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Abstract

:

The enzymes α-2,6-sialyltransferase 1 (ST6Gal1), neuraminidase 1 (Neu1), α-2,3-sialyltransferase 1 (ST3Gal1), and neuraminidase 3 (Neu3) are known to affect immune cell function. However, it is not known whether the levels of these enzymes relate to remission definitions or differentiate American College of Rheumatology (ACR), European League Against Rheumatism (EULAR), and Simplified Disease Activity Index (SDAI) responses in patients with rheumatoid arthritis (RA). We measured the ST6Gal1, Neu1, ST3Gal1, and Neu3 levels of B cells and monocytes in RA patients and correlated the cells’ enzyme levels/ratios with the improvement in the ACR, EULAR and SDAI responses and with the two remission definitions. The difference in the B-cell Neu1 levels differed between the ACR 70% improvement and non-improvement groups (p = 0.043), between the EULAR good major response (improvement) and non-good response groups (p = 0.014), and also between the SDAI 50% or 70% improvement and non-improvement groups (p = 0.001 and 0.018, respectively). The same held true when the RA patients were classified by positive rheumatoid factor or the use of biologics. The B-cell Neu1 levels significantly indicated 2005 modified American Rheumatism Association and 2011 ACR/EULAR remission definitions (area under the curve (AUC) = 0.674 with p = 0.001, and AUC = 0.682 with p < 0.001, respectively) in contrast to the CRP and ESR (all AUCs < 0.420). We suggest that B-cell Neu1 is superior for discriminating ACR, EULAR, and SDAI improvement and is good for predicting two kinds of remission definitions.
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1. Introduction


The Disease Activity Score 28 (DAS28-erythrocyte sedimentation rate (ESR)) has been used regularly in clinical practice to monitor rheumatoid arthritis (RA) disease activity [1]. Although it is not perfect [2], the DAS28 is used worldwide, and the DAS28-ESR cutoff of 2.6 defines a low disease activity state, previously—when only conventional synthetic disease-modifying anti-rheumatic drugs (DMARDs) were available on the market—this state was known as “remission”. Furthermore, when compared with the DAS28-ESR, the DAS28-C-reactive protein (CRP) notably underestimated RA disease activity [3]. In particular, patients with active RA may have normal levels of blood inflammatory markers (ESR/CRP) and vice versa [4,5]. Interestingly, plasma monocyte chemotactic protein-1 (MCP-1) is correlated with two elements of the DAS28-ESR (the swollen joint count (SJC) and tender joint count (TJC)); on the contrary, the ESR and CRP are correlated with only one element, the SJC [6]. The ESR and CRP levels represent different underlying pathophysiologies, and the DAS28-CRP threshold values differ from those of DAS28-ESR [7]. DAS28-ESR and DAS28-CRP are used only for assessing RA disease activity as described [6,7,8,9]. Similarly, the α-2,6-sialic acid (SIA), sialyltransferase (ST), and neuraminidase (Neu) levels of immune cells might represent underlying pathophysiologies different from those of the ESR and CRP (see below). Therefore, other laboratory biomarkers are potentially useful in predicting remission and improvement categories in daily clinical practice.



Many molecules have been implicated in inducing pathological changes and indicating clinical disease activity in RA. However, the correlation between the SIA and SIA-related enzyme levels of monocytes and RA disease activity is not fully understood. A group of reports imply that the phagocytes of antigen-presenting cells with high cell-surface SIA levels are immunologically immature, displaying less phagocytosis or less IgG binding [10,11,12]. Cell SIA is known to be regulated by both ST and Neu (see below).



The association between levels of α-2,6-ST I (ST6Gal1) and RA pathogenesis has been examined by various researchers. For example, low α-2,6-sialylated immunoglobulin G (IgG) Fc fragments of anti-collagen antibodies and anti-citrullinated protein antibodies (ACPA) were observed in collagen-induced arthritis (CIA) in mice and in RA patients, respectively [13]. In particular, st6gal1 gene-depleted mice produced low α-2,6-sialylated IgG anti-collagen antibodies that resulted in exacerbated joint inflammation and high arthritis scores. In contrast, highly sialylated ACPA (through the transfected st6gal1 gene) was protective in contrast to control ACPA in collagen antibody-induced arthritis [13]. Similarly, low-sialylated synovial fibroblasts were detected in the joints of CIA mice and of active RA patients [14]. In contrast, highly sialylated synovial fibroblasts became dominant in RA patients in remission. That is, transformation of low sialylated synovial fibroblasts into high sialylated ones is congruent with transformation of active RA into RA in remission. Moreover, ST6Gal1 depletion in synovial fibroblasts by small interfering RNA increased IL-6 and MCP-1 secretion, suggestive of pro-inflammatory status. Tumor necrosis factor inhibited expression of st6gal1 and α-2,6-sialylation in fibroblasts from mice [14]. Therefore, not only is the content of α-2,6-SIA in autoantibodies important for pathogenesis of human RA and CIA in mice, but ST6Gal1 and Neu1 capable of producing and removing α-2,6-SIA are also important for collagen-induced arthritis in mouse and human fibroblasts.



