the previously reported associations between IL-15, protease production, and pain in knee OA patients (3). Our results show associations of IL15RA variants with symptoms in knee OA, supporting a role for IL-15 signaling in symptomatic manifestations in patients with established OA. In contrast, we found no evidence to support a role for IL-15 in promoting structural damage, as there was no association with radiographic severity in the cohort studies, and IL-15 did not stimulate cartilage degradation despite promoting MMP production in the explants.

Given our previous finding of an association between IL-15, MMP-1, and MMP-3 concentrations in patient synovial fluids (3), we began by testing whether IL-15 could directly impact cartilage protease production in vitro after confirming IL-15 receptor expression by human chondrocytes (Figure 2). Exposure of human articular cartilage to rhIL-15 led to cartilage secretion of MMP-1 and -3, but not MMP-9 (Figure 3), validating our previous results. These proteases are commonly observed to be upregulated in the setting of joint injury and arthritis (27). Although not as potent a stimulus as our positive control (TNFα + OSM), IL-15 induced measurable release of MMP-1 from 8 of 10, and MMP-3 secretion from 5 of 10 donors tested. Average (±SEM) MMP-1 release was 843 (±222)% and MMP-3 release 206 (±42)% greater than in unstimulated explants. The response to IL-15 was delayed compared to the positive control, raising the possibility that effects of IL-15 are indirect. IL-15 is known to induce production of other cytokines including TNFα (28) which could explain a delayed effect. Whether IL-15 could additionally synergize with TNFα to further promote MMP activity needs further exploration. In this study, we found no correlation between the responses of explants to TNF + OSM and IL-15 (Supplemental Figure 1), although it is possible we were underpowered to detect a subtle relationship. Still, to our knowledge this is the first report that this cytokine can directly activate human articular chondrocytes. Interestingly, protease production above control levels was not observed from the normal cartilage specimen, despite IL-15Rα expression. The small number of specimens utilized in this study precludes conclusions as to whether the impact of IL-15 on chondrocytes is dependent on age or the presence of degenerative changes, which will need to be tested in larger studies. But the response clearly requires additional factors beyond IL-15Rα expression. Moreover, these experiments demonstrate the importance of utilizing multiple tissue donors to assess human cartilage activity in explant culture systems, given the inherent variability of the response.

Despite our observation that IL-15 could induce MMP-1 and -3 production from cartilage explants ex vivo, this did not result in matrix loss and we found no association of IL15RA genetic variation with radiographic severity in the OA cohorts. This suggests that IL-15 likely does not play an important role in progression of cartilage degeneration in OA. Articular cartilage degradation in arthritic diseases involves a complex milieu of proteases that can cleave the proteoglycan and collagen networks of the articular matrix, leading to progressive matrix loss. Members of the MMP, cathepsin, and ADAMTS enzyme families cleave aggrecan (the main proteoglycan of the articular matrix) at multiple sites leading to an array of fragments or “neoepitopes” that are detectable in joint fluids and cartilage (29). In mice, evidence suggests that the aggrecanase ADAMTS5 is responsible for cleavage events leading to aggrecan loss from the matrix, but in humans multiple enzymes including ADAMTS-4,−5 and a variety of MMPs are thought to contribute (30). MMP-3 in particular is thought to play a role in progression of structural disease (31). Given our observed effect of IL-15 on protease production including MMP-3, we proceeded to test release of GAG fragments (as a measure of aggrecan breakdown) from the cartilage explants exposed to IL-15. We saw no release above unstimulated levels (Figure 4). In addition, no effect on aggrecan tissue content or net loss from the matrix was observed. We did not assess protease activity directly in this study, so it is possible that IL-15 increases enzyme production, but activity is controlled by molecular inhibitors (i.e., TIMPs, or tissue inhibitors of metalloproteinases) and other mechanisms. However, our results are consistent with recent evidence demonstrating that MMPs may be more involved in aggrecan turnover events within the matrix rather than aggrecan depletion from the matrix (32).

As we did not find that IL-15 on its own was directly pathogenic to articular cartilage, we proceeded to investigate a relationship with symptoms in OA, given reports of associations between IL-15 and pain in rheumatologic diseases (2, 7–11). Using genetic data available from the GOAL study we found that a variant in the IL15RA gene is associated with higher risk of symptomatic OA, but not with radiographic severity. Specifically, the presence of the G allele of the rs7097780 IL15RA variant was associated with a 1.48 (1.10–1.98)-fold higher risk of symptoms in patients with definite radiographic changes, and this risk was not affected by the severity of radiographic findings. In addition, removing the patients with possible NP from the analysis did not change the results significantly. Although it is unclear whether these results are related to the effect of IL-15 on protease production seen in the cartilage explants, it is possible that effects on pain may also be indirect. MMP mediated processing is implicated in the generation of a small peptide fragment of the aggrecan core protein (33) which can mediate inflammatory signaling in multiple cell types (34) and has been linked to pain-generation in OA models (35). Additionally, cartilage may be a source of molecular mediators of OA pain, such as nerve growth factor and tachykinin, as recently demonstrated in animal models (36). Independent of its effect on protease production, IL-15 may have direct effects on nociception. When injected into the footpads of mice (37), or intra-thecally in rats (38), IL-15 augmented pain-related outcomes. In this report, although we demonstrate that cartilage expresses the specific IL-15 receptor and can respond biologically to IL-15, whether cartilage itself is a source of IL-15 in the joint, or IL-15 induces other nociceptive mediators from cartilage, remains to be tested.

Another novel finding of this study is the relationship between the rs2228059 minor (C) allele and protection from NP post-TJR. This was demonstrated using data available from both cohorts of patients. However, this is unlikely to be related to the effect of IL-15 on cartilage as it was observed in individuals post-TJR, after native cartilage has been removed. It has been suggested that NP may be improved by inhibition of IL-15 (39). A proportion of individuals with OA suffer from NP (40, 41) so this cytokine may prove to have a relevant role in both nociceptive and neuropathic pain in OA. IL-15 can regulate inflammatory cell infiltration locally and in the peripheral nervous system after nerve injury, linking inflammation and pain generation (13, 39). Our data suggests here is a role to be investigated in more detail for IL-15 in joint NP pain that is not dependent on its effects on cartilage.

The link between IL-15 levels and radiographic severity is still unclear (2). A previous report demonstrated a relationship between serum IL-15 levels and emergence of radiographic changes (6). In the current genetic association study we found no consistent effects of IL15RA genotype on radiographic severity in two independent patient cohorts, after adjusting for common confounders. In both the GOAL and Nottingham study, only patients with K-L radiographic stage 2 or greater were examined, as opposed to the earlier study in which patients with no X-ray abnormalities at baseline were followed. Therefore, it is possible that we may have seen an effect of these genetic variants if patients with earlier stage disease were examined. However, current results together with our observation that IL-15 had no clear effect on cartilage GAG loss, suggest that the role of this cytokine in OA may be primarily on symptomatic manifestations of disease.

There are a number of limitations to the current study that need to be considered. For the in vitro studies we were only able to obtain normal cartilage from a single donor, limiting our ability to determine whether variability in the IL-15 response was related to the presence of degenerative changes. In addition, our assays did not distinguish between active and total MMP concentrations. With regards to the genetic study, we were able to see the same effect on NP in the two cohorts from the same recruitment area, but the lack of asymptomatic cases in the second cohort prevents us from validating our association with symptoms. Moreover, the lack of information on NP prior to joint replacement in the second cohort limits our analysis of NP at earlier stages of disease. Thus, these results require further replication. In addition, neither of the variants tested has a known functional role, e.g., in terms of ligand binding or expression, so we cannot directly link the genetic association seen to increased or decreased IL-15.

This is the first demonstration that cartilage is responsive to IL-15. Our data suggests a novel role for IL-15 in promoting protease release from cartilage, consistent with previous reports showing associations between IL-15 and protease levels in OA patients (3, 42), but the significance of this effect is as yet unclear as no effect on cartilage matrix loss was seen. As protease levels, particularly MMP-3 levels are commonly elevated in patient synovial fluids, it is possible that these proteases are a reflection of underlying inflammatory activity driven by cytokines, such as IL-15. IL-15Rα blockade can reduce acute inflammation (43), and joint inflammation specifically in an animal model of inflammatory arthritis (44). The association we found between specific IL15RA SNPs and symptoms in OA is particularly novel and interesting, as an association between IL-15 levels and OA pain has been reported (2). However, the impact of the specific IL15RA alleles studied on IL-15 signaling has not yet been well-studied. More research is needed to identify the effects of these genetic variations on IL-15 activity. But the results of this analysis support previous findings that IL-15 or IL-15 related activity may potentially be a biomarker to help assess disease severity in OA (2). Whether IL-15 activity or levels predict emergence of peripheral or central sensitization in the generation of neuropathic-type pain in OA is an important question that will also need to be addressed in future, longitudinal studies.
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Osteoporosis stems from an unbalance between bone mineral resorption and deposition. Among the numerous cellular players responsible for this unbalance bone marrow (BM) monocytes/macrophages, mast cells, T and B lymphocytes, and dendritic cells play a key role in regulating osteoclasts, osteoblasts, and their progenitor cells through interactions occurring in the context of the different bone compartments (cancellous and cortical). Therefore, the microtopography of immune cells inside trabecular and compact bone is expected to play a relevant role in setting initial sites of osteoporotic lesion. Indeed, in physiological conditions, each immune cell type preferentially occupies either endosteal, subendosteal, central, and/or perisinusoidal regions of the BM. However, in the presence of an activation, immune cells recirculate throughout these different microanatomical areas giving rise to a specific distribution. As a result, the trabeculae of the cancellous bone and endosteal free edge of the diaphyseal case emerge as the primary anatomical targets of their osteoporotic action. Immune cells may also transit from the BM to the depth of the compact bone, thanks to the efferent venous capillaries coursing in the Haversian and Volkmann canals. Consistently, the innermost parts of the osteons and the periosteum are later involved by their immunomodulatory action, becoming another site of mineral reabsorption in the course of an osteoporotic insult. The novelty of our updating is to highlight the microtopography of bone immune cells in the cancellous and cortical compartments in relation to the most consistent data on their action in bone remodeling, to offer a mechanist perspective useful to dissect their role in the osteoporotic process, including bone damage derived from the immunomodulatory effects of endocrine disrupting chemicals.
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INTRODUCTION

Osteoporosis is a worldwide public health problem, primarily as a result of increasing survival in aging (1), involves an estimated 200 million people worldwide (2), and has a global economic impact estimated up to more than 20 billion euros per year during the next 5 years on the health care systems of Western countries (3). By definition, osteoporosis is a systemic skeletal disease characterized by decreasing bone mass and microarchitectural deterioration of bone tissue that leads to an increased risk of bone fragility and fracture (4). Osteoporotic changes worsen in postmenopausal females and can variably affect any bone, but more frequently the femoral neck, vertebrae, and distal radius where unique patterns of bone derangement emerge. This lesional microtopography is now gaining particular interest in bones traditionally considered less affected by osteoporosis such as the jaw (Figures 1A,B) because of the increased request of prosthetic implants (5) and as a unique site for chronic inflammation and aseptic osteonecrosis during antiresorptive therapy (6).


[image: Figure 1]
FIGURE 1. Topographic distribution of bone lesions in the human jaw following classical osteoporotic processes (chronic bacterial inflammation and menopause). (A) Edentulous patient (male, age 74 years) showing osteoporotic vertical resorption (arrow) of the maxilla during severe periodontitis. Surgical displacement of the gum flap revealed consistent porosity of the vast majority of the exposed bone, including complete loss of the cortical bone but more limited destruction of the cancellous trabeculae; (B) loss of central and lateral, inferior incisors in a patient (female, age 74 years) with vertical resorption (arrow) of the jaw as a consequence of severe postmenopausal osteoporosis. Note the presence of bone implants (white bracket) becoming visible after exposing the resorbed bone through a gum flap. Osteoporosis led to a decreased rate of cancellous bone formation in both the implanted socket and interdental bone, thus increasing risk of trabecular microfractures and prosthetic instability (from the Odontostomatological Archive of CMG, San Venanzio di Galliera, BO, Italy, with permission).


Different cellular and molecular mechanisms may lead to osteoporosis: however, the low-grade systemic inflammation associated with aging is emerging as a critical stimulus for diffuse bone loss and reduced bone regenerative potential. At the same time, it highlights the role of the immune cells to favor resorption and reduce deposition of mineral mass, as well as to hamper the action of bone progenitors (7). Immune cells residing in the bone may contribute to development of both primary (postmenopausal, senile) and secondary (autoimmune, infective, vascular, neurological, endocrine, and multiorgan failure) osteoporosis acting on the progenitors of osteoblasts (OBs) and osteoclasts (OCs) (8). Finally, beyond pharmacological treatments well-known to interfere with OBs and OCs, endocrine-disrupting chemicals (EDs) may affect the activity of the immune cells in bone, leading to bone weakness (9).

To shed light on the interplay between immune and other bone cells in early osteoporotic changes to the cancellous and/or cortical bone, we here analyze the selective segregation of immune cells in different bone compartments in basal and activated states. We also discuss this microtopography in relation to the best established views on the effect of immune cells in bone remodeling, both in physiological conditions and upon an either inflammatory or toxic trigger. Collectively, we offer a mechanistic and space-related perspective of the action of immune cells involved in the osteoporotic process.



MICROTOPOGRAPHY OF IMMUNE CELLS IN BONE COMPARTMENTS

Osteoporotic lesions exhibit a well-defined pattern in the different bone compartments, the topography of which is time-dependent: (1) resorption of cancellous trabeculae in the epiphysis of long bones, vertebrae, other short and flat bones, cranial diploe; (2) subendosteal and, later, subperiosteal resorption of the cortical lamellae, primarily in long bones; (3) intracortical resorption with thinning of the entire compact tissue, primarily in long bones (10). It is therefore clear that peculiar microanatomical conditions selectively expose specific bone sites to the osteoporotic damage following a temporal progression. The microtopography of the immune cells in the bone compartments reveals that their original location and triggered recirculation are consistent with the microanatomical specificities of the osteoporotic damage as described above.


Monocytes, Osteal Macrophages or Osteomacs, and Mast Cells

In the cancellous compartment of the epiphyses of long bones, and of flat and short bones, monocytes, and osteal macrophages or osteomacs (OMCs) are part of the mononuclear cells of the bone marrow (BM). Upon activation, monocytes migrate from the central to the perisinusoidal BM to enter the vascular sinuses and the venous capillaries en route to the cortical bone through the Haversian and Volkmann canals, up to the general circulation (11). This transfer pathway is supported by evidence that synthesis of interleukin 17 (IL-17) is increased both in BM cells and peripheral blood mononuclear cells during postmenopausal osteoporosis (12), suggesting a common BM source for both cell types.

In contrast, activated OMCs including proinflammatory M1 and anti-inflammatory M2 (13) may migrate from centers of erythropoiesis in the erythroblastic islands coincidental with the reticular niches of the central and perisinusoidal BM (14, 15) to the endosteal and subendosteal BM (i.e., tissue adjacent to main bulk of BM), to support myelopoiesis from hemopoietic stem cells (HSCs) and uncommitted progenitors (16). Therefore, an inflammatory trigger pushes monocytes and OMCs toward opposite directions inside the BM. Parts of the OMCs are present also in the connective periosteal layer of the compact bone (17). In this location, they are in a position to favor the shuttling of interstitial fluids from the extracellular matrix (ECM) of compact lamellae inside the periosteal lymphatics (18), thus preventing the detrimental mechanical effect of ECM fluid overloading on the cortical mineral mass (19).

Finally, mast cells are concentrated in the hematopoietic niche of the metaphyseal perisinusoidal BM, with some residing as flattened cells on the epiphyseal and diaphyseal endocortical surface. In osteoporotic bones, mast cells are found in close proximity to OCs, suggesting their massive migration to the endosteal BM (20).



T and B Lymphocytes and Dendritic Cells

T and B lymphocytes variably account for up to 20% of BM mononuclear cells (21, 22). In the spongy bone, the majority of T lymphocytes are distributed: (A) throughout the reticular argyrophilic stroma, contributed by the ramified processes of the adventitial reticular cells (so-called CAR cells in the mouse) enwrapping the vascular sinusoids in the perisinusoidal BM (23), and (B) in the hemopoietic parenchyma, condensed in lymphoid follicle-like structures (24) in the central BM (25). However, 1/3 T cells are CD4+ CD25+ regulatory T (Treg) lymphocytes that reside in both the perisinusoidal and endosteal BM (26). When T cells get activated, they are generally found condensed in the endosteal and subendosteal BM (also known as HSC area) to interact with endothelial capillary cells and sinusoid-derived pericytes (16).

Differently, both differentiation and activation of B cells seem to be constrained within the reticular niches of the central and perisinusoidal BM, as suggested by their obligatory interaction with IL-7–secreting cells selectively diffused to the same BM compartments (16, 27).

Finally dendritic cells are spread inside all four BM compartments, in perivascular locations including arterioles and venous sinuses, and in close contact to both endothelial and adventitial reticular cells (28).




KEY POINTS ON IMMUNOBIOLOGY OF BONE REMODELING RELEVANT TO THE MICROTOPOGRAPHY OF IMMUNE CELLS IN BONE COMPARTMENTS

In physiological conditions, all aforementioned immune cells contribute to bone growth and mineralization. However, in the vast majority of osteoporotic forms (primary and secondary), the immune cells induce overactivation of OCs coupled with a reduction in OB activity.


OMCs and Mast Cells

The OMCs mediate the transition between innate and adaptive immune responses. They have been found to be associated mainly with endosteal and, to a lesser extent, periosteal surfaces where they regulate maturation, function, and survival of OBs, collectively ensuring bone development, homeostasis, and repair (17, 29). Specifically, anti-inflammatory OMCs or M2 favor mineral deposition through formation of a canopy over mature matrix-producing OBs at sites of bone remodeling, and inhibit osteoclastogenesis through the action of IL-4 and IL-10 (30, 31). Differently, in a bone microenvironment characterized by chronic inflammation, proinflammatory OMCs or M1 stay close to endosteal OCs, and both cells respond to the lineage-specific growth factor macrophage colony-stimulating factor (CSF) released by mesenchymal stromal cells (MSCs) and OBs. As a result, OMCs secrete IL-1β, IL-6, and tumor necrosis factor (TNF) α catalizing differentiation of pre-OCs to functionally competent OCs, thus inducing bone resorption (30–32). A further level of OCs activation by M1 is provided through release of extracellular microvesicles containing histones (13). It is therefore expected that primary sites of lesion ensuing from action of OMCs are the trabecular subendosteal bone and internal free edge of the lamellae in the cortical case, only later involving the periosteal surface. Similarly, activated mast cells promote osteoclastogenesis by releasing histamine, TNF-α, and IL-6, and inhibit osteoblastogenesis primarily through secretion of IL-1 (20). Thus, it is expected that they initially induce resorption of the metaphyseal endosteum, only later involving the internal free edge of the cortical bone in both epiphysis and diaphysis.



T Cells

T cells represent a major player in the adaptive responses of bone to pathogens, accounting for the majority of resident lymphocytes. Upon activation, T cells strongly promote pre-OCs differentiation by secreting TNF-α and RANKL; consequently, they are involved in many forms of osteoporosis (33, 34). This action is boosted by TNF-α, IL-1, IL-17, and IL-18 secreted by surrounding cells (OMCs, OBs), which lead to upregulation of RANKL expression by T cells (7, 35). Then, T cell–dependent secretion of interferon γ (IFN-γ) enhances formation of OCs and bone resorption, further favoring T cell–dependent cosecretion of TNF-α and RANKL under estrogen deficiency and infection (36). This explains the occurrence of osteoporosis in conjunction with chronic inflammatory disorders such as periodontitis in the postmenopausal female (37).

Among the various T-cell subpopulations, T helper 17 (TH17) lymphocytes secrete IL-17 able to induce RANKL expression by OBs and synovial fibroblast, and TNF-α and IL-1 by synovial macrophages, promoting OC formation (38). In addition, IL-17 secreted by peripheral blood mononuclear cells directly stimulates human osteoclastogenesis, favoring formation of actin rings in mature OCs (39). Finally, TH17 lymphocytes are downregulated by estrogens; thus, menopausal estrogen deficiency promotes local upregulation of TH17 (40). Consistently, the number of TH17 cells and levels of IL-17 in peripheral blood are increased in postmenopausal osteoporosis (12). Differentiation and expansion of TH17 cells are also favored by a number of resident cells including (1) OBs, OMCs, and stromal cells of the osteogenic layer of the periosteum and endosteum, through local secretion of IL-1 and IL-6; (2) OBs and OCs via release of transforming growth factor α and bone morphogenetic proteins, the latter partly available in the bone ECM as latent stored proteins [so-called “crinopexic” molecules, a term originally proposed by the Nobel Laureate Roger Guillemin, see (41)]; (3) BM dendritic cells and OMCs by means of IL-23 (42, 43).

In contrast to a resorptive action, T cells may also exert an inhibitory regulation of osteoclastogenesis through the CD137–CD137L complex. Indeed, CD137 is a costimulatory member of the TNF receptor family induced by T-cell receptor activation on T cells, whereas CD137L is its ligand expressed on BM dendritic cells and OCs precursors. In vitro, the CD137–CD137L complex suppresses OCs activation by inhibiting the multinucleation process (44). Similar, T cell–dependent release of IFN-γ may in vitro block RANKL signaling and suppress OC formation (36). Finally, the anti-inflammatory subpopulation of Treg cells (45) may inhibit OC differentiation via intercellular contacts mediated by cytotoxic T-lymphocyte-associated protein 4 and release of IL-4 and IL-10 (46). For this reason, their stimulation ameliorates osteolytic bone destruction (24). Collectively, mice lacking T cells have osteoporotic bones, suggesting a contribution of T lymphocytes in maintaining bone homeostasis during basal physiology (47).

In summary, upon T-cell activation, primary expected sites of lesion are the subendosteal cancellous bone and the internal free edge of the cortical bone. However, thanks to their spread through veins efferent from the BM to the Haversian and Volkmann canals, T cells can then reach the inner part of osteons; here, pathological cortical porosity occurs as a result of local resorption, collapse and fusion of adjacent Haversian canals, and disappearance of osteocyte lacunae (10, 48). Only later, activated T lymphocytes may also trigger reabsorption of subperiosteal compact bone.



B Cells

B lymphocytes are a primary constituent of the hematopoietic niche of the BM (49), where recruitment and maturation of B-cell progenitors are controlled by adventitial reticular cells (positioned to enwrap the BM sinusoids) through release of CXCL12 (CXC chemokine ligand 12 or stromal cell–derived factor 1) (23, 47, 50). During an inflammatory state, B cells remaining attached to the central BM region may act as a source of RANKL to cause endosteal OC activation and bone resorption (51); equally, in postmenopausal osteoporotic patients, they release granulocyte-macrophage CSF to promote differentiation of OCs precursors (52).

In contrast, in physiological conditions the entire B lineage including multiple subsets of B-cell precursors, immature B cells, and plasma cells may act as inhibitory regulators of the RANK/RANKL system (53) by producing 64% of total BM osteoprotegerin (OPG). Thus, B cells basically favor synthesis of bone matrix and mineral deposition (47) that, conversely, are inhibited in the B cell–knockout mice resulting deficient in BM OPG and hence osteoporotic (51).

In conclusion, osteoporotic recruitment of B cells may lead to a double phase of catabolic and anabolic action in the bone: an initial resorption of the entire thickness of the cancellous lamellae followed by compensatory bone deposition, as reported to occur in the trabecular bone of the radius in postmenopausal osteoporosis (54).



Dendritic Cells

Dendritic cells are professional antigen-presenting cells that in the BM are better known as type 2 conventional dendritic cells (cDC2). They regulate memory of local T cells, promote survival of recirculating mature B cells, and by interacting with endothelial and adventitial reticular cells mobilize HSC, uncommitted progenitors, and OMCs in the hemopoietic niche (28). From the point of view of a local information system, they look like a multiplexer able to select numerous inputs toward a single output (either a prevalent immune or osteoregulatory response). Indeed, similarly to activated T cells, they may release RANKL to elicit osteoclastogenesis and bone resorption in response to an inflammatory osteoporotic insult (7); in contrast, similarly to B lymphocytes, cDC2 may participate in the regulation of physiological bone remodeling by secreting the RANKL decoy receptor OPG (53) and thus inhibit activation of OCs. As a result, during an osteoporotic trigger, cDC2 may act as a “buffer system” to counterbalance the prevailing osteocatabolic effects of each immune cell type toward an osteoanabolic one.




ROLE OF EDs AS INDUCERS OF OSTEOPOROSIS VIA IMMUNOMODULATION

Endocrine-disrupting chemicals are substances with an endocrine mode of action that adversely interfere with the activity of the endocrine system (55). Among the numerous ones contaminating our everyday environment, some have been proved to interfere with bone remodeling leading to osteoporotic lesions including phthalates (present in plastics and cosmetics), alkylphenol ethoxylates or APE (added to detergents, additives for fuels and lubricants, perfume fragrances, chemical oils, and flame retardants), perfluoroalkyls (PFAs) (used in the industry of cookware, clothes, carpets, electronics, mechanics), bisphenol A or BPA (present in plastics, food containers, and materials for dental medicine), diethylstilbestrol (DES) (a synthetic estrogen considered in the treatment of selected prostate cancer cases), organotin compounds (used as industrial antifungal agents in textiles, agricultural fungicides, wood preservatives, and antibiofouling agents), and dioxin/dioxin-like compounds (primarily detected in pesticides, waste incineration, and different processes of combustion and paper fabrication) having high affinity for fat stores in animals and humans (9).

Among the few EDs studied for immunomodulatory activity, di(2-ethylhexyl)phthalate or DEHP and its metabolite mono(2-ethylhexyl)phthalate or MEHP act in the BM to inhibit proliferation and induce apoptosis of developing B lymphocytes while suppressing osteogenic MSC commitment in favor of adipogenesis (56, 57). Because increase in BM adipocytes elicits osteoclastogenesis through release of RANKL (58) and inhibits osteoblastogenesis via saturated fatty acids (59), a reduced number of B-cell precursors might contribute to an enhanced osteoclastogenesis reducing the available BM OPG (51, 53). A similar mechanism of bone loss is expected also with the organotin compound, tributyltin, which variably compromises the morphological and functional aspects of all BM niches, and suppresses the proliferation of hematopoietic cells leading to reduced progression of B lymphocytes from the early pro-B to the pre-B stage (60).

Differently, the phthalate ester benzyl butyl phthalate downregulates expression of the histone deacetylases, sirtuins 1 and 3 (61), able to epigenetically inhibit subsets of T lymphocyte (TH1 and TH17), activate others (Treg), and ensure B lymphocytes survival (62). Thus, it may lead to cancellous bone resorption by a combined hyperactivation of T inflammatory cells and reduced B-cell OPG (7, 12, 35, 36, 40, 46, 51).

In addition, synthetic xenoestrogens such as APE, BPA, and DES may all variably damage survival, maturation, and activation of all immune BM cells (63) via still unknown immunomodulatory effects potentially relevant to the osteoporotic lesions. Finally, the PFA perfluorooctane sulfonic acid exhibits immunotoxicity and impairs MSC commitment (64, 65), supposedly leading to bone loss by reduced control of the BM immune cells on bone anabolism. A similar mechanism is possibly at work also with 2,3,7,8-tetrachlorodibenzo-p-dioxin, which blocks the ability of HSC and progenitors to complete a normal differentiation cycle (66). Table 1 summarizes known effects of these and other EDs on cells residing in different bone compartments [from (9, 56, 57, 60, 62, 64–66)], whereas Table 2 provides a tentative integrated view of primary sites of early bone involvement during an inflammatory and/or ED-dependent bone insult based on location and osteomodulatory effects of BM immune cells.


Table 1. Effects of EDs on cells in bone compartments.
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Table 2. Microtopography of immune cells in the different bone compartments in basal state and in relation to either an inflammatory or an EDs insult.
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CONCLUSIONS

A peculiar in vivo feature of the bone immune cells is their quite selective segregation in specific BM regions and areas of the cortical bone, both in steady state and upon an inflammatory or ED-dependent insult. In physiological conditions, this cellular distribution is aimed at ensuring functional niches for hematopoiesis and myelopoiesis (23, 50). However, immune cells also regulate bone effector cells (OCs, OBs, MSC), leading to osteocatabolic and osteoanabolic responses selectively bonded to cancellous and/or compact bone. Knowledge of these patterns of response allows for recognition of presumable sites of early bone lesion in the course of an osteoporotic process, and we have here provided a tentative reference sketch integrating the microtopography of immune cells with their osteoinductive and osteolytic effects in basal state and after osteoporotic challenges. Indeed, both primary generalized forms of osteoporosis (postmenopausal and senile) and a number of secondary osteoporotic forms have in common a state of local bone inflammation leading to bone resorption (7, 8). In contrast, EDs may induce either increased bone resorption or inhibition of bone deposition. Collectively, we introduce a space-dependent innovative view of bone remodeling by immune cells in line with the most recent perspectives on the complex spatial logic underling BM function (67). We believe this approach may help to understand how different osteoporotic lesions develop, thus prompting the design of experimental tools for in vitro modeling of early phases of the osteoporotic process and related innovative treatments (68).
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Rheumatoid arthritis (RA) is a common autoimmune disease in which T helper-type 17 (Th17) cells have been critically involved. CD147 is a T cell activation-associated molecule and is involved in T cell development. However, it remains unclear whether CD147 participates in Th17 responses in RA patients. In this study, we demonstrated that in both the RA and healthy controls (HC) groups, CD147 expression on CD4+ T cells was increased in CCR6+ and CD161+ subsets, and was associated with IL-17 production. Ligation of CD147 with its monoclonal antibody (mAb) strongly inhibited Th17 responses, and knock down of CD147 expression on CD4+ Tm cells specifically enhanced Th17 responses, triggered by coculture with in vitro activated monocytes from HC. Further functional studies showed that anti-CD147 mAb decreased the activation of AKT, mTORC1 and STAT3 signaling, which is known to enhance Th17 responses. Ligation of CD147 with its mAb on CD4+ Tm cells specifically reduced Th17 responses induced by in vitro or in vivo activated monocytes from RA patients. In collagen-induced arthritis model, anti-CD147 mAb treatment reduced the Th17 levels and severity of arthritis in vivo. These data suggest that CD147 plays a negative role in regulating human Th17 responses. Anti-CD147 mAb can limit the extraordinary proliferation of Th17 cells and may be a new therapeutic option in RA.
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Introduction

Rheumatoid arthritis (RA) is a systemic inflammatory disease characterized by the infiltration of antigen-presenting cells (APCs) and T cells into the joints, synovial hyperplasia, and systemic inflammation. Th17 cells (T helper cells that produce interleukin 17 [IL-17]) are thought to promote the development and pathogenesis of RA (1–3). Investigations into the mechanisms that control Th17 responses in humans are essential for a greater understanding of RA pathogenesis and therapeutics. In this regard, much has been accomplished in the last decade.

In humans, Th17 cells express CCR6 (chemokine receptor 6) and CD161 (cluster of differentiation 161), which are useful as markers of Th17 cells (4, 5). Depending on signals from APCs, Th17 cells can not only be generated from CD4+ naïve T cells, but also from CD4+ memory T (Tm) cells (6, 7). Evans et al. (6, 8) reported that in vitro activated monocytes, or in vivo activated monocytes from synovial fluid (SF) of RA patients, preferentially promoted Th17 responses in CD4+ Tm cells. Further, Th17 responses in this process depended on cell-to-cell contact (6, 8), the blockade of costimulatory and adhesion pathway, including CD80/CD86, CD54, or CD40, did not affect the Th17 responses (8). As induced by APCs, membrane IL-1α may be involved in the conversion of CD4+ Tm cells to Th17 cells (9). Further investigations are needed to assess whether any other cell membrane-derived signals are required for Th17 responses.

CD147 is a type I transmembrane glycoprotein that is broadly expressed on hemopoietic and nonhemopoietic cells (10), and is associated with a wide range of physiologic and pathologic functions, including lymphocyte development (11). CD147 has been linked to diverse pathological states in humans, including systemic lupus erythematosus and RA (12, 13). Interestingly, CD147 is strongly upregulated on T cells after activation (14) and has a critical role in thymocyte expansion and T-cell development (15, 16). Both antibody cross-linking and knockout mice assays indicated that CD147 may inhibit T cell receptor-mediated T cell activation and proliferation (14, 17). And CD147 is elevated on activated CD4+ T cells and negatively regulates Th17 cell differentiation in mice (18). Evidence suggests substantial similarities and differences between murine and human Th17 cell development. Thus, the functions of CD147-regulating signal pathways in human Th17 cells, especially in a setting of inflammation, remain to be identified. Therefore, this study investigated whether CD147 is involved in human Th17 responses, and its potential mechanism in RA. In addition, the therapeutic effects of anti-CD147 mAb were evaluated, using a mouse model of collagen-induced arthritis (CIA).



Materials and Methods


Patients and Healthy Controls

Peripheral blood (PB) samples were obtained from 31 patients with RA and 22 age- and gender-matched HC individuals (RA and HC groups, respectively; Table 1). Synovial fluid (SF) samples were collected from six patients with RA. All patients fulfilled the 1987 revised criteria of the American College of Rheumatology, and had never received disease-modifying drugs or corticosteroids. Disease activity was evaluated via the 28-joint disease activity score (DAS28). The study was approved by the Ethics Committee of Xijing Hospital, and all subjects provided written informed consent. The procedures were conducted in compliance with the Declaration of Helsinki.


Table 1 | Basic characteristics of HC and RA patients*.





Phenotypic Analysis

The following anti-human monoclonal antibodies were used for surface phenotype and intracellular cytokine staining: anti-CD4-fluorescein isothiocyanate (FITC); anti-CD4-phycoerythrin (PE); anti-CD161-PE; anti-CCR6-PE; anti-CD45RO-PE; anti-CD147-peridinin chlorophylla protein cyanine 5.5 dies (Percp–cy5.5); anti-interferon (IFN)-γ-FITC (all from BD Biosciences); and anti-IL-17A-allophycocyanin (APC; eBiosciences). Anti-mouse monoclonal antibodies included: anti-CD4-Percp; anti-IL-17A-APC; and anti-IFN-γ-FITC (all from BD Biosciences). Appropriately conjugated IgG antibodies were used as isotype controls. Cells were acquired on a FACSCalibur flow cytometer (BD Biosciences) and analyzed using Cell Quest software (BD Bioscience) and FlowJo 7.6.1 software (Tree Star).



Intracellular Cytokine Staining

For detection of intracellular cytokine production, cells were stimulated with 50 ng/ml of phorbol myristate acetate (Sigma-Aldrich) plus 1 µg/ml of ionomycin (Sigma-Aldrich) in the presence of 10 µg/ml GolgiStop (BD Bioscience) for 6 h at 37°C and 5% CO2. After surface-staining of surface markers, cells were fixed and made permeable with BD Cytofix/Cytoperm solution and Perm/Wash solution in accordance with the manufacturer’s instructions (BD Biosciences).



Cell Isolation

PB and SF mononuclear cells were isolated by Ficoll-Paque Plus density gradient centrifugation (Lymphocyte Separation Media; PAA Laboratories). For isolation of SF mononuclear cells, SF was incubated with 40 µg/ml of hyaluronidase (Sigma-Aldrich) for 30 min at 37°C, and then the pellet was dissolved in phosphate buffered saline and subjected to density gradient centrifugation. Purification of cell subsets was performed by magnetic cell sorting (Miltenyi Biotec) and confirmed by flow cytometry in accordance with the manufacturer’s instructions. Briefly, CD14+ monocytes (>94% pure) were isolated by positive selection using CD14 MicroBeads. The CD14− fraction was used for CD4+ T cell isolation by using a negative depletion kit (>90% pure). Next, CD4+ Tm cells were positively selected via CD45RO microbeads (>92% pure). The remaining CD4+ naive T cells were further depleted of any remaining CD45RO+ cells by a second depletion round (>90% pure).