Sialyltransferases transfer SIA to a nascent glycoprotein or glycolipid [15,16]. ST6Gal1 transfers the α-2,6-SIA residue to a terminal galactose residue. ST6Gal1 localizes on the cell membrane in the Golgi apparatus and in the extracellular region [11]. Similarly, α-2,3-ST I (ST3Gal1) catalyzes α-2,3 sialylation at sites such as those of ST6Gal1 and is involved in T-cell apoptosis and tumorigenesis [17,18,19]. Interestingly, ST6Gal1 modifies the sialylation of IgG Fc through α1-3 mannose [20]. Furthermore, ST activity intensifies in B cells in primary Sjögren’s syndrome [21]. Nonetheless, the only research on this subject to date is our exploration of the relationship between the monocyte ST6Gal1 and ST3Gal1 levels and disease activity in RA patients [22]. In addition, we found that the RA monocyte ST3Gal1 and Neu3 levels were correlated with DAS28-ESR scores greater than 5.1 [22]. Moreover, in a multi-variable analysis, the ST3Gal1 levels of RA monocytes were similarly associated with a DAS-ESR > 5.1, but this was not true for the CRP and the ESR [22]. These results (such as the demarcation of the enzyme levels between high and not-high RA activity) lead us to consider the possibility of using ST3Gal1 and Neu3 levels of RA monocytes to distinguish between RA activity improvement and remission. However, whether monocyte ST6Gal1 and ST3Gal1 levels can be used to discriminate the remission fulfillment and improvement criteria categories of RA patients is not yet known. Consequently, we attempted to examine the ST6Gal1 and ST3Gal1 levels to evaluate their role for their above-mentioned usage.



It is established that Neu desialylates SIA in cells. Neu1 is required throughout early IL-4 production in T cells during contact with antigen-presenting cells [23], the regulation of macrophage phagocytosis [24], and the production of IgG1 and IgE by B cells [25]. Neu1 exists on the cell surface and in the lysosomal compartment, whereas Neu3 is present only on the cell surface [26]. Neu3 is a ganglioside-specific sialidase and is involved in the modulation of cell-surface gangliosides [21]. In brief, the ST6Gal1/Neu1 pair operates along the α-2,6-SIA pathway, and the ST3Gal1/Neu3 pair acts in the α-2,3-SIA pathway. In particular, the presence and absence of α-2,6-SIA confer anti- and pro-inflammatory properties to IgG autoantibodies, respectively [27]. In turn, the sialylated IgG and the desialylated IgG connects with ST6Gal1 (to add α-2,6-SIA) and Neu1 (to remove α-2,6-SIA) in B cells, respectively; this further stresses the importance of these enzymes in RA pathophysiology [13,14].



We reported earlier that both the ST3Gal1 and Neu3 levels in the B cells of RA patients correlated positively with RA disease activity (DAS28-ESR) [28]. Moreover, the B-cell Neu3 levels were significantly associated with combined moderate and high RA disease activity (DAS28-ESR > 3.2) and with high RA disease activity (DAS28-ESR > 5.1) [28]. However, whether the B-cell or monocyte Neu1 and Neu3 levels of RA patients can discriminate remission definitions and improvement criteria in RA patients is currently unknown. Hence, through the same reasoning outlined above (concerning monocytes), we decided to examine the Neu1 and Neu3 levels together with the ST6Gal1 and ST3Gal1 levels of monocytes and B cells to determine whether they could act as markers for those usages and to understand different enzymes’ involvement in separate improvement categories. In contrast, because T cells and polymorphonuclear cells had no such correlation [22,28], they were not studied further. The aim of this study is to explore whether the ST6Gal1, Neu1, ST3Gal1, and Neu3 levels in the B cells and monocytes of RA patients could be useful for determining RA disease activity improvement and remission.




2. Results


We collected data from 100 RA patients, with a total of 312 visits (Table 1). The female-to-male ratio was 80:20. These RA patients had high SJCs, TJCs, and DAS28-ESR scores (Table 1). The low (in remission) DAS28-ESR score is less than 2.6 and the high DAS28-ESR score is above 5.1 [9].