Cell Coculture

Cells were cultured in RPMI medium 1640 (Gibco) supplemented with 1% penicillin/streptomycin, 1% glutamine, and 10% fetal calf serum (PAA Laboratories). For in vitro activation of monocytes, purified monocytes were pre-incubated with 100 ng/ml lipopolysaccharide (LPS, Sigma Aldrich) for 30 min at 37°C and 5% CO2. Then cells were washed twice with 10 ml of medium and recounted. For Th17 cell polarization, LPS-activated monocytes (1 × 105) were cocultured with 5 × 105 purified CD4+ T cells and 100 ng/ml soluble anti-CD3 mAb (R&D Systems) for 3 days in 24-well plates. For CD147 ligation experiments, purified CD4+ T cells were incubated with 10 µg/ml anti-CD147 mAb (HAb18, generated and identified in our lab) for 1 h, and then cells were washed and resuspended in medium. To determine the fold expansion, CD4+ T cells were labeled with 2 mM carboxy-fluorescein diacetate succinimidyl ester (CFSE; Invitrogen) before coculture.



Flow Cytometry Analysis of Phosphorylated Proteins

After being cocultured for 3 days or stimulated with immobilized anti-CD3mAb (plates coated with 5 μg/ml) and 1 μg/m soluble anti-CD28mAb for the indicate time, cells were fixed with 2% paraformaldehyde. Surface staining was followed by permeabilization with 90% methanol, and intracellular staining with antibodies including anti-Stat3-PE, anti-pStat3 (Y705)-Alexa Fluor 647, anti-pAkt (T308)-PE, anti-pAkt (S473)-Alexa Fluor 647 (all from BD Bioscience), anti-pS6 (Ser235/236)-Alexa Fluor 488 and anti-p70S6K (Thr421/Ser424) (all from Cell Signaling Technology). The anti-p70S6K staining was followed by secondary staining with anti-rabbit-IgG-Alexa Fluor 488 (Invitrogen).



Cytokine Analysis

The supernatants of cocultures were collected and stored at –80°C until cytokine testing was performed. The levels of IL-17 and IFN-γ were determined using Luminex technology in accordance with the manufacturer’s instructions (EMD Millipore). The results were analyzed using BioPlex Manager 4 (Bio-Rad Laboratories).



Lentiviral Vector Transduction

As previously described (19), the Trans-Lentiviral pLKO System were used to produce lentiviral vectors expressing CD147-specific shRNA. Purified CD4+ Tm cells were activated with immobilized anti-CD3 (1 μg/ml) and anti-CD28 (5 μg/ml) in the presence of human recombinant IL-2 (20 U/ml; R&D). After 24 h, the medium was carefully removed, cells were infected with viral supernatants and polybrene (6 µg/ml; Millipore) and centrifuged at 500g for 2 h at 4°C. Then cells were incubated for 48 h at 37°C and 5% CO2. Next, transfected cells were selected by puromycin (Sigma Aldrich). After IL-2 withdrawal for 24 h, cells were collected to determine cell surface markers and coculture with monocytes.



Induction of CIA and Anti-CD147 mAb Treatment

The Animal Experiment Administration Committee of the University approved the animal care and experimental procedures. Male C57BL/6 mice were purchased from the Fourth Military Medical University, Laboratory Animal Center. All animals were 9 to 11 weeks old. CIA induction was performed as previously described (20). Briefly, C57BL/6 mice were immunized with type II collagen (CII; Chondrex) emulsified in complete Freund’s adjuvant (CFA; Chondrex) on day 0 at the tail base. On day 21, a booster injection of CII emulsified with incomplete Freund’s adjuvant (IFA; Chondrex) was administered. The mice were treated via intraperitoneal injection of anti-mouse CD147 mAb or isotype control mAb (5 mg/kg, n = 4; R&D Systems). Antibody was given every other day for 10 days starting on day 21. Thickness of both hind paws were measured by digital caliper. Signs of arthritis were scored for each paw on a scale of 0 to 4, as previously described (20). The mean arthritis index is the total arthritis score in all mice of each group divided by the number of mice in the group. The mice were killed on day 31 for experimental analysis.



Statistical Analysis

Differences between groups were determined using the nonparametric Mann-Whitney test. Paired samples were compared using a Wilcoxon matched-pairs signed rank sum test. Data analyses were performed using GraphPad Prism version 5.0 (GraphPad Software). For all tests, a two-sided P value less than 0.05 was considered significant.




Results


Association Between CD147 Levels and IL-17 Production in CD4+ T Cells

The main IL-17-secreting T (Th17) cells are CD4+CCR6+ and CD4+CD161+ (4, 5). In the present study, the CD147 levels of these Th17 cells were evaluated in both the RA and HC groups. In both groups but especially the RA, the CD147 levels in the CD4+CCR6+ and CD4+CD161+ cells were higher than that of the CD4+CCR6– and CD4+CD161– (Figures 1A, B). Further, in both the RA and HC groups, IL-17 production, but not IFN-γ, was mainly restricted to CD147++ cells (Figure 1C). These results supported that CD147 expression maybe associated with Th17 cells in humans.




Figure 1 | CD147 expression was associated with IL-17 production. (A, B) Flow cytometry was used to assess CD147 expression on circulating CD4+ T cell subsets, including CCR6−/+ cells (A) and CD161−/+ cells (B), from healthy control (HC; n = 22) and rheumatoid arthritis (RA) patients (n = 31). (C) Flow cytometric dot-plots and cumulative data of intracellular IL-17 and IFN-γ production in CD4+ T cells and stratified by their CD147 expression obtained from HC (n = 22) and RA patients (n = 31). Iso, isotype control mAb; **P < 0.01; ***P < 0.001.





Effect of CD147 on Human Th17 Responses

To optimally induce Th17 response, purified bulk CD4+ T cells, CD4+ naive T cells, CD4+ Tm cells and autologous CD14+ monocytes from HC were isolated and cocultured under various conditions. The optimal condition for inducing Th17 cells is that CD4+ Tm cells are stimulated with LPS-activated monocytes and anti-CD3 mAb for 3 days (see online Supplementary Figure S1). Subsequently, CD4+ Tm cells, LPS-activated monocytes, and anti-CD3 mAb were cultured for 3 days, unless otherwise specified. Then to evaluate whether Th17 cells were induced from a non-committed CD4+ Tm cell population or reflected simply a proliferation of preexisting Th17 cells, CFSE was used to determine the proliferation of IL-17 producing cells. Indeed, the IL-17+ cell percentage in each generation increased with the proliferation of T cells (Figure 2D), indicating that LPS-activated monocytes switch non-committed Tm cells into Th17 cells.




Figure 2 | CD147 suppresses human Th17 responses. (A–C) CD4+ memory (Tm) cells from HC were cocultured with medium or LPS-activated monocytes (Mo) and anti-CD3 mAb, in absence or presence of isotype control mAb (Iso) or Anti-CD147 mAb for 3 days. Representative plots (A) and quantitative results of Th17, Th1 and Th17/Th1 cell percentages (B) in T cells, and IL-17 and IFN-γ production in cell culture supernatants (C) are shown (n = 9). (D) CFSE-labeled CD4+ Tm cells were cocultured with LPS-activated Mo and anti-CD3 mAb in presence of Iso or anti-CD147 mAb for 3 days and then assessed the percentage of IL-17 producing cells in each generation (generation 0–3, n = 10; generation 4, n = 4). (E) Representative CD147 staining histogram in CD4+ Tm cells from HC transduced with lentivirus expressing negative control shRNA (NC) or shRNA for CD147 (shCD147). (F-H) NC and shCD147 transduced CD4+ Tm cells were cocultured with autologous LPS-activated Mo. Representative plots (F) and quantitative results of intracellular expression of IL-17 and/or IFN-γ (G) in T cells, and IL-17 and IFN-γ levels in cell culture supernatants (H) were shown (n = 9). *P < 0.05; **P < 0.01.



Using the established coculture system, we investigated if CD147 ligation on CD4+ Tm cells could modulate Th17 responses (Figure 2). When compared to isotype control mAb, anti-CD147 mAb strongly decreased the percentages of Th17 and Th17/Th1 cells, whereas Th1 cell percentage was not affected (Figures 2A, B). In support of this, the production of IL-17 from coculture supernatants was significantly decreased by the anti-CD147 mAb (Figure 2C). Furthermore, the percentage of IL-17+ cells in the generation 0 to 2 was not affected by adding anti-CD147 mAb, but was decreased in generation 3 (Figure 2D). To confirm the potential role of CD147 in Th17 responses, lentiviral vectors expressing CD147-specific shRNA (LV-shCD147) were used to knock down CD147 expression in primary CD4+ Tm cells (Figure 2E). Notably, compared with the negative control shRNA (LV-NC) transduced T cells, Th17 and Th17/Th1 cell percentage and IL-17 level were noticeably higher in LV-shCD147 transduced T cells, while Th1 cell and IFN-γ levels were not affected (Figures 2F–H). These data collectively suggest that CD147 plays a negative role in Th17 responses.



Effect of CD147 on AKT, mTORC1, and STAT3 Signaling

To evaluate the underlying mechanisms, we investigated the effect of CD147 on STAT3 (signal transducer and activator of transcription 3), a crucial regulator of Th17 lineage (21). Indeed, anti-CD147 mAb decreased STAT3 phosphorylation in CD4+ Tm cells that induced by coculture with LPS-activated monocytes (Figure 3A). It has been reported that the signaling of PI3K, Akt, and mammalian target of rapamycin (mTOR) complexes positively regulates Th17 cell development (22). Further signal analysis showed that the levels of pAKT (T308), pS6K, and p70S6, but not of pAKT (S473), induced by CD3/CD28 ligation were partly inhibited in the presence of anti-CD147 mAb in comparison to isotype control mAb (Figures 3B–D). This suggests that CD147 may suppress Th17 responses by affecting AKT/mTOR signaling.




Figure 3 | Anti-CD147 mAb inhibits AKT, mTOR and STAT3 signaling. (A) CD4+ Tm cells from HC were cocultured with medium or LPS-activated Mo and anti-CD3 mAb in presence of isotype control mAb (Iso) or anti-CD147 mAb for 3 days, then the expression of STAT3 and pSTAT3 were assessed by flow cytometry (n = 7). (B) Phospho-flow analysis of pAKT (T308) and pAKT (S473) in CD4+ Tm cells from HC with medium or anti-CD147 mAb, with or without Iso or anti-CD147 mAb stimulated with anti-CD3 and anti-CD28 mAb for 5 min (n = 7). (C, D) Phospho-flow analysis of pS6K (n = 7; (C) and p70S6 (n = 6; (D) in CD4+ Tm cells from HC with medium or anti-CD147 mAb, with or without Iso or anti-CD147 mAb stimulated with anti-CD3 and anti-CD28 mAb for 30 min. *P < 0.05; **P < 0.01; ***P < 0.001.





Effect of CD147 on Th17 Responses in RA Patients

We sought to assess whether the Th17 responses triggered by monocytes were suppressed by CD147 in patients with RA. First, CD147 expression on CD4+ Tm cells from RA PB was higher than from HC PB, and its expression was further increased in RA SF (Figure 4A). Using CD4+ Tm cells from HC PB, RA PB and RA SF, the magnitude of monocyte-driven Th17 and Th17/Th1 responses and IL-17 production were similarly in RA PB and HC PB, but strikingly decreased in RA SF (Figures 4B, C). In addition, similar to the data of HC, the increase in Th17, Th17/Th1 cells and IL-17 production in RA patients triggered by LPS-activated monocytes could be suppressed by adding anti-CD147 mAb (Figures 4D, E). There are numerous reports that CD14+ monocytes from SF of RA patients were highly activated (23) and the activation status of the APCs played a crucial role in Th17 induction (6–8). To place these findings in a pathophysiological condition, we cocultured RA PB-derived CD4+ Tm cells with autologous PB-derived monocytes, LPS-activated PB monocytes or SF-derived monocytes. As compared to PB-derived monocytes, SF-derived monocytes increased Th17 responses to a level comparable with that of LPS-activated PB monocytes (Figure 4F). Furthermore, anti-CD147 mAb also significantly decreased Th17 cell percentage and IL-17 production, but not Th1 cell percentage and IFN-γ production, that triggered by SF-derived monocytes (Figures 4G–I).




Figure 4 | CD147 suppresses Th17 responses in patients with RA. (A) Representative CD147 staining histogram in CD4+ Tm cells from the peripheral blood of HC (HC PB), PB of RA (RA PB) and synovial fluid of RA (RA SF). (B, C) CD4+ Tm cells from HC PB (n = 13), RA PB (n = 12) or RA SF (n = 6) were isolated and cocultured with medium or autologous PB LPS-activated Mo and anti-CD3 mAb. (D, E) CD4+ Tm cells from RA PB were cocultured with medium or LPS-activated Mo in absence or presence of Iso or anti-CD147 mAb. Percentages of Th17, Th1 and Th17/Th1 cells (B, D) and levels of IL-17 and IFN-γ (C, E) are shown. (F) CD4+ Tm cells from RA PB were cocultured with autologous Mo from PB (Mo (pb)), LPS-activated Mo from PB (Mo (pb/lps)) or Mo from SF (Mo (sf)), then Th17 cell percentage and IL-17 level are shown (n = 6). (G–I) CD4+ Tm cells from RA PB were cocultured with medium or Mo from SF in absence or presence of Iso or anti-CD147 mAb. Representative plots (G) and quantitative results of intracellular expression of IL-17 and/or IFN-γ (H) in T cells, and IL-17 and IFN-γ levels in cell culture supernatants (I) were shown (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001.





Anti-CD147mAb Treatment in RA Model

The in vivo effects of anti-mouse CD147mAb were studied using a mouse model of CIA (Figure 5). After first immunization, on day 21, mice were treated with anti-mouse CD147mAb or isotype control mAb every other day for 10 days (Figure 5A). In contrast to the isotype control mAb treatment, anti-CD147mAb treatment suppressed the increase in paw swelling (Figure 5B). The mean arthritis index of CIA mice was significantly reduced after 7 days of anti-CD147mAb treatment (Figure 5C). To observe the effect of anti-CD147mAb on Th17 responses, the peripheral blood, spleen and draining lymph node were collected and analyzed after anti-CD147mAb treatment. As shown in Figure 5D, the CIA mice expressed higher percentages of Th17 cells in the spleen and draining lymph nodes when compared with the normal mouse. Furthermore, Th17 cell levels in the spleen and draining lymph nodes were significantly decreased in anti-CD147mAb–treated CIA mice as compared to isotype mAb group (Figure 5D), whereas Th1 and Th17/Th1 cell levels were not significantly changed.




Figure 5 | Therapeutic effects of anti-CD147mAb in CIA model. (A) Experimental scheme for the analysis of CIA model. C57BL/6 mice were immunized on days 0 and 21, and treated with anti-mouse CD147 mAb (CD147 mAb) or isotype control mAb (Iso) at every other day for 10 days starting on day 21. (B) Representative hind paws from normal mice (Control), Iso and CD147 mAb treatment CIA mice (Day 31). The average thickness of both hind paws was measured (n = 4). (C) The mean arthritis index in CIA mice that were administrated Iso or CD147 mAb (n = 4). (D) Percentages of Th17, Th1 and Th17/Th1 cell in the PB, spleens (Spl) and draining lymph nodes (DLN) from Control and CIA mice treated with Iso or CD147 mAb (n = 4). *P < 0.05; **P < 0.01.






Discussion

Numerous studies have suggested that Th17 cells and IL-17 play crucial roles in the chronic inflammatory response and subsequent tissue damage in RA (1–3). Indeed, targeting Th17 and IL-17 has been shown to ameliorate chronic inflammation in mouse RA models (24). In humans, anti-IL-17 therapy improved RA signs and symptoms (25). However, there are only limited data about what drives human Th17 responses in vivo, particularly in human arthritic diseases. In this study, we provide evidence that CD147 expression was increased in IL-17–producing CD4+ T cells, which in turn acts as a negative limitation loop to suppress human Th17 responses and inhibit the generation of Th17 cells in RA.

Firstly, we investigated the association between CD147 expression and Th17 cells in humans. In both HC and RA patients, CD147 expression on CD4+ T cells was increased in CCR6+ and CD161+ fraction. Further, when CD4+ T cells were split into two groups depending on their CD147 expression, IL-17 production was mainly restricted to CD147++ subset in both the HC and RA patients. These phenotypic data suggest that CD147 expression on CD4+ T cells closely correlated with Th17 cells in HC and RA groups. Therefore, similar to a study regarding mice (18), CD147 may suppress the extraordinary expansion of Th17 cells in human.

As previously reported (26), bulk CD4+ T cells were cocultured with monocytes to induce Th17 responses. Our findings showed that Th17 cells were primarily induced by cocultured CD4+ Tm cells, but not CD4+ naive T cells, with activated monocytes. As previously reported (8), activated monocytes relied on cell-contact with CD4+ Tm cells to induce Th17 responses by performing transwell experiments (see online Supplementary Figure S2), suggesting membrane-derived signals are required in this process. Then we found that ligation of CD147 with its mAb in T cells impaired the Th17 responses induced from non-Th17-committed human Tm cells. Knocking down CD147 expression on CD4+ Tm cells enhanced Th17 responses, but did not affect the Th1 responses. Therefore, these findings showed that anti-CD147 mAb is a stimulating Ab in this work, and CD147 probably plays a negative role in regulating human Th17 responses, but not Th1 responses.

The molecular mechanisms of Th17 responses have been intensively investigated, and numerous intracellular signaling pathways and transcriptional factors have been identified, including PI3K, Akt, mTOR, and STAT3. STAT3 plays a direct and crucial role in Th17 cell specification (27). Recent work has indicated that CD147 expressed in CD4+ T cells inhibits Th17 cell differentiation by suppressing the IL-6/STAT3 pathway in mice (18). In humans, we demonstrated that ligation of CD147 with its mAb suppressed the STAT3 activation in CD4+ Tm cells induced by coculture with LPS-activated monocytes. Further, mTOR plays an important role in STAT3 activation (28) and mTOR complex 1 (mTORC1) as a central regulator of Th17 lineage commitment by coordinating metabolic and transcriptional programs (22, 29, 30). There are mTOR complexes, including mTORC1 and mTORC2, working downstream and upstream of Akt (22). mTORC1 is activated by pAKT (T308) in a PI3K-dependent manner, whereas phosphorylation of AKT (S473) is mediated by the kinase mTORC2. Here, pS6K and p70S6 were used to assess mTORC1 and pAKT (S473) was used to assess mTORC2. Our data showed that ligation of CD147 with its mAb impairs the phosphorylation of pAKT (T308), pS6K, and p70S6, but not pAKT (S473). As previously reported, although CD147 may initiate proximal signaling molecules (such as LCK and CDK1) in T cells, the exact signaling pathway of CD147 is not fully clear in human (31). And the proximal signaling of CD147 in Th17 responses are still remain to be elucidated. What is more, augmenting the results reported in mice (18), our findings highlight the importance of metabolic activity in T cell fate decision, and indicate that the importance of the CD147-AKT-mTORC1-STAT3 pathway in the negative regulation of human Th17 responses.

Although Th17 cells play important roles in the pathogenesis of RA, Th17 responses are complex and incompletely understood in RA, particularly at the sites of inflammation. In this study, we examined the CD147 expression profile and monocyte-driven Th17 responses in patients with RA. Indeed, CD147 expression on CD4+ Tm cells from RA SF was significantly higher than from HC PB and RA PB, which might partly explain why the monocyte-driven Th17 and Th17/Th1 responses were strongly decreased in CD4+ Tm cells from RA SF. However, the monocyte-driven Th1 responses were significantly higher in RA SF than in RA PB and HC PB. These results are consistent with previous report (32), wherein Th17 cell percentage was decreased in the joints of patients with RA, but Th1 cells were more abundant in the joints. In agreement with the results of HC, anti-CD147 mAb inhibited the Th17 responses and IL-17 production induced by LPS-activated monocytes in patients with RA.

It was reported that in vitro LPS-activated monocytes exhibit a phenotype similar to that of in vivo-activated SF monocytes (1–3). As previous research reported (8), we found that in vivo-activated monocytes, from the local sites of inflammation, spontaneously induced Th17 responses in RA patients. Further, ligation of CD147 with its mAb specifically decreased in vivo-activated monocytes induced Th17 responses and IL-17 production, suggesting that CD147 is involved in the switch of Tm cells into Th17 cells at the site of inflammation in patients with RA. From another perspective, previous literatures reported by our and other teams suggested that CD147 has many ligands in tumor cells, erythrocytes or immunocytes, such as cyclophilin proteins, rhoptry-associated protein 2, integrins, and CD147 (33–35). However, the ligand of CD147 for inhibit Th17 responses in RA patients are still needed further investigations to explore. Consistent with our previous report (36), in the in vivo work, systemic administration of anti-CD147 mAb alleviated the severity of arthritis in CIA mice. Importantly, anti-CD147 mAb treatment simultaneously decreased the Th17 levels, but not Th1 and Th17/Th1, in the spleen and draining lymph node of CIA mice, supporting that anti-CD147mAb may improve CIA symptoms by specifically inhibiting Th17 responses. Therefore, it is reasonable to infer that in addition to Th17-cell depletion or IL-17 neutralization therapy, pharmacologic ligation of CD147 may be crucial for limiting the generation of pathogenic Th17 cells, and thus to attenuate the inflammatory response in patients with RA.

In summary, our data highlight the importance of CD147 in CD4+ Tm cells and monocytes interactions in the shaping of Th17 responses. By suppressing STAT3 signaling, CD147 acts as a negative receptor on CD4+ Tm cells to inhibit human Th17 responses. Ligation of CD147 with mAb may be a potential therapeutic approach in Th17-mediated diseases.



Data Availability Statement

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



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee of Xijing Hospital. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by The Animal Experiment Administration Committee of the University.



Author Contributions

JM, KZ, ZZ, and RZ performed most of the experiments and wrote the manuscript. PZ and ZC conceived the study and revised manuscript. ML and NG participated in the experiments. YX and QH were in charge of patients’ recruitment and clinical data collection. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Basic Research Program of China (No. 2015CB553704) and National Natural Science Foundation of China (No. 81801599).



Acknowledgments

We thank Jia Li and Xianghui Fu for helping with the mouse model management.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.545980/full#supplementary-material



References

1. van Hamburg, JP, and Tas, SW. Molecular mechanisms underpinning T helper 17 cell heterogeneity and functions in rheumatoid arthritis. J Autoimmun (2018) 87:69–81. doi: 10.1016/j.jaut.2017.12.006

2. Furst, DE, and Emery, P. Rheumatoid arthritis pathophysiology: update on emerging cytokine and cytokine-associated cell targets. Rheumatol (Oxford) (2014) 53:1560–9. doi: 10.1093/rheumatology/ket414

3. Lubberts, E. The IL-23-IL-17 axis in inflammatory arthritis. Nat Rev Rheumatol (2015) 11:562. doi: 10.1038/nrrheum.2015.128

4. Singh, SP, Zhang, HH, Foley, JF, Hedrick, MN, and Farber, JM. Human T cells that are able to produce IL-17 express the chemokine receptor CCR6. J Immunol (2008) 180:214–21. doi: 10.4049/jimmunol.180.1.214

5. Maggi, L, Santarlasci, V, Capone, M, Peired, A, Frosali, F, Crome, SQ, et al. CD161 is a marker of all human IL-17-producing T-cell subsets and is induced by RORC. Eur J Immunol (2010) 40:2174–81. doi: 10.1002/eji.200940257

6. Evans, HG, Suddason, T, Jackson, I, Taams, LS, and Lord, GM. Optimal induction of T helper 17 cells in humans requires T cell receptor ligation in the context of Toll-like receptor-activated monocytes. Proc Natl Acad Sci U S A (2007) 104:17034–9. doi: 10.1073/pnas.0708426104

7. van Beelen, AJ, Zelinkova, Z, Taanman-Kueter, EW, Muller, FJ, Hommes, DW, Zaat, SA, et al. Stimulation of the intracellular bacterial sensor NOD2 programs dendritic cells to promote interleukin-17 production in human memory T cells. Immunity (2007) 27:660–9. doi: 10.1016/j.immuni.2007.08.013

8. Evans, HG, Gullick, NJ, Kelly, S, Pitzalis, C, Lord, GM, Kirkham, BW, et al. In vivo activated monocytes from the site of inflammation in humans specifically promote Th17 responses. Proc Natl Acad Sci U S A (2009) 106:6232–7. doi: 10.1073/pnas.0808144106

9. Foucher, ED, Blanchard, S, Preisser, L, Descamps, P, Ifrah, N, Delneste, Y, et al. IL-34- and M-CSF-induced macrophages switch memory T cells into Th17 cells via membrane IL-1alpha. Eur J Immunol (2015) 45:1092–102. doi: 10.1002/eji.201444606

10. DeCastro, R, Zhang, Y, Guo, H, Kataoka, H, Gordon, MK, Toole, B, et al. Human keratinocytes express EMMPRIN, an extracellular matrix metalloproteinase inducer. J Invest Dermatol (1996) 106:1260–5. doi: 10.1111/1523-1747.ep12348959

11. Muramatsu, T. Basigin (CD147), a multifunctional transmembrane glycoprotein with various binding partners. J Biochem (2016) 159:481–90. doi: 10.1093/jb/mvv127

12. Pistol, G, Matache, C, Calugaru, A, Stavaru, C, Tanaseanu, S, Ionescu, R, et al. Roles of CD147 on T lymphocytes activation and MMP-9 secretion in systemic lupus erythematosus. J Cell Mol Med (2007) 11:339–48. doi: 10.1111/j.1582-4934.2007.00022.x

13. Wang, CH, Yao, H, Chen, LN, Jia, JF, Wang, L, Dai, JY, et al. CD147 induces angiogenesis through a vascular endothelial growth factor and hypoxia-inducible transcription factor 1alpha-mediated pathway in rheumatoid arthritis. Arthritis Rheumatol (2012) 64:1818–27. doi: 10.1002/art.34341

14. Koch, C, Staffler, G, Huttinger, R, Hilgert, I, Prager, E, Cerny, J, et al. T cell activation-associated epitopes of CD147 in regulation of the T cell response, and their definition by antibody affinity and antigen density. Int Immunol (1999) 11:777–86. doi: 10.1093/intimm/11.5.777

15. Chen, R, Wang, K, Feng, Z, Zhang, MY, Wu, J, Geng, JJ, et al. CD147 deficiency in T cells prevents thymic involution by inhibiting the EMT process in TECs in the presence of TGFbeta. Cell Mol Immunol (2020). doi: 10.1038/s41423-019-0353-7

16. Renno, T, Wilson, A, Dunkel, C, Coste, I, Maisnier-Patin, K, Benoit, DCA, et al. A role for CD147 in thymic development. J Immunol (2002) 168:4946–50. doi: 10.4049/jimmunol.168.10.4946

17. Staffler, G, Szekeres, A, Schutz, GJ, Saemann, MD, Prager, E, Zeyda, M, et al. Selective inhibition of T cell activation via CD147 through novel modulation of lipid rafts. J Immunol (2003) 171:1707–14. doi: 10.4049/jimmunol.171.4.1707

18. Maeda, K, Kosugi, T, Sato, W, Kojima, H, Sato, Y, Kamimura, D, et al. CD147/basigin limits lupus nephritis and Th17 cell differentiation in mice by inhibiting the interleukin-6/STAT-3 pathway. Arthritis Rheumatol (2015) 67:2185–95. doi: 10.1002/art.39155

19. Guo, N, Zhang, K, Lv, M, Miao, J, Chen, Z, and Zhu, P. CD147 and CD98 complex-mediated homotypic aggregation attenuates the CypA-induced chemotactic effect on Jurkat T cells. Mol Immunol (2015) 63:253–63. doi: 10.1016/j.molimm.2014.07.005

20. Bevaart, L, Vervoordeldonk, MJ, and Tak, PP. Collagen-induced arthritis in mice. Methods Mol Biol (2010) 602:181–92. doi: 10.1007/978-1-60761-058-8_11

21. Tripathi, SK, Chen, Z, Larjo, A, Kanduri, K, Nousiainen, K, Aijo, T, et al. Genome-wide Analysis of STAT3-Mediated Transcription during Early Human Th17 Cell Differentiation. Cell Rep (2017) 19:1888–901. doi: 10.1016/j.celrep.2017.05.013

22. Nagai, S, Kurebayashi, Y, and Koyasu, S. Role of PI3K/Akt and mTOR complexes in Th17 cell differentiation. Ann N Y Acad Sci (2013) 1280:30–4. doi: 10.1111/nyas.12059

23. Walter, GJ, Evans, HG, Menon, B, Gullick, NJ, Kirkham, BW, Cope, AP, et al. Interaction with activated monocytes enhances cytokine expression and suppressive activity of human CD4+CD45ro+CD25+CD127(low) regulatory T cells. Arthritis Rheumatol (2013) 65:627–38. doi: 10.1002/art.37832

24. Lubberts, E, Koenders, MI, Oppers-Walgreen, B, van den Bersselaar, L, Coenen-de, RC, Joosten, LA, et al. Treatment with a neutralizing anti-murine interleukin-17 antibody after the onset of collagen-induced arthritis reduces joint inflammation, cartilage destruction, and bone erosion. Arthritis Rheum (2004) 50:650–9. doi: 10.1002/art.20001

25. Blanco, FJ, Moricke, R, Dokoupilova, E, Codding, C, Neal, J, Andersson, M, et al. Secukinumab in Active Rheumatoid Arthritis: A Phase III Randomized, Double-Blind, Active Comparator- and Placebo-Controlled Study. Arthritis Rheumatol (2017) 69:1144–53. doi: 10.1002/art.40070

26. Yang, H, Wang, J, Li, Y, Yin, ZJ, Lv, TT, Zhu, P, et al. CD147 modulates the differentiation of T-helper 17 cells in patients with rheumatoid arthritis. Apmis (2017) 125:24–31. doi: 10.1111/apm.12629

27. Hirahara, K, Ghoreschi, K, Laurence, A, Yang, XP, Kanno, Y, and O’Shea, JJ. Signal transduction pathways and transcriptional regulation in Th17 cell differentiation. Cytokine Growth Factor Rev (2010) 21:425–34. doi: 10.1016/j.cytogfr.2010.10.006

28. Delgoffe, GM, Kole, TP, Zheng, Y, Zarek, PE, Matthews, KL, Xiao, B, et al. The mTOR kinase differentially regulates effector and regulatory T cell lineage commitment. Immunity (2009) 30:832–44. doi: 10.1016/j.immuni.2009.04.014

29. Kurebayashi, Y, Nagai, S, Ikejiri, A, Ohtani, M, Ichiyama, K, Baba, Y, et al. PI3K-Akt-mTORC1-S6K1/2 axis controls Th17 differentiation by regulating Gfi1 expression and nuclear translocation of RORgamma. Cell Rep (2012) 1:360–73. doi: 10.1016/j.celrep.2012.02.007

30. Karmaus, P, Chen, X, Lim, SA, Herrada, AA, Nguyen, TM, Xu, B, et al. Metabolic heterogeneity underlies reciprocal fates of TH17 cell stemness and plasticity. Nature (2019) 565:101–5. doi: 10.1038/s41586-018-0806-7

31. Supper, V, Hartl, I, Boulegue, C, Ohradanova-Repic, A, and Stockinger, H. Dynamic Interaction- and Phospho-Proteomics Reveal Lck as a Major Signaling Hub of CD147 in T Cells. J Immunol (2017) 198:2468–78. doi: 10.4049/jimmunol.1600355

32. Takeshita, M, Suzuki, K, Kondo, Y, Morita, R, Okuzono, Y, Koga, K, et al. Multi-dimensional analysis identified rheumatoid arthritis-driving pathway in human T cell. Ann Rheum Dis (2019) 78:1346–56. doi: 10.1136/annrheumdis-2018-214885

33. Schmidt, R, Bultmann, A, Fischel, S, Gillitzer, A, Cullen, P, Walch, A, et al. Extracellular matrix metalloproteinase inducer (CD147) is a novel receptor on platelets, activates platelets, and augments nuclear factor kappaB-dependent inflammation in monocytes. Circ Res (2008) 102:302–9. doi: 10.1161/CIRCRESAHA.107.157990

34. Zhu, X, Wang, S, Shao, M, Yan, J, and Liu, F. The origin and evolution of Basigin(BSG) gene: A comparative genomic and phylogenetic analysis. Dev Comp Immunol (2017) 72:79–88. doi: 10.1016/j.dci.2017.02.007

35. Zhang, MY, Zhang, Y, Wu, XD, Zhang, K, Lin, P, Bian, HJ, et al. Disrupting CD147-RAP2 interaction abrogates erythrocyte invasion by Plasmodium falciparum. Blood (2018) 131:1111–21. doi: 10.1182/blood-2017-08-802918

36. Luan, J, Zhang, K, Yang, P, Zhang, Y, Feng, F, Zhu, YM, et al. The combination of FK506 and an anti-CD147 mAb exerts potential therapeutic effects on a mouse model of collagen-induced arthritis. Mol Immunol (2018) 101:1–9. doi: 10.1016/j.molimm.2018.05.013



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

Copyright © 2020 Miao, Zhang, Zheng, Zhang, Lv, Guo, Xu, Han, Chen and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 29 October 2020

doi: 10.3389/fimmu.2020.535010

[image: image2]


Complement Expression and Activation in Osteoarthritis Joint Compartments


Elisa Assirelli 1*, Lia Pulsatelli 1, Paolo Dolzani 1, Erminia Mariani 1,2, Gina Lisignoli 1, Olga Addimanda 3,4† and Riccardo Meliconi 3,4


1 Laboratory of Immunorheumatology and Tissue Regeneration, Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Istituto Ortopedico Rizzoli, Bologna, Italy, 2 Department of Medical and Surgical Sciences, Alma Mater Studiorum—University of Bologna, Bologna, Italy, 3 Medicine and Rheumatology Unit, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy, 4 Department of Biomedical and Neuromotor Sciences, Alma Mater Studiorum—University of Bologna, Bologna, Italy




Edited by:
 Daniela Frasca, University of Miami, United States

Reviewed by:
 Jillian M. Richmond, University of Massachusetts Medical School, United States
 Natasa Strbo, University of Miami, United States

*Correspondence:
 Elisa Assirelli
 elisa.assirelli@ior.it

†Present address: Olga Addimanda, Programma Dipartimentale di Reumatologia, Dipartimento Medico, Azienda Unità Sanitaria Locale (AUSL) Bologna, Bologna, Italy

Specialty section: 
 This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology


Received: 14 February 2020

Accepted: 05 October 2020

Published: 29 October 2020

Citation:
Assirelli E, Pulsatelli L, Dolzani P, Mariani E, Lisignoli G, Addimanda O and Meliconi R (2020) Complement Expression and Activation in Osteoarthritis Joint Compartments. Front. Immunol. 11:535010. doi: 10.3389/fimmu.2020.535010




Objective

To investigate complement(C) factors(F) and their activation fragments expression in OA joint tissues.



Design

Immunohistochemistry and quantitative imaging were performed to analyze C3, C4, and CF (factor) B expression on osteochondral biopsies (43 patients) collected during arthroplasty. Isolated chondrocytes and synoviocytes, cartilage and synovial tissues obtained from surgical specimens of OA patients (15 patients) were cultured with or without IL-1β. Real time PCR for CFB, C3, and C4 was performed. Culture supernatants were analyzed for C3a, C5a, CFBa, and terminal complement complex (TCC) production.



Results

In osteochondral biopsies, C factor expression was located in bone marrow, in a few subchondral bone cells and chondrocytes. C3 was the most expressed while factor C4 was the least expressed factor. Gene expression showed that all C factors analyzed were expressed both in chondrocytes and synoviocytes. In chondrocyte cultures and cartilage explants, CFB expression was significantly higher than C3 and C4. Furthermore, CFB, but not C3 and C4 expression was significantly induced by IL-1β. As to C activation factors, C3a was the most produced and CFBa was induced by IL-1β in synovial tissue. TCC production was undetectable in isolated chondrocytes and synoviocytes cell culture supernatants, whereas it was significantly augmented in cartilage explants.