2.1. AUC of B-Cell and Monocyte ST and Neu Levels and Ratios against Two Remission Definitions


The B-cell Neu1 and ST6Gal1 levels and monocyte ST6Gal1/Neu1 ratios along with the other B-cell enzymes by way of the receiver operating characteristic (ROC) curve could predict 2005 modified American Rheumatism Association (ARA) remission [29] and 2011 American College of Rheumatology/European League Against Rheumatism (ACR/EULAR) remission [30] (Table 2), unlike some other monocyte enzyme levels and ratios (all with AUCs < 0.600). B-cell Neu 1, cut off at 95.6 (mean fluorescence level), gave a sensitivity of 0.656 and a specificity of 0.669 for modified ARA remission and a sensitivity of 0.676 and a specificity of 0.678 for 2011 ACR/EULAR remission. According to the two remission definitions (Table 2), the performances of the B-cell Neu1 levels and other B-cell enzymes were acceptable; however, no meaningful results were observed for the blood CRP and ESR against modified ARA remission and 2011 ACR/EULAR remission (Table 2).




2.2. Treatment Responses Using Different Response (Improvement) Criteria


When ACR improvement [31] was calculated in this study, the difference in the B-cell Neu1 levels (that is, the enzyme levels at Month 0, upon enrollment, minus those at Month 3) demonstrated a significant disparity between the ACR 70% improvement group and the non-improvement group (Figure 1A). A similar distinction was also seen for the difference in the monocyte Neu3 and B-cell ST6Gal1 levels as well as the monocyte ST3Gal1/Neu3 ratios, which discriminated between the ACR improvement and the non-improvement groups (the enzyme levels at Month 0 minus those at Month 12) (Figure 1B–D). The changes in all other enzyme levels and ratios showed no difference between the ACR improvement group and the non-fulfilled group (all ps > 0.05). Because no difference between the improvement group and the non-improvement group was observed during M0 − M6, no M0 − M6 results are shown.



In contrast, only one positive result (B-cell Neu1) was obtained when we used an end-result DAS28-ESR < 3.2 with decreased scores of more than 1.2 as a EULAR (major) improvement criterion [32] (Table 3). These results differed from those in Figure 1, and the only identical biomarker was the B-cell Neu1 level. When the Simplified Disease Activity Index’s (SDAI) 50%, 70%, and 85% criteria [33] were applied (Table 4), obvious differences were noted in the comparisons (Table 4), contrary to the EULAR improvement group vs. the non-improvement group (Table 3). Hence, the B-cell Neu1 level may be used clinically owing to its accordance with three different improvement criteria (Figure 1, Table 3 and Table 4). The fulfillment of two improvement criteria (the ACR and SDAI) was seen for the monocyte Neu3 and B-cell ST6Gal1 levels and monocyte ST3Gal1/Neu3 ratios (Figure 1 and Table 4).



Whether such treatment responses also existed in the RA patients with positive autoantibodies or using biologics was further examined below.




2.3. Treatment Responses in RA Patients with Positive Rheumatoid Factor


When RA patients at Month 0 were classified by a positive rheumatoid factor (RF), the difference in the B-cell Neu1 levels was significantly disparate between the ACR 70% improvement group and the non-improvement group (Figure 2). A similar discrimination was also seen in the difference between the B-cell ST6Gal1 and monocyte Neu3 levels, which distinguished the ACR improvement group from the non-improvement group, similar to RA patients as a whole as in Figure 1 (Figure 2). Additionally, the difference in the B-cell ST3Gal1 (Figure 2) and B-cell Neu3 (p = 0.015) levels was good for differentiating ACR improvement (items showing a higher patient number in remission were shown).



Three positive results (B-cell Neu1, B-cell ST3Gal1, and B-cell Neu3) were obtained to fulfill the major EULAR improvement criteria (Table 5).



When the SDAIs 50%, 70%, and 85% criteria were applied to the positive RF group (Supplementary Table S1), the inclusion of more positive items was noted in the comparisons, contrary to the ACR (Figure 2) and EULAR (Table 5) improvement groups vs. the non-improvement groups.



Altogether, the B-cell Neu1 levels classified by a positive RF were superior for discrimination according to the three different improvement criteria, similar to RA patients as a whole (Figure 1, Table 3 and Table 4).




2.4. Treatment Responses in RA Patients with Positive Anti-Cyclic Citrullinated Peptide (Anti-CCP) Antibodies


When the RA patients at Month 0 were classified by positive anti-CCP antibodies, the B-cell Neu1 levels of the ACR improvement group and the non-improvement group (all p > 0.05) were not different, dissimilar to results in Figure 1 and Figure 2. Nevertheless, the difference in the B-cell ST6Gal1 and the monocyte ST3Gal1/Neu3 ratios significantly distinguished the ACR improvement group from the non-improvement group (Figure 3), similar to results in Figure 1.



Only one positive result concerning the difference in the B-cell Neu1 levels was acquired that fulfilled the major EULAR improvement criteria (Table 6), similar to results in Table 3.



When the SDAIs 50%, 70%, and 85% criteria were applied to the positive anti-CCP group (Supplementary Table S2), the inclusion of more positive items was noted in the comparisons, contrary to the ACR (Figure 3) and EULAR improvement groups vs. non-improvement groups (Table 6).