Conclusion

C factors were locally produced and activated in OA joint with the contribution of all tissues (cartilage, bone, and synovium). Our results support the involvement of innate immunity in OA and suggest an association between some C alternative pathway component and joint inflammation.





Keywords: osteoarthritis, complement system, cartilage, synovium, joint tissue



Introduction

Local and systemic low-grade inflammation is recognized as one of the major triggering factors in Osteoarthritis (OA) pathogenesis in combination with age, biomechanical stress, and metabolic derangement (1–3). While systemic inflammation is strictly associated with ageing (“inflammaging”) (4) and metabolic alterations, local inflammation is more related to biomechanical stress and traumatic events (5).

Inflammation in OA joints is mainly the result of the activation of the innate immunity response which involves different cells such as macrophages, synoviocytes, chondrocytes, bone cells, and various soluble molecules (6). One of the main molecular pathways in innate immunity is the Complement system, which intervenes in several responses such as leukocyte chemotaxis, microorganism opsonization, phagocytosis, and cell lysis (7).

Complement proteins are synthetized in the liver and by immune cells, but other cell lineages (eg, skin cells, astrocytes, and glia cells, muscles cells) (8) are also involved in physiological and pathological production and activation of complement factors. Complement activation proceeds through three distinct pathways: the classical, the lectin (mannose-activated) and the alternative pathway which converge in the cleavage of C3 component by C3 convertase. This cleavage results in the formation of C5 convertase which in turn activates C5 with the formation of C5b, the first component of C5b-9 complex, known as Terminal Complement Complex (TCC) or Membrane Attack Complex (MAC), responsible for cell lysis (9). However, a large number of non-lytic functions (such as the release of pro-inflammatory cytokines and chemokines or the expression of Platelet-derived or b-Fibroblast growth factors) can result by the generation of C5b-9. During this process, the production of potent inflammatory fragments (C3a and C5a) amplify the inflammatory response by binding to the cognate receptors on several target cells (10).

In addition to its physiological role in infection defense and in removal of tissue damage derived debris, Complement exerts pathological functions in several diseases characterized by chronic inflammation. It is well known its role in inflammatory arthritides and connective tissue disorders, while more recently complement activation has been involved in OA pathomechanisms (5, 10–13).

In this study we aimed at elucidating the different contributions of OA patient joint tissues in the production of alternative and classical Complement pathway factors and at evaluating any local activation of Complement. Thereof, the central molecule C3, the classical pathway molecule C4 and the alternative pathway molecule Factor B (CFB) were assessed in different tissue compartments of OA patient joints. Then the activation fragments generated in the same tissues as well as C5b-C9 complex and the role of IL-1β in these processes were also evaluated.

We found that CFB was the most expressed component followed by C3, that the activation fragments C3a, C5a, and CFBa were produced in vitro mainly by isolated chondrocytes and that TCC was mainly produced by cartilage tissue and to a lesser extent by synovial tissue.



Materials and Methods

This study was approved by the ethical committee of the Rizzoli Orthopaedic Institute and written informed consent was obtained from the patients. The procedures were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2013.


Osteochondral Biopsies: Histologic Score and Immunohistochemistry Analysis of C3, C4, and CFB

Full-thickness osteochondral biopsies were collected (14) from 43 patients, 16 with OA (9 males, 7 females; mean age, 67 years; range, 59–75 years), 12 with Rheumatoid Arthritis (RA) (12 females; mean age, 65 years; range, 22–85 years) and 15 Post-traumatic patients (PT) (7 males, 8 females; mean age, 64 years; range, 24–82 years), undergoing knee, hip or shoulder arthroplasty.

Briefly, osteochondral biopsies were fixed, embedded in paraffin, sliced in serial sections (5 µm thick) by a microtome and stained with hematoxylin-eosin and Safranin O fast green, as previously described (15).

The severity of cartilage damage was assessed using Mankin score evaluation (16) and immunohistochemistry analysis was used to evaluate C3, C4 and CFB positive cells across cartilage and bone. Sections were heated overnight at 56°C, rehydrated, and incubated with primary antibodies (Santa Cruz biotech, Dallas, USA) against C3 (at a concentration of 2.5 µg/ml), C4 (at a concentration of 0.5 µg/ml) and CFB (at a concentration of 12.5 µg/ml). Signals were developed with a biotin/streptavidin amplified, alkaline phosphatase-based detection system (Biocare Medical, Pacheco, CA, USA) with fuchsin as a substrate. After nuclear counterstaining with hematoxylin, sections were mounted in glycerol gel and stored for subsequent analysis. Sections of each biopsy were processed as negative controls, according to the above-described procedure, omitting the primary antibody. Specificity was assessed by appropriate isotypic control at the concentration of the corresponding primary antibody.

Semi-quantitative image analysis of immunohistochemistry stained slides was performed on optical microscope fields (20× objective lens) for each section. The analysis was performed using Red/Green/Blue (RGB) with Software NIS-Elements and Eclipse 90i microscope (Nikon Instruments Europe BV) equipped with a CCD camera (dimension of the sensor 2/3 inches) 104 mounted on 0.7× C-mount. Imaging analysis results were expressed as percentages of positive area in the section analyzed.



Tissue Explants

Ex vivo cartilage and synovium tissue explants were obtained from 15 patients with knee OA (6 males, 9 females; mean age, 72 years; range, 60–83 years) undergoing joint replacement surgery. Cartilage and synovium tissues were weighted and seeded in 24-well plates, one specimen per well.


Chondrocyte Isolation

Chondrocytes were isolated by sequential enzyme digestion after cartilage fragmentation as previously detailed (17) and incubated in DMEM medium (SIGMA, Sigma Aldrich, St. Louis, USA) supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin (Invitrogen, Carlsbad, CA, USA) 10% FBS (GIBCO, Thermo Fisher Scientific, NY, USA) for 24 h at 37°C with 5% CO2 in a humidified atmosphere. High-density chondrocyte cultures were seeded at 250,000 cells per well in 24-well plates.



Synoviocyte Isolation

Synovial membrane specimens were finely minced. Tissue fragments were seeded in petri dishes and maintained with OPTIMEM (GIBCO, Thermo Fisher Scientific, NY, USA) culture medium supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin (Invitrogen, Carlsbad, CA, USA), 10% FBS (GIBCO, Thermo Fisher Scientific, NY, USA) for about 10 days at 37°C with 5% CO2 in a humidified atmosphere (18). The cells were then maintained into culture flasks and all experiments were performed on cells obtained between the third and fifth passage. Synoviocytes were seeded at 200,000 cells per well in 24-well plates.



In Vitro Stimulation

Tissue explants and isolated cells were all maintained with appropriate culture medium prepared as described above, but without serum (starvation conditions) for 24 h and then they were stimulated with 2 ng/ml of rhIL-1β (R&D Systems, Minneapolis, USA). Optimal IL-1β concentration and incubation time for detecting complement factor production were previously determined by dose-dependent and kinetic experiments (not shown). After 24 h of incubation, culture supernatants (both unstimulated and stimulated) were collected and maintained at −80°C until analysis. Cartilage tissue explants and isolated chondrocytes were analyzed to elucidate the role of cartilage matrix components and the ability of isolated chondrocytes to produce complement factors. Synovial tissue (comprising both synovial macrophages and fibroblast like synoviocytes-FLS) and isolated FLS alone were analyzed to discriminate the contribution of both cell type to complement production. RNA was extracted from isolated cells by a direct lysis in the culture plates. Tissue explants were frozen and maintained in liquid nitrogen until RNA extraction. For this purpose, frozen samples were pulverized with the grinding mill Mikro-Dismembrator S (Sartorius Stedim Italy SpA, Italy) in 5 ml PFTE shaking flasks with a stainless-steel grinding ball.



Real-Time, Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Total cellular RNA was extracted using TRIZOL reagent (INVITROGEN, Life Technologies, NY, USA) following the protocol recommended by the manufacturer. RNA was reverse transcribed using SuperScript VILO cDNA Synthesis kit (INVITROGEN, Life Technologies, NY, USA), following manufacturer’s instructions. RNA specific primers for PCR amplification (Table 1) were generated from GeneBank sequences using the NCBI primer-Blast tool. Real-time PCR was run on the LightCycler Instrument (Roche S.p.A, Monza, Italy) using the SYBR Premix Ex Taq (TAKARA Biomedicals; Tokyo, Japan) with the following protocol: 95°C for 10 s, followed by 45 cycles at 95°C for 5 s and 60°C for 20 s and the increase in PCR product was monitored for each amplification cycle by measuring the increase in fluorescence due to the binding of SYBR Green I Dye to dsDNA. The crossing point values were determined for each sample and specificity of the amplicons was confirmed by melting curve analysis. Amplification efficiency of each amplicon was evaluated using 10-fold serial dilutions of positive control cDNAs and calculated from the slopes of log input amounts plotted versus crossing point values. They were all confirmed to be high (>92%) and comparable; mRNA levels for each target gene were calculated normalized (ratio) to glyceraldehyde-3 phosphate dehydrogenase (GAPDH, reference gene), according to the ΔΔCt method and expressed as “Number of molecules per 100,000 GAPDH”.


Table 1 | List of primers used in Real-Time PCR.





Complement Activation Fragment Concentrations

Complement fragment C3a, C5a, CFBa, and complex C5b-9 concentrations were evaluated in culture supernatants obtained both from tissues and isolated chondrocytes and synoviocytes by using commercial kits (C3a and C5b-9 Elabscience E.L.I.S.A. kit, Houston, TX, USA; C5a Origene E.L.I.S.A. kit, Rockville, MD, USA; CFBa Quidel E.L.I.S.A. kit, San Diego, CA, USA) following the manufacturer’s instructions. Factor concentration was normalized for milligram (mg) of tissue or for 100,000 cell number as appropriate.




Statistical Analysis

Data were expressed as medians, interquartile ranges and minimum to maximum values. The Kolmogorov Smirnov test was performed to test normality of continuous variables. The Friedman ANOVA test with Dunn’s correction was used to compare Complement factor staining positivity within each disease and Kruskal-Wallis test with Dunns correction was performed to compare a single Complement factor among diseases. The Spearman Correlation test was used to assess the correlation between the staining positivity of each complement factor and the Mankin score. The General Linear Mixed Models analysis with Complement factors as dependent variables, articular tissue types and IL-1β stimulus as fixed effects and age as covariate were used to assess the influence of articular tissue type and IL-1β stimulus alone or combined on modifications of the analyzed factors. Wilcoxon matched paired test with Bonferroni correction for multiple comparisons was used to compare the production of complement factor activation fragments. A p value <0.05 was considered significant. Statistical analysis was performed using SPSSv.19.0 (IBM Corp., Armonk, NY, USA) and GraphPad prism for Windows, version 5.01 (Nashville, TN, USA).




Results


C3, C4, and CFB Staining on Osteochondral Biopsies

Complement factors staining was mainly located in the bone marrow, with positive areas widespread among bone trabeculae and adipose tissue, whereas cartilage positivity was found only in few samples (Figure 1). Semi-quantitative image analysis of immunohistochemical staining showed that C3 was more expressed than C4 in OA and PT patients (C3 vs C4 p<0.0001 either in OA and PT). In PT patients also CFB was more expressed than C4 (p<0.0001). No difference was observed between C3 and CFB staining in OA and PT. In RA patients, even if the expression trend of C3, C4 and CFB appeared similar to that observed in OA and PT groups, no difference among these factors was observed.




Figure 1 | Immunohistochemistry analysis of C3, C4, CFB in osteochondral biopsies. (A) Bone and cartilage C3 representative staining positivity (original magnification, 10× scale bar, 50 µm and 20×; scale bar, 25 µm). Red staining for positive cells, counterstaining with hematoxylin in purple. (B) Image analysis of C3, C4 and CFB in osteochondral biopsies: Osteoarthritis (OA), Rheumatoid Arthritis (RA), Post Traumatic cases (PT). Results are expressed as median (bars), interquartile ranges (boxes), minimum to maximum values (whiskers) and outliers (solid circles). Comparison among C factors within patient groups showed statistical significance in OA patients (C3 vs C4, p<0.0001) and PT patients (C3 vs C4 and C4 vs CFB, p<0.0001). Comparison among patient groups within C factors. C3 factor: OA vs RA and RA vs PT, not significant; OA vs PT, p<0.05. C4 factor: OA vs RA, RA vs PT and OA vs PT, not significant. CFB factor: OA vs RA, not significant; RA vs PT and OA vs PT, p<0.05.



Both C3 and CFB expressions were significantly augmented in PT compared to OA patients (p< 0.05), furthermore CFB was also more expressed in PT than in RA patients (p<0.05) (Figure 1). C3 and CFB were similar in both OA and RA, whereas C3 was similar in RA and PT.

C4 expression appeared almost negligible, except some sporadic cases, and similarly expressed in all patient groups. Complement factors expression did not correlate with Mankin score, as determined by Spearman Correlation test and no differences were found among different joints (data not shown).



Complement Factor Gene Expression in Cartilage Tissue, Chondrocytes, and Synoviocytes

Cartilage tissue as well as isolated chondrocytes and synoviocytes spontaneously expressed complement factor genes of both the classical and alternative ways, even if in different amounts (Figure 2).




Figure 2 | C3, C4, and CFB gene expression in OA cartilage tissue, isolated chondrocytes and isolated synoviocytes. (A) Relative amount of gene expression. Results are expressed as median (bars), interquartile ranges (boxes), minimum to maximum values 542 (whiskers) and outliers (solid circles). Only statistically different comparisons where indicated. (B) Average fold increase in respect to unstimulated samples. Bars indicates average mean.



IL-1β pro-inflammatory stimulus enhanced only CFB gene expression, either in cartilage tissue (p=0.021) and in isolated chondrocytes and synoviocytes (p=0.038 and p=0.030 respectively). On the contrary, C3 and C4 basal gene expression was not up-modulated by IL-1β stimulation (Figure 2).

Furthermore, the influence of tissue type on gene expression of the three analyzed factors in both unstimulated and IL-1β–stimulated conditions was observed.

Indeed, C3 gene basal expression as well IL-1β–stimulated one was higher in cartilage tissue than in isolated chondrocytes (p<0.05), whereas no difference was found between cartilage tissue and isolated synoviocytes both in basal and stimulated conditions (Figure 2).

As to C4 gene, besides its different expression between cartilage and isolated chondrocytes (p<0.0005, both in unstimulated and stimulated conditions), it also showed a greater expression in cartilage than in isolated synoviocytes (p<0.0005, both in unstimulated and stimulated conditions).

No difference in C3 and C4 gene expression was observed between isolated chondrocytes and synoviocytes, whatever unstimulated or stimulated.

CFB gene expression was similar in all types of unstimulated samples analyzed (Figure 2), on the contrary under the IL-1β–stimulated conditions, CFB gene was more expressed in cartilage tissue than in isolated chondrocytes (p<0.0005) and synoviocytes (p=0.023). No CFB gene differences were observed between isolated chondrocytes and synoviocytes stimulated with IL-1β (Figure 2).

The comparison among C3, C4 CFB gene expressions to evaluate the most expressed factor independently of articular compartment, as determined by General Linear Model analysis, evidenced that CFB was the most expressed factor, followed by C3 and by C4 (CFB vs C3 and vs C4, p<0.0005; C3 vs C4, p<0.02), (data not shown).



Release of Activation Fragments in Culture Supernatants of Cartilage and Synovium Tissues and of Isolated Chondrocytes and Synoviocytes

Cartilage and synovium tissues (Figure 3A), isolated chondrocytes and synoviocytes (Figure 3B) were all able to spontaneously release complement activation fragments (C3a, C5a, CFBa) in culture supernatants, even if at very variable concentrations.




Figure 3 | Release of C3a, C5a, CFBa activation fragments and C5b-9 complex from OA patients. Results are expressed as median (bars), interquartile ranges (boxes), minimum to maximum values (whiskers) and outliers (solid circles). Where not indicated, the comparisons are not significant. (A) Cartilage and synovium tissue culture supernatants. (B) Isolated chondrocyte and synoviocyte culture supernatants.



C3a was the most produced among activation factors independently of the sample type (Figures 3A, B) followed by CFBa, whereas C5a release was the lowest.

On the contrary, C5b-9 complex release was only detectable in culture supernatants of cartilage and synovium tissues (Figure 3A) but was below the detection limit when evaluated in culture supernatants obtained from isolated chondrocytes and synoviocytes (Figure 3B).

IL-1β did not influence activation fragment release but the CFBa up-modulation in synovium tissue (p=0.002) (Figure 3A) and for C5a down-modulation in isolated chondrocytes (p=0.038) (Figure 3B).

The comparison of the release of C3a, C5a, CFBa fragments between cartilage and synovium tissues, as determined by General Linear Model analysis, showed that all these factors were more concentrated in synovium tissue supernatants (p<0.0002 at least) (Figure 4A). Conversely, the results obtained by comparing isolated cells showed higher release of activation fragments by isolated chondrocytes (p<0.05) (Figure 4B).




Figure 4 | Comparison of C3a, C5a, CFBa fragment release between cartilage and synovium tissues (A), and between isolated chondrocytes and synoviocytes (B). Results are expressed as median (bars), interquartile ranges (boxes), minimum to maximum values (whiskers) and outliers (solid circles).






Discussion

In this study, the contribution of the different joint tissues (cartilage, synovium and bone) in producing components of the Complement system was evaluated. We found that C3, C4, and CFB complement factors were expressed by all joint tissues.

Immunohistochemical staining in osteochondral biopsies from OA, RA and PT patients showed a similar pattern, with C3 and CFB more expressed than C4. This expression was mainly located in the bone marrow portion of the osteochondral biopsies, where it could contribute to sustain bone inflammation and bone marrow edema, that is one of the pathological hallmark of OA (19).