Altogether, the B-cell Neu1 levels classified by a positive anti-CCP were good for the discrimination of two different improvement criteria (Table 6 and Supplementary Table S2).




2.5. Treatment Responses in RA Patients with the Use of Biologics


When RA patients at Month 0 were classified by use of biologics, the difference in the B-cell Neu1 levels was significantly dissimilar between the ACR improvement group and the non-improvement group (Figure 4), the same as the results in Figure 1 and Figure 2, but different from those in Figure 3. The same results were found for the difference in the monocyte ST3Gal1/Neu 3 ratios. However, the difference in the B-cell ST6Gal1/Neu1 ratios and monocyte ST6Gal1/Neu1 ratios significantly distinguished the ACR improvement group from the non-improvement group (Figure 4), different from the results in Figure 1, Figure 2 and Figure 3.



Firstly, RA patients using biologics were selected. The value 0.028 in Table 7 is a p-value for the difference in B-cell Neu1 levels (M0 − M12) that was compared between the EULAR improvement group and the non-improvement group (the improvement was based on the end-result DAS28-ESR < 3.2 (M12) and decreased scores of more than 1.2 (the DAS28-ESR value at Month 0 minus the DAS28-ESR value at Month 12). Again, only one positive result, the difference in the B-cell Neu1 levels, was acquired that fulfilled the major EULAR improvement criteria for the group using biologics (Table 7), similar to results in Table 3 and Table 6.



When the SDAIs 50%, 70%, and 85% criteria were applied to the group using biologics (Supplementary Table S3), the inclusion of several positive items was noted in the comparisons, similar to the ACR improvement group vs. non-improvement group (Figure 4) and contrary to results in Table 7.



Altogether, the B-cell Neu1 levels classified by the use of biologics were superior for the discrimination of three different improvement criteria (Figure 4, Table 7 and Supplementary Table S3), similar to RA patients as a whole (Figure 1, Table 3 and Table 4).




2.6. Comparison of Enzyme Levels between Different Categories of DAS28-ESR and DAS28-MCP-1 Scores


The B-cell and monocyte ST3Gal1, Neu3, ST6Gal1 and Neu3 levels were higher in DAS28-ESR non-remission (≥2.6) than those in DAS28-ESR remission (<2.6) (Supplementary Figures S1A–D and S2A–D). The B-cell and monocyte ST3Gal1/Neu3 and ST6Gal1/Neu3 ratios were higher in DAS28-ESR remission (<2.6) than those in DAS28-ESR non-remission (≥2.6) (Supplementary Figures S1E,F and S2E,F). The graphs with differences between the groups that were hard to clearly visualize (Supplementary Figures S1C–F and S2E) were given their 25th percentile, median, and 75th percentile data in Supplementary Table S4.



The B-cell and monocyte ST3Gal1, Neu3, ST6Gal1, and Neu3 levels were higher in DAS28-MCP-1 non-remission (≥2.2) than those in DAS28-MCP-1 remission (<2.2) [28] (derived from the data in Ref. [28]) (Supplementary Figures S3A–D and S4A–D). The B-cell and monocyte ST3Gal1/Neu3 and ST6Gal1/Neu3 ratios were not different in DAS28-MCP-1 remission (<2.2) from those in DAS28-MCP-1 non-remission (≥2.2) (Supplementary Figures S3E,F and S4E,F), except that the monocyte ST6Gal1/Neu1 ratios were higher with a DAS28-MCP-1 < 2.2 (higher) and a DAS-MCP ≥ 2.2 (Supplementary Figure S4F). The graphs with differences between the groups that were hard to clearly visualize (Supplementary Figures S3C,E,F, and S4C,E) were given their 25th percentile, median, and 75th percentile data in Supplementary Table S5.





3. Discussion


The disease activity measures for RA, such as the DAS28-ESR, have been validated and widely used [34]. However, the ESRs engaged when calculating the DAS28 are in normal ranges for up to 40% of RA patients [35,36]. Thus, other biomarkers relating to the disease activity measure of RA are extensively sought after [37,38,39,40]. This is because biomarkers offer objective assessments of RA disease activity beyond evaluating the SJC, TJC, and general health (GH).



Earlier, the EULAR improvement criteria (response criteria) were seen to display good discrimination validity, but this was not the case for ACR 20% improvement (the 20% response criteria) [32]. Later, it was reported that the EULAR improvement criteria had a validity comparable to the ACR improvement criteria [41]. Nevertheless, in that report [41], the US trials had five out of seven trials possessing chi-squared ratios above or below 1, including two trials’ chi-squared ratios of 1.8. This indicates that the ACR improvement criteria have discriminant validity that is different from the EULAR improvement criteria. These results do match with our results in terms of the B-cell and monocyte ST and Neu enzymes and related ratios performing different discriminant abilities for the ACR and EULAR improvement group vs. the non-improvement group (Figure 1 and Table 3) except for one common biomarker, the B-cell Neu1 level. The B-cell Neu1 level’s discriminative capability for fulfilling all three of the ACR, EULAR, and SDAI responses is quite likely related to Neu1′s extended ability to affect T and B cells and macrophages [23,24,25].