A newly found potential trigger of innate immunity in OA is Gut Microbioma (GM). In a very recent study, Dunn and colleagues provided the first evidence of microbial nucleic acid signatures in human and mouse cartilage tissue. Interestingly they found an increase in gram-negative constituents in OA cartilage compared to control cartilage (20) GM was firstly detected in synovial fluid of OA patients, but it is hypothesized that it could reach subchondral cartilage through blood vessels located in subchondral bone tide mark, at the interface between bone and cartilage. In fact, osteochondral plate angiogenesis occurring early in OA could facilitate transient migration of still living bacteria or some of their products up to the deeper layers of cartilage (21). Bacterial DNA is strongly immunogenic and together with lipopolysaccharide produced by gram-negative constituents can prime the proinflammatory innate immune response in joints, activating innate immunity both through Toll Like Receptors (which are up-regulated in OA) and complement system activation. Complement factors were more expressed in osteochondral biopsies from PT patients, in agreement with described trauma-related activation of complement cascade due to the release of damage-associated molecular patterns (DAMPs) by injured tissues (22). Since trauma is an event potentially leading to OA development, it would be interesting, in light of these results, to analyze post-traumatic patients that have actually developed OA, also in relation to the expression level of complement factors.

Gene expression in cartilage tissue and isolated chondrocytes and synoviocytes from OA knees, confirmed the immunohistochemical results: C3 and in particular CFB were more expressed than C4, thus demonstrating a major in situ generation of the main molecules involved in alternative complement activation pathway.

In addition, the prevalent expression of C3 and CFB genes in cartilage tissue compared to isolated chondrocytes and synoviocytes, supports the hypothesis that endogenous extracellular matrix (ECM) components are able to stimulate Complement factor expression.

Cartilage oligomeric matrix protein (COMP), a family of extracellular matrix proteins, also known as thrombospondin-5 (TSP-5), is recognized as particularly relevant in OA pathogenesis. Indeed, COMP serum concentrations were found increased in patients with early signs of cartilage damage (23) and correlated with synovial fluid concentrations (24). In addition, COMP serum levels were associated with the development of pain and radiographic knee signs of OA (25). Interestingly, COMP exerts a dual effect on the complement cascade as it can inhibit both the classical and lectin pathways by binding C1q and, at the same time, it can activate the alternative pathway by binding C3 and properdin. Finally, elevated levels of COMP-C3b complex has been found in OA synovial fluid (26, 27).

Besides COMP, other cartilage ECM components can interact with complement factors or activate complement cascade such as: Collagen II-containing immune-complexes (28), Hyaluronan intra-articular therapeutic injections (29) and DAMPs derived from OA tissue debris (30).

The different amounts of C3a, C5a, CFBa activation fragments detected in cartilage and synovium tissues as well as in isolated chondrocyte and synoviocyte cultures evidenced that Complement activation may take place without the need for parent molecules coming from blood stream.

We found higher production of activation fragments in culture supernatants of synovium tissue compared to cartilage one, whereas the opposite was observed in culture supernatants of isolated chondrocytes and synoviocytes. In these conditions higher concentration of complement activation fragments was produced by isolated chondrocytes, in agreement with previous observations demonstrating that complement proteins were synthesized locally by chondrocytes and upregulated in OA joint (12).As to the conflicting results on synovium when analyzed as a whole tissue or as isolated synoviocytes, it must be considered that synovium tissue comprises specialized resident Fibroblast-Like Synoviocytes (FLSs) that are interspersed with macrophages (31).

Accordingly, we can speculate that the difference in complement activation fragment production may due to the progressive loss of the macrophage component in cultures of isolated synoviocytes and the resulting FLS enrichment, due to in vitro passages (32). If, on the one hand, macrophages, as part of the innate immune system arm, were already known to produce complement factors (33) on the other, to the best of our knowledge, this study first showed that human primary fibroblast-like synoviocytes from OA patients also contributed to C activation factors production, in line with their known role in synovitis (34). However, it cannot be excluded that the normalization of the results by weight of tissue, not taking in account the cellularity characteristics between cartilage and synovium, may have caused an overestimation in the whole synovium.

In addition, C3a and C5a are also involved in the onset of pain (10) and in our model a greater release of C3a than C5a was observed, suggesting a major C3a responsibility in the development of pain. If antagonists for the respective receptors are possible candidates for the treatment of this symptom, the blockade of the C3a fragment receptor could probably be more promising, considering also C3 key position at the crossing between classical and alternative Complement pathways (35, 36). However, since C3a and C5a are also chemotactic for bone marrow–derived hematopoietic stem cells and mesenchymal stem cells (MSC) (37–39), the inhibition of specific receptors could prevent MSC trafficking, thus negatively influencing OA cartilage repair and bone remodeling (40, 41).

Similarly to single activation factors, also C5b-9 complex displayed paradoxical results being present only in tissue cultures (both cartilage and synovium), suggesting that extracellular matrix components are also able to influence the Terminal-Complement Complex formation as evidenced for the initial steps of the Complement cascade.

TCC is important in mediating chondrocyte death in OA or (in sub-lytic amount) in activating signaling pathways that drive the expression of catabolic and pro-inflammatory molecules (10). In particular, it increases the chondrocytes’ expression of multiple genes encoding cartilage-degrading enzymes (MMPs- and ADAMTSs), inflammatory cytokines and chemokines as well as the expression of other complement effectors. Therefore, both cartilage and synovium tissues can synergistically produce Complement activation factors, thus amplifying pathogenic complement signaling in osteoarthritis (42).

As concerning the effect of IL-1β stimulation, we noted that its action favored the alternative way of Complement by up-modulating both CFB gene expression in all experimental settings and CFBa fragment release in synovium tissue.

Concurrently, IL-1β decreased C5a fragment production in isolated chondrocytes cultures but was totally irrelevant for the other Complement activation fragments analyzed. IL-1β is a pleiotropic cytokine involved in many inflammatory pathways and it is considered an important player in cartilage degradation although the exact contribution of IL-1β to joint destruction in vivo remains controversial. Indeed, a recent study showed the non-involvement of IL-1β in synovial inflammation and cartilage destruction during collagenase-induced OA and it was suggested that other inflammatory mediators (possibly the alarmins, IL-6 and IL-17) could be responsible for the joint damage (43, 44). In agreement, in a recent study performed in a translational model, complement factor B was upregulated in IL-17A–treated cartilage explant (45).

Finally, Osteoarthritis treatment with IL-1β inhibitors was not fully satisfactory, thus resizing the role of this interleukin in OA pathogenesis (46–48). Lastly, we cannot exclude that the different response to stimulation with IL-1β in the analyzed tissues may also in part depend on the various distribution of IL-1 receptors in cartilage, synovium and isolated chondrocytes and synoviocytes (49).

Overall the results of this study indicate a higher expression of factors belonging to alternative Complement Pathway. A pivotal role of the alternative way was suggested in chondrocyte transformation and terminal differentiation during endochondral ossification (a fundamental step in OA progression, leading to osteophyte formation), based on the localization of C3, CFB and properdin (a positive regulator of complement alternative pathway) in resting and in hypertrophic zone of cartilage (50).

Furthermore C3f, a fragment released by catabolic degradation of C3b by Factor H, a regulator of alternative pathway of complement (51) has been identified as specific biomarker for OA, pointing out the prevailing involvement of the Complement alternative way in Osteoarthritis.

Recently, the role of the alternative pathway was validated by the demonstration of a local expression of adipsin (a component of the alternative complement way) in OA joint tissues and by the association between adipsin and synovial membrane inflammation and cartilage damage through the activation of complement (52). In conclusion, this study concurs to the accumulating evidences concerning the involvement of the innate immune response in the pathogenesis and progression of OA and suggests an association between some C alternative pathway component and joint inflammation, possibly suggesting complement as a future therapeutic target for patients with Osteoarthritis.
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Primer sequence

GCATCGTTTTGGGTTCTCTTG
AGTTCCATTATCCGCTACATCTG
AACCTGAACATCCATAACCGG
ACTTTGCCTCCCAGATCAC
CCTCAAGTCGCAGACACTATG
CTTTGGGACAGCGGATCC
AAGACATCTGGATTGGGCTC
CACGGTTGACAGTAGAGGAAG
TCCAGAATGTGAAGGTCAACC
TATCAGGGTCTTCATTGCGG
TCCAGAATGTGAAGGTCAACC
TATCAGGGTCTTCATTGCGG
GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG

The primers for miR-146a (Qiagen, MS00001638) and RNU6-2 (Qiagen, MS00033740)
were purchased from Qiagen.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		IMMUNOBIOLOGY OF OSTEOARTICULAR DISEASES



		Editorial: Immunobiology of Osteoarticular Diseases



		Author Contributions









		PKM2: A Potential Regulator of Rheumatoid Arthritis via Glycolytic and Non-Glycolytic Pathways



		Introduction



		Biological Characteristics of PKM2



		Glycolytic Function of PKM2



		Non-Glycolytic Function of PKM2



		Existing Evidence Concerning PKM2 and RA



		Potential Role and Mechanism of PKM2 in RA



		Glycolytic Regulation in RA



		Potential Protein Kinase Targets



		STAT3



		Bcl-2



		HIF-1α



		p53



		ERK1/2















		Conclusion



		Author Contributions



		Funding



		Abbreviations



		References









		Reduced miR-146a Promotes REG3A Expression and Macrophage Migration in Polymyositis and Dermatomyositis



		Highlights



		Introduction



		Materials and Methods



		Recruitment of PM/DM Patients and the Healthy Controls



		Experimental Autoimmune Myositis Model



		PBMC Isolation and in vitro Macrophage Differentiation



		Cell Transfection



		Macrophage Migration Assay



		Real-Time Quantitative PCR



		Enzyme-Linked Immunosorbent Assay



		Western Blot



		Immunohistochemistry



		Statistical Analysis









		Results



		The mRNA Expression Levels of REG3A Increased and miR-146a Decreased in PM/DM Patients



		The mRNA Expression Levels of REG3A Increased and miR-146a Decreased in an EAM Murine Model



		miR-146a and REG3A Regulate Macrophage Migration



		IL-17A Induced REG3A Expression in Macrophage



		miR-146a Regulates REG3A Expression in Macrophage



		miR-146a Inhibits Macrophage Migration via Suppression of REG3A Expression









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Identification of Specific Joint-Inflammatogenic Cell-Free DNA Molecules From Synovial Fluids of Patients With Rheumatoid Arthritis



		Introduction



		Materials and Methods



		Study Design



		Participants



		cfDNA Purification and Quantification



		Intracellular TNF-α Staining Assay



		Cytokines Expression



		FLS Isolation









		Illumina Sequencing



		Sequencing Data Analysis



		Total cfDNA and CMR Methylation



		SiRNA Knock Down Assay



		Animal Assay



		Joint Swelling Measurements and Clinical Scores



		Morphology Study



		Photograph









		Histological Analysis and Immunohistochemical Staining



		Real-Time PCR



		Statistical Analysis









		Results



		Increased cfDNA Levels in Large Cohort of RA Patients



		Cellular Stimulatory Function of SF cfDNA From RA Patients



		Genomic Landscape and Molecular Feature of SFcfDNA From RA



		Specific SFcfDNA Molecules Induce Potent Proinflammatory Effects in vitro



		The Specific RA-CMRhigh Molecules Induce Joint Inflammation in vivo









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		A Pauci-Immune Synovial Pathotype Predicts Inadequate Response to TNFα-Blockade in Rheumatoid Arthritis Patients



		Introduction



		Methods



		Patients



		Histological Assessment of the Synovial Tissue



		Statistical Analysis









		Results



		Patients' Characteristics



		Histological Classification



		Synovial Pathotypes and Baseline Clinical Features



		Baseline Synovial Histological Pathotypes Associate With 12-Weeks Response to Certolizumab-Pegol



		An Inadequate Response to Certolizumab-Pegol in Patients Categorized as Pauci-Immune Pathotype Is Driven by Higher Levels of Tender Joint Counts and Patient-Reported-Outcomes



		Clinical Response at 12-Weeks Associates With a Reduction in the Number of Sublining Macrophages and Size of Synovial B Cells Aggregates









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Transcriptional Regulation of Osteoclastogenesis: The Emerging Role of KLF2



		Introduction



		Osteoclast Origin and Differentiation



		Osteoclast Function and Regulation



		Role of Reactive Oxygen Species in Osteoclastogenesis



		Cellular Influence



		Osteoclasts' Role in Health and Disease States



		Rheumatoid Arthritis



		Rheumatoid Arthritis Therapy



		Regulation of Osteoclastogenesis



		Cytokines



		Macrophage Colony Stimulating Factor



		Receptor Activator of NF-κB Ligand



		Transcription Factors



		Microphthalmia-Associated Transcription Factor



		NFATc1, NF-κB, and c-Fos



		KLF2



		KLF Structure and Function



		KLFs in Bone Biology



		Physiologic Roles of KLF2



		Animal Models in KLF2 Studies



		Emerging Roles of KLF2 in Bone Metabolism















		Conclusions and Future Directions



		Author Contributions



		Funding



		Abbreviations



		References









		Spine and Sacroiliac Joints Lesions on Magnetic Resonance Imaging in Early Axial-Spondyloarthritis During 24-Months Follow-Up (Italian Arm of SPACE Study)



		Introduction



		Materials and Methods



		Patients



		Methods



		Physician Clinical, Questionnaires', and Biochemical Assessments



		MRI and Radiographs Assessments









		Statistical Analysis









		Results



		(A) The Prevalence of the Inflammatory and Structural Lesions on MRI at T0



		(B) The Prevalence and Type of MRI Lesions in the 3 Cohorts at T0 and T24



		(C) Analysis of Clinical, Serological, Disease Activity, Imaging Indices in Overall Patients, and in the 3 Cohorts Over 24 Months Follow-Up



		(D) Regression Analysis to Identify the Predictors of Disease Activity and Radiological Progression



		(E) Evaluation of the Pelvic and Spinal Radiographic Progression From T0 to T24









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		Infectious Triggers in Periodontitis and the Gut in Rheumatoid Arthritis (RA): A Complex Story About Association and Causality



		Introduction



		Inborn Factors in RA



		Age and Behavioral Risk Factors for RA



		Invasive Infectious Triggers



		Disease Models for Mucosal Infections and Dysbiosis



		Periodontitis



		Pathology of PD



		Resident Periodontal Cells



		Innate Immunity



		Switching From Innate to Adaptive Immunity



		Adaptive Immune Response



		Effects of PD Treatment on RA









		Intestinal Mucosa Immunity



		Intestinal Dysbiosis



		Immune System Activation in the Intestinal Mucosa









		Preliminary Conclusions



		Author Contributions



		Acknowledgments



		References









		The Multifaceted Nature of Aminopeptidases ERAP1, ERAP2, and LNPEP: From Evolution to Disease



		Disease Associations



		Are LNPEP and ERAP2 Partially Interchangeable?



		Evolving Aminopeptidases



		Do the Three Aminopeptidases Have an Extracellular Role?



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		IL-15 and IL15RA in Osteoarthritis: Association With Symptoms and Protease Production, but Not Structural Severity



		Introduction



		Materials and Methods



		In vitro Cartilage Experiments



		Cartilage Donors



		Immunohistochemistry



		Explant Culture









		Genetic Study of IL-15 Receptor Variants



		Study Participants



		Binary Trait Definitions for Statistical Analysis



		Genetic Data















		Results



		Articular Chondrocytes Express the IL-15 Receptor α-Chain



		IL-15 Induces MMP-1 and MMP-3 Production From Articular Cartilage in vitro



		IL-15 Does Not Promote GAG Loss From Articular Cartilage



		Genetic Variation in the IL-15 Receptor Is Associated With Symptomatic OA and With Neuropathic Pain-Like Symptoms but Not With Radiographic Severity









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Microtopography of Immune Cells in Osteoporosis and Bone Lesions by Endocrine Disruptors



		Introduction



		Microtopography of Immune Cells in Bone Compartments



		Monocytes, Osteal Macrophages or Osteomacs, and Mast Cells



		T and B Lymphocytes and Dendritic Cells









		Key Points on Immunobiology of Bone Remodeling Relevant to the Microtopography of Immune Cells in Bone Compartments



		OMCs and Mast Cells



		T Cells



		B Cells



		Dendritic Cells









		Role of EDs as Inducers of Osteoporosis Via Immunomodulation



		Conclusions



		Author's Note



		Author Contributions



		Funding



		References









		CD147 Expressed on Memory CD4+ T Cells Limits Th17 Responses in Patients With Rheumatoid Arthritis



		Introduction



		Materials and Methods



		Patients and Healthy Controls



		Phenotypic Analysis



		Intracellular Cytokine Staining



		Cell Isolation



		Cell Coculture



		Flow Cytometry Analysis of Phosphorylated Proteins



		Cytokine Analysis



		Lentiviral Vector Transduction



		Induction of CIA and Anti-CD147 mAb Treatment



		Statistical Analysis









		Results



		Association Between CD147 Levels and IL-17 Production in CD4+ T Cells



		Effect of CD147 on Human Th17 Responses



		Effect of CD147 on AKT, mTORC1, and STAT3 Signaling



		Effect of CD147 on Th17 Responses in RA Patients



		Anti-CD147mAb Treatment in RA Model









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Complement Expression and Activation in Osteoarthritis Joint Compartments



		Objective



		Design



		Results



		Conclusion



		Introduction



		Materials and Methods



		Osteochondral Biopsies: Histologic Score and Immunohistochemistry Analysis of C3, C4, and CFB



		Tissue Explants



		Chondrocyte Isolation



		Synoviocyte Isolation



		In Vitro Stimulation



		Real-Time, Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)



		Complement Activation Fragment Concentrations









		Statistical Analysis









		Results



		C3, C4, and CFB Staining on Osteochondral Biopsies



		Complement Factor Gene Expression in Cartilage Tissue, Chondrocytes, and Synoviocytes



		Release of Activation Fragments in Culture Supernatants of Cartilage and Synovium Tissues and of Isolated Chondrocytes and Synoviocytes









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References























OPS/images/fimmu-10-02919/fimmu-10-02919-g002.gif
symovialprolifention

S =
O L

immune scthvation

- .

ECMdegradation

Giycoytic function ‘Noa.givcolytc function Potentiatroleln RA





OPS/images/fimmu.2020.545980/fimmu-11-545980-g005.jpg
A cs7eLE 150 or CD147mAb.

Day0 Day21 Day31
CIvGFA CItFA T erminal analysis

" L -
o oo ] O y] =5
i 9 55
i Iy
iy i
o, :
BN T £
PBE, L i f h i
P N e
g B T
" 1 i ]
e S -
LAl B e
; . ) E
oL § FifRs i i N
o g o«






OPS/images/fimmu-11-00037/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.545980/table1.jpg
Characteristics HC RA

Pationts, n 22 3
Age. y 35528754425 390 (200-44.0)
Female gender, n (%) 16(727) 24 (77.4)
Discase curation, mo NA 700-120)
Rneumaloid factor positve, n (%) NA 22(71.0%
Ant-COP positve, n (%) NA 23 (74.2%)
ESR, mmvh NA 320(190-680)
CRP, mo/dL. NA 112 (033-4.12)
DAS28 NA 501(3.87-5.48)

“Vabies aro presented as medan (oterquartio ange) unless ndcated othenvise.
CCP, cyolc ciruinated pepide antibodies; CRP, C-eactv protein; DAS28, 28 jons
daiing ol scom: B3 aniivocis seciianialion rabi NA. not doolbshis’





OPS/images/fimmu-10-02919/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-02919/fimmu-10-02919-g001.gif
Glucose

2TTIITITIR S

Glugose
Glucose-6-p ———> ppp

Fructose-6-p

| NAD H_ Ribose-5- ihosphale
Fructose-1,6-p2

Lipid Nucleotide
Glyceraldghyde-3-p  synthe synthesis

3 Phosphgglvcemleo—»serme—> Nucleotide

& ey
@T ».,.:, m

> | SRS
Pyruvate
A,

Lactite






OPS/images/fimmu-11-00037/fimmu-11-00037-g003.gif
pcDNA31-NC





OPS/images/fimmu.2020.545980/fimmu-11-545980-g001.jpg
— o — CORG. — CCRo+

Mﬁf M

L oW

¥ Count
couTml

T —
-

L % o

c e A RA
S T B I e e
2 3
> corr > corer
e o e o
g
3 H

m
r-*‘

-~ o
«ﬂ o&n @a‘ A

W
A o





OPS/images/fimmu-11-00037/fimmu-11-00037-g004.gif
5 et T |
£ is
H b
i §
R e B R RO e R R
e °

0 oz 05 1 2z 4

P —— Y

e —— aron






OPS/images/fimmu.2020.545980/fimmu-11-545980-g002.jpg
|ﬁH H %Hﬁi






OPS/images/fimmu-11-00037/fimmu-11-00037-g001.gif





OPS/images/fimmu.2020.545980/fimmu-11-545980-g003.jpg
I Mosum ==MOCO3 == +1s0 == 1CO147 AL

= 1
i
g N m e O ;;,‘»‘
o AL, . % i

|
]

. . S
PAKT (1308) PAKT (5473) E
Medum . COMTmAD cows +COT mab
b s o o * A
E 3 . .
O iedum cows s +cD1a7 maAD

H
H
i
S






OPS/images/fimmu-11-00037/fimmu-11-00037-g002.gif
14 G proein)

8 8

g

s

- 5 ¢ =5
i - :g‘ :g*’ .
H i3 EH
£ HA Hi
. . & o
© _comwol _ Mods
H .
& %0f —— e e GAPOH
H 5
Conuol Model H .
Ee





OPS/images/fimmu.2020.545980/fimmu-11-545980-g004.jpg





OPS/images/fimmu-11-01737/fimmu-11-01737-g001.gif





OPS/images/fimmu-11-01737/fimmu-11-01737-t001.jpg
oc OB HsC Msc BMC BL

PFAs Abnormal stimulation Increased differentiation
decreased viability  decreased viabilty
PFOS Immunotoxicity, Immunotoxicity, reduced
reduced differentiation  commitment
BPA Increased Suppressed function and Metabolic alterations,

osteaclastogenesis enhanced proliferation,
decreased reneval capacity,
augmented adipogenic
differentiation, alteration of

the transcriptomic profile

APE Inhibited formation  Reduced synthesis of
and differentiation  osteocalcin and ALP
DEHP Decreased ALP Decreased Runx2
expression
MEHP Suppressed osteogenic Inhibited profferation
commitment, increased lipid and induced apoptosis
accumulation
8BP Mutagenesis Reduced Reduced cellularity
haematopoiesis
DBP Mutagenesis
DES Decreased number
and activity
BT Suppressed expression of  Suppressed Decreased osteogenic Reduced progression
ALP and osteocalcin, prolfferation capacity, augmented fiom pro-B to pre-8
inhibited calcium signaling, adipogenic differentiation
and deposition
TPHT Suppressed osteogenic
lineage, increased
proadipogenic markers
TCOD Reduced Suppressed maturation,  Decreased abiity to  Reduced Runx2 expression
osteoclastogenesis  reduced ALP and complete normal
osteocalcin synthesis, diferentiation, reduced
reduced osteoblastogenesis BM retention and
chemotaxis
PCB Reduced Reduced Reduced BM retention
osteoclastogenesis  osteoblastogenesis and chemotaxis

BoP Decreased activity  Abnormal prolfferation

B Ly, B lymphocytes; BMC, bone marmow cells; HSC, hematopoietic stem cells; MSC, mesenchymal stromal cels; OB, osteoblasts; OC, osteoclests; ALP, akaline phosphatase;
APEs, alkylphenol ethoxylates; BaP? benzofejoyrene; BBR. benzy-butyl-phthalate; BM, bone marrow; BPA, 4,4'-isopropyiidenediphenol: DBR din-butyl phthalate; DEHP, dii2-
ethylhexylphthalate; DES, diethylstilbestrol; MEPH, mono(2-ethylhexylphthalate; PCB, polychiorinated biphenyis; PFAs, perfluoroakyls; PFOS, perfluorooctane sulfonic acid; RunX,
Runt-related transcription factor 2: TBT, tributyltin; TCDD, 2,3, 7,8-tetrachlorodibenzo-p-dioxin; TPhT, triphenyltin.
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Immune cells Bone sites of residence
Monocytes/ Reticular niche of central
macrophages  and perisinusoidal BM

regions; periosteum

Meast cells Metaphyseal
perisinusoidal BM;
endosteum of epiphyseal
and diaphyseal case

Tlymphooytes  Follicle-like structures of
central and perisinusoidal
BM regions

B lymphocytes  Reticular niche of central
and plasma cells  and perisinusoidal BM
regions

Dendritic cells All BM regions

Bone sites of relocation
following inflammation

Endosteal and subendosteal
BM regions

Metaphyseal endosteal BM;
endosteum of epiphyseal
and diaphyseal case

Endosteal and subendosteal
BMregions

Reticular niche of central
and perisinusoidal BM
regions

all BM regions

Putative sites of early EDs effect on immune
bone loss by cells
inflammation

Subendosteal trabecular  [APE, BPA, DES, PFOS,
bone; intemal free surface of TCDD] -

cortical bone; periosteal

bone

Subendosteal metaphyseal ~ ?

bone; internal free edge of

epiphyseal and diaphyseal

compact bone

Subendosteal ‘trabecular  BBP++

bone; intemal free surface of  (APE, BPA, DES, PFOS,

cortical bone*; periosteal  TCDD] -

bone ?

Full thickness of trabecular  [DHEP, MEHP] = TBT
bone (coupled to BBP - [APE, BPA, DES,

compensatory trabecular  PFOS, TCDD)] -
deposition)

In dependance on prevaiing ~ [APE, BPA, DES, PFOS,
effects of other immune cells TCDD] -

Putative sites of early
bone damage by EDs
immunomodulation

Full thickness of trabecular
bone; subperiosteal cortical
bone

See *
ull thickness of trabecular
bone

fullthickness of trabecular
bone (without
compensatory trabecular
deposition)

?

APE, alkylphenols ethoxyletes; BPA, bisphenol A; BB, benzyl butyl phthalate; DES, diethyistibestrol; DHER, di2-ethylhexylphthelate; MEHR, mono(2-ethylhexylphthalate; PFOS,
perluorooctene sulfonic acid; TCDD, 2,3,7,8-tetrachlorodiibenzo-p-dioxin; +-+, immunostimulatory action; -, immunoinhibitory action; ?, unknown. Squared brackets collect EDs with

the same immunomodulatory action.
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Model Animals Challenge Microbial stimulation ACPA status References

K/BXN C57BL/6 K/BXN serum Intestinal Pg. on three occasions Not reported 69)
clA BALB/c Cll+ FA P. after 3d antibiotics Unknown (60)
NA DR4-IE-tg FA CEP-1 and REP-1 from human and Pg. Positive (61)

MHC Il () wt

C57BU6
clA DBA/Y Cll+ FA Pg. W83 wt. and PPAD- Positive (62)
CIA DBA/1 Cll +FA Oral Pg. infection Unknown (63)
clA BALB/C Cll+ FA Pg. vs. PPAD def. Pg. Positive (64)
CIA B10.RIll mice Cll +FA Pg., T. denticola, T. forsythia Unknown (65)
clA (HLA)-DR1 humanized C57BL/6 Cll+ FA Oral Pg. infection after 7d SMZ-TMP. Positive (66)
SKG ZAP-70 mut Laminarin Pg. ip. Positive (67)
CIA DQB1-tg B6 Cll + FA Prevotella histicola unknown (68)
clA DBA/1 Cll+ FA P gingivalis, P intermedia Pos., unchanged (69)
CIA DBA/1 Cll + FA Antibiotics Unknown (70
AA, CIA TH17-/- C57BL/6 Cll+ FA Antibiotics, Jackson microbiota Unknown @)
cliA F1(DBA/1 x B10.Q) Cll+FA P gingivalis Unknown 72)
clA DBA/1 Cll+ FA Antibiotics before and after challenge Negative (70)

Lewis rats P gingivalis, P intermedia Positive (73

Cll + FA, Type ll collagen and FA Freund's adjuvant; CER. citrulinated alpha enolase from human or Pg.; K/BXN serum transfer model, Serum from F1 generation of T-cell receptor
transgenic KRN mice with autoimmune-prone non-obese diabetic (NOD) mice (74). Pg., Porphyromonas gingivalis; REP arginine bearing alpha enolase from human or Pg.
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SPARCC spine score

Independent variables  Univariable analysis

coeff (IC) p
Female sex ~0.14(~0.66,0.28) 0.511
LBP onset age ~001(-0.04,000) 0.152
Duration of LBP 0.02(-0.01,008) 0.154
HLA-B27+ 0.35(-0.06,0.78)  0.099
Increased ESR/CRP 0.1 (-031,0.54) 0,583
BASDAI>=4 -0.39(-0.81,001) 0,058
Use of NSAIDs 0.60(-0.26,1.48)  0.168
SPARCC SlJ>2 0.44(-0.42,0.65) 0.311

SPARCC SSJ score

Independent variables  Univariable analysis

Multivariable analysis

coeff (IC) p

—-0.02 (—0.05, 0.00) 0.124

0.02(~0.01,008) 0.192
0.12(~0.33,058) 0582

-0.33 (-.73,0.07) 0.104
0.88 (0.01,1.75) 0.046

Multivariable analysis

coeff (IC) p coeff (IC) p
Female sex -3.59(-9.54,2.36) 0.233 - -
LBP onset age —0.36 (—0.72, -0.004) 0.047 —0.25 (—0.60, 0.08) 0.140
Duration of LBP 0.00(-0.48,0.49)  0.980 - -
HLA-B27+ 0.41(3.64,15.18) 0.002 8.87 (3.08, 14.65) 0.003
Increased ESR/CRP 446 (-1.59, 10.51) 0.146 674 (0.15, 11.34) 0044
BASDAI >=4 —8.94(~9.85, 1.96) 0.187 ~3.14 (~8.55, 2.26) 0.250
Use of NSAIDs 387 (~6.00,13.84) 0.441 - -

LBR low back pain; HLA-B27, human leukocyte antigen B27; CRR, C-reactive protein;
ESR, erythrocyte sedimentation rate; BASDAI, bath ankylosing spondylis disease activity
indlex; NSAIDs, non-steroidal antinflammatory drugs; SPARCC, spondyloarthrtis research
consortium of Canada; SN, sacroiliac joints; T24, 24 months.
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Spine structural lesions (presence = 1; absence = 0)

Independent variables ~ Univariable analysis  Multivariable analysis

OR (IC) p coeff (IC) p
Female sex 0.93(0.69,1.26) 0661 - -
LBP onset age 0.90(0.84,0.97) 0.006 089 (0.82,097) 0010
Duration of LBP 0.97 (0:90,1.05) 0.495 - -
HLA-B27+ 1.22(0.48,3.08) 0672 - -
Increased ESR/CRP 046 (0.16, 1.31) 0.147 057 (0.16,1.98) 0.369
BASDAI >=4 2.15(0.79,5.85) 0131 4.05(1.15,14.24) 0,029
Use of NSAIDs. 0.07 (0.008, 0.65) 0.019 0.09 (0.008, 0.99) 0.049
SPARCC SlJ >2 1.28(059, 2.44) 0531 - -

Pelvis structural lesions (presence = 1; absence = 0)

Independent variables  Univariable analysis ~ Multivariable analysis

OR (IC) P coeff (IC) P
Female sex 0.45(0.17,1.18) 0107 065(0.21,2.01) 0.462
LBP onset age 0.98(0.92,1.03) 0527 - -
Duration of LBP 1.00 (092, 1.08) 0.951 - -
HLA-B27+ 1.45 (058, 3.60) 0.423 - -
Increased ESR/CRP 1.27 (0.48,3.35) 0629 - -
BASDAI >=4 0.43(0.16,1.14) 0091 060(0.19,1.84) 0375
Use of NSAIDs. 1.77 032,984 0511 - -
SPARCC SlJ >2 1.07 (1026, 1.13) 0,003 107 (1.01,1.12) 0.007

LBR, low back pain; HLA-B27, human leukocyte antigen B27; CRR, C-reactive protein;
ESR, erythrocyte sedimentation rate; BASDAI, bath ankylosing spondyltis disease activity
index; NSAIDs, non-steroidal antiinflammatory drugs; SPARCC, spondyloarthrits research
consortium of Canada; SIJ, sacroiliac joints; T24, 24 months; OR, Odds Ratio.
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BASMI  MASES BASFI HAQ BASG1 BASG2  VAS pain VAS disact VAS painN  BASDAI ASDAS ESR CRP

axSpA imaging arm TO 1(1.18) 8.33(265) 17.43(20.21) 0.34(053) 8.43(279) 571(302) 3.48(282) 3.81(303) 324(330) 30.50(2699) 229(0.86) 17.62(12.98) 4.81(361)
T6 0.80(1.15) 3.30(285) 17.95(22.52) 021(036) 8.15(287) 4.80(2.48) 3.40(272) 335291) 290(292) 29.17(26.19) 2.14(0.98) 13.55(11.59) 3.04(201)
T120.39(0.78) 3.06(2.98) 12.67 (1282) 0.15(0.81) 201(208) 371(244) 8.47 (261) 3.18(2.74) 2.06(234) 20.06(26.71) 1.78(0.87) 15.06(10.23) 4.06(2.98)
T240.44 (0.63) 2.06 (2.11)° 9.25(8.12)"" 0.14(0.38)" 229 (2.23)" 2.71 (2.64)" 1.75(1.77) 1.81(1.71) 1.56(1.93) 18.72(18.25)* 1.36(0.56) 11.18(6.73)" 3.13(1.31)
axSpA ciinical  imaging am  TO 0.76 (1.02) 3.41(2.35) 13.680 (15.14) 0.30(0.38) 8.52(277) 5.10(2.77) 4.10(297) 4.07(3.15) 4.17(357) 44.27(2508) 261(0.56) 15.14(11.76) 3.17 (3.32)
T6 054(0.86) 2.58(239) 1585(20.65) 0.21(037) 2.73@254) 384(231) 308(264) 3.19(280) 262(270) 85.11(2470) 195(0.79) 1488(9.27) 3.12(2.19)
T120.43(0.79) 2.39(2.90) 11.04 (15.63) 0.10(0.25) 2.67(2.33) 3.33(2.12) 2.41(2.04) 2.92(2.22) 2.25(2.26) 2548 (17.78)" 1.59 (0.54)" 12.73(9.39) 4.05(6.31)
T24 0.50 (0.86) 2.00 (2:37) 10.27 (14.29) 0.10(0:23)" 1.50(1.87)"* 1.91(1.98) 2.23(2.20 2.18(2:32) 236 (2:32)" 20.73 (18.76)"* 133 (0.69)"* 10.86 (5.54) 3.59 (3.84)
Not full ASAS axSpA TO 092(1.08) 3.56(2.47) 22.44(25.75) 052(055) 4.64(335) 528(294) 508(3.28) 5.04(335) 4.20(330) 53.48(2497) 266(0.83) 21.68(21.19) 4.24(3.28)
T6 0.96(1.22) 3.43(259) 17.52(21.71) 0.34(041) 4.26(301) 4.82(352) 452(3.36) 4.30(321) 3.48(3.17) 45.66(27.37) 251(1.19) 19.73(17.01) 6.35(10.33)
T120.65 (0.81) 2.40 (2.14) 12.38(14.63) 0.20(029) 3.35(2.69) 38.18(2.46) 3.58(3.17) 4.70(3.16) 3.10(3.01) 31.26(19.67) 2.02(0.99) 16.06(13.06) 4.22 (3.67)
T240.50 (0.73) 2.40 (2.14)" 12.84 (12.63)" 0.15(0.22)" 3.33 (219 3.67 (232)" 2,81 (2.32)" 2.81(2.26)" 3.00 (259)" 24.80 (19.67)" 1.34 (0.61)" 14.25 (10.21)"* 3.63 (2.03)
Total patients with IBP, n = 75 TO 0.8 (1.08) 3.44 (2.45) 17.65(20.64) 0.39(0.49) 8.87 (299) 533 (2.87) 4.25(305) 4.32(2.18) 3.92(3.40) 46.01(2507) 254(0.77) 17.99(15.85) 3.98 (3.42)
T6 0.75(1.08) .07 (259) 17.01(21.26) 0,25(038) 8.36(283) 4.45(2.82) 3.65(295) 3.61(297) 298(291) 36.90(2651) 2.19(1.01) 16.09(13.05) 4.29 (6.33)
T120.49(0.79) 259 (2.67) 11.95(14.30) 0,16 (0,30)" 2.67 (2.38)" 3.40 (220)" 8.08(261) 357 (2.77) 247 (2.54) 28.37 (21.05)" 1.79(0.82)" 14.48 (10.80)" 4.10 (4.62)
T24.0.48 (0.75) 2.12 (2.13)" 10.73 (12.12)" 0,14 (0,20)""* 2.25 (2.17) ** 2.63 (2.24)"** 2.26 (2.12)"* 2.26 (2.14)" 2.28 (2.30)"* 21.34 (18.07)""* 1.34 (0.61)** 11.94 (7.30)" 3.46 (2.75)

Data are expressed as mean = SD. The test Kruskal Walis repeated measures test and Dunn’s muliple comparison test were used.