Similarly, the B-cell and monocyte ST3Gal1, Beu3, ST6Gal1, and Neu1 levels, ST3Gal1/Neu3 ratios, and St6Gal1/Neu1 ratios can be used to discriminate DAS28-ESR remission from non-remission (Supplementary Figures S1 and S2). Again, the B-cell and monocyte ST3Gal1, Beu3, ST6Gal1, and Neu1 levels can be used to distinguish DAS28-MCP-1 remission from non-remission (Supplementary Figures S3 and S4A–D). Nevertheless, only the monocyte ST6Gal1/Neu1 ratios can differentiate a DAS-MCP-1 < 2.2 from a DAS-MCP ≥ 2.2 (Supplementary Figure S4F).



The B-cell Neu1 level being lower in Month 12 and Month 15 than in Month 0 (Figure 5A,B) indicated its lower ability to deplete the α-2,6-SIA of the IgG secreted by B-cells. That is, low B-cell Neu1 levels were attuned with a lower DAS28-ESR and a lower DAS28-MCP-1 [8] in Month 12 and Month 15 than in Month 0 (Figure 5C–F). A similar compatibility was seen for the DAS28-CRP and SDAI [8] (all p-values < 0.001). Then, the reason why the B-cell ST6Gal1 level (which can increase the α-2,6-SIA of the IgG secreted by B-cells) and the B-cell ST6Gal1/Neu1 ratio (for which higher ratios can increase the α-2,6-SIA of the IgG secreted by B-cells) did not show such compatibility (Figure 5: not shown), seems to relate to the extracellular existence of ST6Gal1 in addition to that found on the cell membrane and in the Golgi apparatus [16]. In contrast, Neu1 does not exist in the extracellular region and exists only on and inside the cells [26]. Moreover, the low B-cell Neu1 level in Month 12 and Month 15 (low DAS28 scores) is compatible with the higher SIA/anti-CCP ratios in the DAS28-ESR < 2.6 remission group and the higher IgG α-2,6-SIA/IgG ratios in the low DAS28-ESR patients [42]. Therefore, higher α-2,6-SIA in the autoantibodies secreted by B-cells is associated with lower DAS28 scores and lower B-cell Neu1 levels after 12-month therapy and autoantibodies become more anti-inflammatory as described earlier [27,43,44].



The role of α-2,6-sialylated IgG in joint inflammation was firstly demonstrated in mice by Kaneko, Nimmerjahn, and Ravetch in 2006 [27]. The study suggested that neuramindase-treated (to remove α-2,6 SIA from IgG) intravenous immunoglobulin G (IVIg) did not retain the anti-inflammatory effect of IVIg in K/BxN-serum-induced arthritis in mice. In contrast, IVIG with the enrichment of α-2,6-sialic acid obtained from a Sambucus nira agglutin (SNA)-lectin affinity column, not only retained the anti-inflammatory effect on the arthritis score of IVIg, but also significantly suppressed neutrophil infiltration markedly in the synovium of K/BxN-serum treated mice [27].



The above results of ours suggest that B-cell ST6Gal1 and Neu1 probably involve in the pathophysiology of disease remission in RA through modulation of the α-2,6 SIA content in IgG (or IgG autoantibodies). Similarly, B-cell ST3Gal1 and Neu3 likewise meaningfully indicate/predict 2005 Modified ARA remission and 2011 ACR/EULAR remission (Table 2). It is intriguing, however, that the implication of α-2,3 SIA, which can be added onto IgG by B-cell ST3Gal1 and removed from IgG by B-cell Neu3 in the pathophysiology of disease remission in RA, has not yet been reported and future investigations must confirm.



In terms of improvement assessment in RA disease activity, we suggest that B-cell ST6Gal1, B-cell Neu1, monocyte Neu3, and monocyte ST3Gal1/Neu3 ratios are useful for differentiating ACR (Figure 1) and SDAI (Table 4) improvement vs. non-improvement; this further stresses their potential involvement through modulation of the α-2,6 SIA content in IgG (or IgG autoantibodies) in the pathophysiology of disease activity improvement in RA. Again, how monocyte Neu3 and ST3Gal1/Neu3 ratios achieve such improvement effects in RA is completely unknown and future research is much needed. To support this, we have reported earlier that monocyte Neu3 correlates with DAS28-ESR scores in RA patients [22].



Above all, B-cell Neu1 is the best to differentiate RA activity improvement jointly for ACR improvement (Figure 1), EULAR improvement (Table 3), and SDAI improvement (Table 4). The comparison of B-cell Neu1 with other enzymes can be seen in Table 8 and in subgroups (Table 9), further stressing the superiority of B-cell Neu1 among all enzymes studied in fulfilling two criteria systems for remissions (Table 2) and discriminating three different improvements.



Both the DAS28-ESR score and DAS28-CRP score have been commonly used as disease activity measurement tools for RA patients [9]. Aside from these, we added another useful disease activity formula, a DAS28-MCP-1 score, based upon our previously published studies for comparison [6,8]. The involved laboratory assay for these scores are the determinations of ESR, CRP, and MCP-1 that have been studied in a more detailed way (see below). It has been reported that serum CRP levels correlated significantly with the level of inflammation in the synovial tissue from RA patients (rho = 0.43 and p = 0.0001) [45]. Similarly, ESR levels correlated significantly with the level of synovial inflammation from RA patients (rho = 0.29 and p = 0.0001) [45]. Comparison of CRP and ESR levels across the 3-point synovial inflammation score yielded significant differences for CRP and ESR (p = 0.002 and 0.001, respectively, by the Kruskaii–Wallis test) [45]. Moreover, DAS28-CRP displayed a weak but significant correlation with synovial inflammation at rho = 0.23 and p = 0.0011. Nevertheless, the correlation between DAS28-ESR and synovial inflammation has not been reported [45].



Similarly, the synovial tissue was stained more intensely for MCP-1 in those with active inflammation than those with weak inflammation in RA patients [46]. Moreover, the MCP-1 level was significantly higher in the synovial fluid and the percentage of synovial macrophages for MCP-1 staining was significantly greater in RA patients than those in osteoarthritis patients [47]. Interestingly, an antagonist for MCP-1 obviated or decreased arthritis occurrence in MRL-lpr mice [48]. These study results suggest that MCP-1 plays an important role in RA pathophysiology.



A limitation of this study is that we had a very small number of visits in Figure 1, Figure 2 and Figure 3 for non-fulfilled ACR improvement: all the visits were from Month 0 minus Month 12. This condition implies our successful treatment of the RA patients after 12 months of therapy; thus, the situation of small numbers for non-fulfilled ACR improvement seems unavoidable.




4. Materials and Methods


4.1. Patient Enrollment


Patients who fulfilled the 1987 ACR criteria of RA and followed up for at least 3 months were recruited with written consent obtained from all patients. These patients were located at Chang Gung Memorial Hospital at both the Lin-kou branch and the Taipei branch and were under treatment with traditional or biological DMARDs for more than 3 months. We examined the monocyte and B-cell SIA-related enzyme (ST3Gal1, Neu3, ST6Gal1 and Neu1) levels of these patients according to the following categories over a 1-year and three-month period. The enrollment category included three periods: (1) when preparing to deliver the second DMARD to patients who had received one DMARD for ≥3 months; adjusting treatment every 1–3 months [49]; (2) when preparing to deliver a biological DMARD to patients who had received two DMARDs for ≥6 months with DAS28-ESR score > 5.1 (local Taiwan National Health Insurance (NHI) policy); and (3) when preparing to transition the patient to another biological DMARD after having received one kind of biological DMARD for ≥3 months (local Taiwan NHI policy). The third period allowed for a change in biological DMARDs every 3 months after the patients had received one kind of biological DMARD but had achieved unsatisfactory treatment effects (a decrease in the DAS28 score of no more than 1.2 compared with the previous score). The enrolled patients underwent blood sampling 5 times (Month 0 (M0), M3, M6, M12 and M15) based on the three collection criteria above every three months (see Reference [50] and based on local Taiwan National Health Insurance policy). The gap between M6 and M12 is to avoid too frequent blood withdrawal for enrolled RA patients’ willing to donate blood for research within the first year and later. The benefit of adding one biological DMARD [50] or changing into another biological DMARD [51] could relieve persistent painful joint swelling and subsequent disability. A total of 100 patients was enrolled, and 312 visits were recorded. The SJC, TJC, GH (same as the patient’s global assessment, PGA), evaluator’s global assessment (EGA) and Health Assessment Questionnaire Disability Index (HAQ-DI) were performed during each patient visit. The above plus laboratory data were used to calculate DAS28 scores based on the following formula: DAS28-ESR score = [0.56 × √TJC] + [0.28 × √SJC] + 0.70 × ln[ESR] + 0.014 × GH [in mm]; DAS28-CRP score {= [0.56 × √TJC] + [0.28 × √SJC] + (0.36 × ln[CRP; in mg/L]) + 1) + (0.014 × PGA [in mm]) + 0.96)}; SDAI {= SJC + TJC + PGA [VAS; in cm] + EGA [VAS; in cm] + CRP [in mg/dL])} and DAS28-MCP-1 score {= 0.56 × √TJC + 0.28 × √SJC + 0.39 × ln(MCP-1; in pg/mL) + 0.014 × (PGA [in mm])}. They were calculated as previously described [8].