**'p < 0,0001 vs. T0, *p < 0.001 vs. T0, *p < 0.01 vs. TO.

BASMI, bath ankylosing score metrology index; MASES, maastricht ankylosing spondilties enthesitis score; BASFI, bath ankylosing spondyitis functionalindex; HAQ, health assessment questionnaire; BASG1, bath ankylosing sponcylitis
patient global score 1; BASG2, bath ankylosing spondyitis patient global score 2; ESR, erytrocyte sedimentation rate; CRF, C-reactive protein; BASDAI, bath ankylosing sponclis disease activity index; ASDAS, ankylosing spondylits
disease activity score; VAS pain, visual analog scale pain; VAS dis act, visual analog scale disease activity; VAS pain N, visual analog scale pain night.
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Independent variables  Univariable analysis Multivariable analysis

coeff (IC) p coeft (IC) P
Female sex —-0.80(-2.55,0.93) 0.359 - -
LBP onset age 021(0.11,0.30) 0.000 0.19(0.09,0.29) 0.000
Duration of LBP 0.02(-0.12,0.16) 0.770 - -
HLA-B27+ ~072(-25,108) 0428 - -
Increased ESR/CRP 097 (~0.80,2.75) 0.278 - -
BASDAI >=4 -0.48 (2.2, 1.26) 0583 - -
Use of NSAIDs 2.63(-0.22,5.48) 0.070 1.22(-1.46,3.90) 0.367
SPARCC SlJ >2 091(-084,2.55) 0.233 - -

LBP, low back pain; HLA-B27, human leukocyte antigen B27; CRP, C-reactive protein;
ESR, erythrocyte sedimentation rate; BASDAI, bath ankylosing spondyiiis disease
activity index; NSAIDs, non-steroidal antinflammetory drugs; SPARCC, spondyloarthritis
research consortium of Canada; SU,sacroiliac joints; mSASSS, modified Stoke ankylosing
spondylitis spinal score (SASSS) system; T24, 24 months.
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Tibiofemoral OA cases n (%F)

Age (SD)

BMI (SD)

TF K/L grade (2/3/4)
Symptomatic/Asymptomatic TF OA
Post- TR cases n

(F%, % post-total knee replacement)
painDETECT score mean (SD)
Possible neuropathic pain (%)
Unlikely neuropathic pain (%)
152228059 (C/A)

1s7007780 (G/A)

GOAL study

551 (48.3%)
66.6(6.7)
30.1(5.0)

116/295/140
403/148
795

(48.1%. 53.6%)

449 6.3)
152 (13.8%)
948 (86.2%)
0.508/0.492
0677/0.328

Nottingham genetics
of OA study

403 (54.8%)
69.3(8.8)
298(5.1)

30/261/112
403/0
613

(56.8%, 64.9%)

4.99(7.6)
109 (17.8%)
504 (82.2%)
0502/0.498
0.660/0.340
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Trait IL15RA SNP

152228059 157097780
(effectallele=C) (effect allele = G)

Radiographic severity: OR=098(0.75-1.27) OR=1.19(0.90-157)
K/L grade 2 vs. grades 3 + 4

Symptomatic vs. OR=1.02(0.76-1.36) OR =1.48 (1.10-1.98),
asymptomatic knee OA p =0.0098
Neuropathic pain post-TUR ~ OR = 0.76 (0.63-0.92), OR = 0.94 (0.76-1.15)

p =0.005

Odds ratios (OR) are adjusted for age, sex, and BMI. Bold values indicate statistically
significant results (p < 0.01).





OPS/images/fimmu-11-01737/crossmark.jpg
©

2

i

|





OPS/images/fimmu-11-01385/fimmu-11-01385-g002.gif





OPS/images/fimmu-11-01385/fimmu-11-01385-g003.gif





OPS/images/fimmu-11-01385/fimmu-11-01385-g004.gif





OPS/images/fimmu-11-01385/fimmu-11-01385-t001.jpg
Donor  Agerange  Collins grade’  Cartilage characteristics

1 18-25 0 Normal
46-50 1 Minor fibrillation
3 66-70 1 Minor fibrillation
4 71-75 1 Minor fibrillation
5 51-65 2 Fibrillation + fissures
6 61-65 2 Fibrillation + fissures
7 71-75 2 Fibrillation + fissures
8 66-70 3 =30% full-thickness erosion
9 66-70 3 <30% full-thickness erosion
10 56-60 4 =30% full-thickness erosion

*Femoral cartilage was obtained from specimen #3. Tibial cartilage was obtained from al
other donors.
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Female % (1)

Age years (mean =+ SD)

Disease duration years (mean = SD)

Smoking status Previous % (n)
Current % ()

RF+ % (7)

Anti-CCP+ % (1)

RF+ or Anti-CCP+ % ()

ESR mivh (mean + SD)

CRP mg/l mean (mean = SD)

TJ/28 (mean + SD)

SU/28 (mean = SD)

VAS GH patient (mean + SD)

VAS GH physician (mean = SD)

VAS pain (mean  SD)

VAS tiredness (mean = SD)

HAQ (mean + SD)
DAS28 (mean # SD)
DMARDs MTX % ()
LFN % (n)
MTX+HCQ % (7)
MTX4+SSZ % ()
MTX4+SSZ+HCQ % ()
Steroid treatment % (n)
Biopsied joint MCP % (n)
Elbow % (7)
Knee % (1)
Wrist % (n)
UsBJ Synovial Thickening (mean  SD)

Power Doppler (mean + SD)

81% (30)
513+ 11.7
63£58
38.9% (14)
222% (8)
64.9% (24)
64.9% (24)
70.3% (26)
31.4+258
10.7 £20.2
18£8
10+4
82.1+139
787 162
67.8+24.9
55.1£252
1.7£07
6.4+09
24.3% ()
5.4%(2)
43.3% (16)
24.3% ()
27% (1)
35.1% (13)
21.6% (8)
2.7%(1)
27% (1)
73% (27)
24£06
16+1

8D, Standard Deviation; n, number; RF, Rheumatoid Factor; CCR, Cyclic Citrulinated
Peptide; ESR, erythrocyte sedimentation rate; CRF, C-Reactive Protein; TJ, Tender Joints;
SJ, Swollen Joints; VAS, Visual Analog Scale (0-100); GH, Global Health; HAQ, Health
Assessment Questionnaire; DAS, Disease Activity Score; DMARDS, Disease Modifying
Anti-Rheumatic Drugs; MTX, methotrexate; LFN, leflunomide; HCQ, hydroxychloroguine;
8SZ, sulfasalazine; MCP, metacarpophalangeal; US BJ, Ultrasound Biopsied Joint.
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Lymphoid-Myeloid Diffuse-Myeloid Pauci-Immune p-value

(58%, n = 18) (19.4%,n =6) (22.6%,n=1)
Female % (1) 77.8% (14) 100% (6) 100% (7) 0356°
Age years (mean £ SD) 504108 475176 547118 0577°
Disease duration years (mean = SD) 506+8.7 48+53 5163 0.992°
RF+ % (n) 722% (13) 50% (2) 71.4% () 0.588°
ACPA + % () 722% (13) 50% (3) 57.1% (4) 0595
RF or ACPA + % (n) 77.8% (14) 50% (3) 71.4% (5) 0.418%
ESR mvh (mean + SD) 3063+ 24.74 545+332 254212 0.107°
ESR mivh (mean + SD) 3053 24.74 545+33.2 2542212 0.107°
CRP mg/l (mean + SD) 8966 30.6 £ 46.2 22+39 *0.020°
TJ/28 (mean + SD) 17.4£87 13+£6.4 22643 0.087°
SU/28 (mean + SD) 1055 87+27 93+49 0.675°
VAS GH pt (mean  SD) 835136 72.7 % 16.4 863+ 163 0.230°
VAS GH phys (mean  SD) 799+126 66.2 +22 71£125 0.112°
VAS pain (mean + SD) 639279 547252 872+ 166 0.101®
VAS tiredness (mean  SD) 478226 46.7 £29 765+ 175 *0.038°
HAQ (mean  SD) 17£07 1.4£08 2+08 0.451°
DAS28 (mean + SD) 64x1 6508 67+ 1 0.787°
Steroid % () 27.8% (5) 50% (3) 42.9% (3) 0595
USST biopsied joint 26+06 2+06 24+05 0.112°
USPD biopsied joint 24%1 1£09 1.4£07 “0.028°
Steroid treatment % (n) 27.8% (5) 50% (3) 42.8(3) 0595
DMARDs MTX % () 33.3% (6) 0% (0) 14.3% (1) © 0999

LFN % (n) 5.55% (1) 0% (0) 14.3% (1)

MTX+HCQ % (7) 27.8% (5) 66.7% (4) 57.1% (4)

MTX+SSZ % () 27.8% (5) 333% (2) 14.3% (1)

MTX4+SSZ+HCQ 555% (1) 0% (0) 0% (0)

% ()

Baseline characteristics were compared by Fisher's exact test® or Kiuskal-Wallis with post-hoc Dunn's test® as appropriate. DMARDS treatment distribution was analyzed as
monotherapy vs. multiple DMARDS in lympho/difuse-myeloid vs. pauci-immune. *p < 0.05 was considered statistically significant. SD, Stendard Deviation; n, number; RF, Rheumatoid
Factor; CCR, Cyclic Citullnated Peptide; ESR, erythrocyte sedimentation rate; CRR, C-Reactive Protein; TJ, Tender Joints; SJ, Swollen Joints; VAS, Visual Analog Scale (0~100); GH,
Global Health; HAQ, Health Assessment Questionnaire; DAS, Disease Activity Score; DMARDS, Disease Modilying Anti-Rheumatic Drugs; MTX, methotrexate; LFN, leflunomide; HCQ,
hydroxychloroquine; SSZ, sulfasalazine; MCP, metacarpophalangeal: USST, Ultrasound Synovial Thickening; USPD, Ultrasound Power-Doppler.
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Total number of patients
SIJ total lesions

BMO lesions

Sclerosis lesions

Fatty lesions

Erosions lesions

Spine total lesions

BMO lesions

Enthesits lesions

Fatty lesions
Sclerosis/syndesmophytes lesions.
Erosions lesions

Total number of patients
SIJ total lesions

BMO lesions

Sclerosis lesions

Fatty lesions

Erosions lesions

Spine total lesions

BMO lesions

Enthesitis lesions

Fatty lesions
Sclerosis/syndesmophytes lesions.

Erosions lesions

MR, magnetic resonance imaging; SIJ, sacroiliac joints; BMO, bone marrow oedema; axSpA, Axial Spondyloarthritis; T0, 0 months; T24, 24 months.

TO MRI evaluation
axSpA imaging arm

21 (28%)
21 (100%)
21 (100%)
10 (47.6%)
7 (33.3%)
8(38.1%)
20 (95.2%)
18 (85.7%)
17 (80.9%)
6(28.6%)
6(28.6%)
2(9.5%)

T24 MR evaluation
axSpA imaging arm

16 (29.6%)
16 (100%)
9(56.3%)
7 (43.8%)
6(37.5%)
3(18.8%)
11(68.8%)
7 (43.8%)
7 (43.8%)
6(37.5%)
7 (43.8%)
1(63%)

axSpA clinical & imaging arm

29 (38.7%)
27 (93.1%)
27 (93.1%)
14 (48.28%)
2(6.9%)
3(10.3%)
19 (65.5%)
15 (51.7%)
19 (65.5%)
7 24.4%)
6(20.7%)
2(6.9%)

axSpA clinical & imaging arm

22 (40.7%)
15 (68.2%)
13 (69.1%)
10 (45.5%)
4(18.2%)
2(9.1%)
4(18.2%)
5(22.7%)
6(27.3%)
4(18.2%)
3(13.6%)
2(9.1%)

Not full ASAS axSpA

25 (33.3%)
4(16%)
0(0%)
0(0%)
4(16%)
0(0%)
11 (44%)
9(36%)
11 (44%)
4(16%)
3(12%)
1(4%)

Not full ASAS axSpA

16 (20.6%)
1(6.3%)
0(0%)
0(0%)
1(6.3%)
0(0%)

7 (43.8%)
5(31.3%)
7 (43.8%)
4(25%)
2(12.5%)
0(0%)
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Baseline features of all patients with inflammatory LBP

Age of onset LBP, mean (+ SD)
Male, n (%)

Duration (months) i LBP, mean (+ SD)

Only axial involvement, n (%)
Axial and peripheral involvment, n (%)
HLA-B27 positive, n (%)

Positve family history of SpA, n (%)
Peripheral arthits, n (%)
Porasis, n (%)

Dactylits, n (%)

Heel enthesits, n (%)

Ueits, n (%)

18D, n (%)

Preceding infections, n (%)
Good response to NSAIDs, n (%)
Elevated CRP/ESR, n (%)
Cervical pain, n (%)

Thoracic pain, n(%)

Buttock pain, n (%)

Alternating buttock pain, n (%)
Morning stifness, n (%)

Night pain, n(%)

MRI%,n (%)
Sacroilitis x-ray **, n (%)

Weight (kg), mean (+ D)
Height (cm), mean (& SD)

Sac

Total patients
n=75

2851 (+8.05)
34 (45.3%)
13.37 (& 6.14)
39 (52%)
36 (48%)
29(38.7%)
35(46.7%)
34 (45.3%)
25 (33.3%)
15 (20%)
54 (72%)
78%)
9(12%)
4(6.3%)
73(97.3%)
42 (56%)
28 (37.3%)
42 (56%)
48 (64%)
37 (49.3%)
57 (76%)
71(94.7%)
48 (64%)
25 (33.3%)
70.22 (£ 16.15)
170.6 (& 8.67)

MRI-SV + /
MRI-SPINE &,
n=48

28.44 (+£7.24)
27 (56.25%)
14.25 (+ 6.38)
25 (52.08%)
23(47.92%)
26 (54.17%)
24 (50%)
23 (47.92%)
17 (35.42%)
8(16.67%)
33 (68.75%)
7 (14.58%)
4(8.33%)
3(6.25%)
47 (97.92%)
29 (60.42%)
16 (33.33%)
31 (64.58%)
35 (72.92%)
29 (60.42%)
37 (77.08%)
46 (95.83%)
48 (100%)
19 (39.58%)
7125 (£ 15.87)
172.23 (£ 8.73)

vs. MRI-SJ -/
MRI-SPINE ,
n=27

28.63 (+ 9.48)
7 (25.93%)
11.81 (& 5.47)
14 (51.85%)
13 (48.15%)
3(11.11%)
11 (40.74%)
11 (40.74%)
8 (29.63%)
7 (25.93%)
21 (77.78%)
0(%)
5(18.52%)
1(3.70%)
26 (96.30%)
13 (48.15%)
12 (44.44%)
11 (40.74%)
13 (48.15%)
8 (29.63%)
20 (74.07%)
25 (92.60%)
0(0%)

6 (22.22%)
68,05 ( 16.98)
167.71 (& 7.91)

P§

ns
<0.05
ns
ns
ns
<0.05
ns
ns
ns
ns
ns
<0.05
<0.06
ns
ns
<0.06
ns
ns
<0.05
<0.05
ns
ns
<0.05
<0.06
ns
ns

MRI-SPINE +/
MRI-SW &, n = 44

28,41 (£7.92)
20 (45.45%)
18.77 (2.67)
25 (56.82%)
19 (43.18%)
19 (43.18%)
20 (45.45%)
19(43.18%)
13 (29.55%)
5(11.36%)
29(65.91%)

4(9.09%)

7 (15.91%)
2(4.55%)
43(97.73%)
24 (54.55%)
18 (40.91%)
25 (56.82%)
31(70.45%)
26(59.10%)
36 (81.82%)
43(97.73%)
29(65.91%)
17 (38.64%)
66.60 (& 11.12)
170.41 (& 8.42)

vs.

MRI-SPINE -/
MRI-SU #, n = 31

29.06 (+8.39)
14 (45.16%)
12,81 (+5.39)
14 (45.16%)
17 (54.84%)
10 (32.26%)
15 (48.39%)
15 (48.39%)
12 (388.71%)
10 (32.26%)
25 (80.65%)
3(9.68%)
2(6.45%)
2(6.45%)
30(96.77%)
18 (68.06%)
10 (32.26%)
17 (54.84%)
17 (54.84%)
11(35.48%)
21 (67.74%)
28 (90.32%)
19 (61.29%)
8(25.81%)
75.5 (+ 20.65)
17088 (+ 9.15)

ns
ns
<0.05
ns
ns
ns
ns
ns
<0.05
<0.05
ns
ns
ns
ns
ns
ns
<0.05
ns
ns
<0.05
<0.06
ns
ns

HLA-B27, human leukocyte antigen; LBR, low back pain; IBD, inflammatory bowel disease; CRF, C-reactive protein; ESR, erythrocyte sedimentation rate; MRI, magnetic resonance imaging; SpA, spondyloarthritis; SIJ, sacroiliac joints;
NSAID, non-steroidal antiinflammatory drugs; MRI+, presence of inflammatory lesions; MRI-r, absence of inflammatory lesions; =, presence or absence of inflammatory lesions.

*sacroiliitis on MRI according ASAS/EULAR criteria.

ilitis on X-Rays according modified New York criteria (0-4). ! balanitis, urethritis

or cervicitis. p§, anova (Kruskal Wallis) a t0: p < 0.05; SD = deviation standard.
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