4.2. Cell Staining and Flow Cytometric Detection


Peripheral blood mononuclear cells (PBMCs) were processed and obtained as previously described, and their monocyte and B-cell ST3Gal1, Neu3, ST6Gal1 and Neu1 levels were examined [22]. Firstly, blood from two 10-mL collection tubes containing ethylenediaminetetraacetic acid was centrifuged at 650× g (Kubota 2420, Osaka, Japan) for 10 min at 25 °C into layers of cells and plasma. After plasma was removed, cells were mixed with equal volume of phosphate buffered saline (PBS). The cell solution was then collected into 50 mL plastic tubes containing 10 mL Ficoll-Paque (Cytiva Europe, Uppsala, Sweden), which was followed by centrifuging at 800× g for 30 min at 25 °C to obtain interface cells as PBMCs as described with minor modifications [52]. Briefly, PBMCs in PBS were stained with phycoerythrin (PE)-conjugated mouse anti-human CD14 (clone: M5E2) (monocytes) and PE-conjugated mouse anti-human CD19 (clone: HIB19) (B cells) (BD Pharmingen, Mountain View, CA, USA). The isotype control was PE-conjugated mouse IgG1 k isotype control (clone: MOPC-21) (for both anti-CD14 and anti-CD19 staining) (BD Pharmingen, Mountain View, CA, USA). Moreover, rabbit polyclonal IgG anti-ST3Gal1 was added at 0.58 µg/mL, rabbit polyclonal IgG anti-Neu3 was added at 0.42 µg/mL, mouse monoclonal IgM anti-ST6Gal1 (clone: MOPC1041) was added at 0.36 µg/mL, or rabbit polyclonal IgG anti-Neu1 was added at 0.42 µg/mL (all from Abcam, Cambridge, MA, USA) for each test. Rabbit polyclonal IgG (Jackson ImmunoResearch, West Grove, PA, USA) was used at 2 µg/mL (Sigma, St. Louis, MO, USA) as the control for each test.



After being washed and centrifuged (Eppendorf 5810R, Hamburg, Germany: 644× g for 5 min), the cells were suspended in 100 µL of PBS; rabbit IgG was stained with allophycocyanin (APC)-goat antibody at 1 µg/mL (Abcam, Cambridge, MA, USA), and mouse IgM was stained with APC-monoclonal rat antibody (1B4B1) at 1 µg/mL (MyBioSource, San Diego, CA, USA) for each test. Afterwards, the cells were washed and resuspended in 500 µL of PBS (4 °C) for analysis by using the BD FACSCalibur System (BD Biosciences, San Jose, CA, USA). The smallest number of cells collected for analysis was 20,000, and all flow cytometric data were analyzed using the FlowJo 7.6.1 program (FlowJo, LLC, Ashland, OR, USA).



The geometric mean fluorescence intensity for staining of each cell depended on the enzyme level in the cell. The examined parameters were CD14, CD19, ST3Gal1, Neu3, ST6Gal1 and Neu1.



Both monocytes and B cells were stained for the same four enzymes:




	(a)

	
ST3Gal1: rabbit polyclonal IgG anti-ST3Gal1 (control: rabbit IgG) plus allophycocyanin (APC)-goat antibody against rabbit IgG




	(b)

	
Neu3: rabbit polyclonal IgG anti-Neu3 (control: rabbit IgG) plus APC-goat antibody against rabbit IgG




	(c)

	
ST6Gal1: mouse monoclonal IgM anti-ST6Gal1 (control: mouse IgM) plus APC-monoclonal rat antibody against mouse IgM




	(d)

	
Neu1: rabbit polyclonal IgG anti-Neu1 (control: rabbit IgG) plus APC-goat antibody against rabbit IgG










4.3. Determination of Rheumatoid Factor and Anti-Cyclic Citrullinated Peptide Antibodies


At baseline, serum IgM RF (measured through nephelometry with N Latex RF Kit from Siemens Healthcare Diagnostics Products GmbH, Marburg, Germany) and anti-CCP antibodies (Quanta Flash CCP3 Reagents; Inova Diagnostics, Inc., San Diego, CA, USA) were examined.



Methods for determining RF and anti-CCP antibodies are as follows: (a) RF determination was carried out by our Hospital Laboratory Medicine Department (clinical laboratory) based on the method of Nephelometry: 3 mL of blood was collected into a Greiner Bio-One (Germany) Vancutte tube (containing Z serum separator clot activator) and centrifuged at 1880× g for 10 min at 25 °C with the centrifuge Kubota 8410 (Tokyo, Japan) to obtain at least 1 mL of serum. The serum was then placed into the SIEMENS BN Prospec machine (SIEMENS, Oststeinbek, Germany) to react with particles containing human IgG/sheep anti-human IgG immune complexes. After being projected by the machine light beam, the scattered light of the reaction particles was detected and plotted against the standard curve supplied by the manufacturer (Instruction Manual for BN Prospec System 2005, SIEMENS, Oststeinbek, Germany) to obtain international units (IU)/mL for RF. (b) Determination of anti-CCP antibodies was carried out by our Hospital Clinical Immunology Laboratory based on the chemiluminescence assay supplied by Inova Inc. Sera with more than 300 μL were obtained from blood collected in a Greiner Bio-One tube (Greiner Bio-One GmbH, Frickenhausen, Germany). Then, the sera were placed into tubes inside the BIO-FLASH machine (Inova, Inc., San Diego, CA, USA) and processed according to the procedures set out by the manufacturer (QUANTA Flash CCP3 Reagents, Inova Diagnostics, Inc., San Diego, CA, USA).



RF may form immune complexes with IgG-containing antigen-antibody complexes to induce complement activation and subsequent inflammation inside the joint [53]. Moreover, bone, and cartilage damage occur more likely in RA patients with positive anti-CCP antibodies [54].




4.4. Statistical Analyses


The AUC under the ROC curve of different variables of B-cell and monocyte ST and Neu levels and ratios as well as blood CRP and ESR against two remission definitions was calculated [29,30]. The difference in the B-cell and monocyte enzyme levels from different months between improvement-fulfilling and non-improvement subgroups [31,32,33] was compared through Mann–Whitney U test. Any p-values less than 0.05 (two-tailed) were considered significant.





5. Conclusions


In summary, we have pioneered an approach to establish novel biomarkers for discriminating the ACR/EULAR/SDAI improvement from the non-improvement. This study is the first to connect the cell-surface SIA-related enzyme levels of B cells and monocytes with the ability to distinguish the improvement vs. the non-improvement of the three presently available improvement criteria [31,32,33]. In particular, and practically important, the B-cell Neu1 level is prospectively useful to distinguish all three ACR, EULAR, and SDAI improvements followed by the usefulness of the B-cell ST6Gal1 and monocyte Neu3 levels and monocyte ST3Gal1/Neu3 ratios to discriminate both ACR and SDAI improvements. These results might imply different immunologic abnormalities behind the sialic-acid-related enzymes of B cells and monocytes in ACR, EULAR and SDAI improvements. The immunologic basis behind these findings can only be deciphered through future studies.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241612998/s1.





Author Contributions


Conceptualization, L.-B.L., P.-H.T., Y.-F.F., Y.-F.C. and J.-H.L.; data curation, C.-C.C.; formal analysis, L.-B.L. and C.-C.C.; funding acquisition, L.-B.L.; investigation, C.-C.C.; methodology, L.-B.L., P.-H.T., Y.-F.F., Y.-F.C. and J.-H.L.; project administration, P.-H.T., Y.-F.F., Y.-F.C., C.-C.C. and J.-H.L.; resources, L.-B.L., P.-H.T., Y.-F.F., Y.-F.C. and J.-H.L.; software, C.-C.C.; supervision, L.-B.L.; validation, C.-C.C.; writing—original draft, L.-B.L.; writing—review and editing, L.-B.L., P.-H.T., Y.-F.F., Y.-F.C., C.-C.C. and J.-H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by Bristol–Myers Squibb (Taiwan) Ltd. (XPRPG3G0093) and Chang Gung Medical Foundation (CMRPG2J0322).




Institutional Review Board Statement


The patients with RA enrolled in this study did not receive any financial subsidy or medication from the principal investigator. This study was approved by the Chang Gung Institutional Review Board (Taoyuan, Taiwan) with numbers 201700055B0 and 201900987B0 and was performed in accordance with the ethical standards specified in an appropriate version of the 1964 Declaration of Helsinki.




Informed Consent Statement


All the enrolled subjects provided written informed consent.




Data Availability Statement


The data that support the findings of this study are displayed in the article and in the Supplementary Information. Other data are available from the corresponding author upon reasonable request.




Conflicts of Interest


All authors declare no conflict of interest.




References


	



Pransen, J.; Moens, H.B.; Speyer, I.; van Riel, P.L.C.M. Effectiveness of systemic monitoring of rheumatoid arthritis disease activity in daily practice: A multicentre, cluster randomized controlled trial. Ann. Rheum. Dis. 2005, 64, 1294–1298. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, W.J.; Harrison, A.A.; Highton, J.; Chapma, P.; Stamp, L.; Dockerty, J.; McQueen, F.; Jones, P.B.B.; Ching, D.; Porter, D.; et al. Disease activity score 28-ESR bears a similar relationship to treatment decisions across different rheumatologists, but misclassification is to frequent to replace physician judgement. Rheumatology 2008, 47, 514–518. [Google Scholar] [CrossRef] [PubMed]

	



Matsui, T.; Kuga, Y.; Kaneko, A.; Nishino, J.; Eto, Y.; Chiba, N.; Yasuda, M.; Saisho, K.; Shimada, K.; Tohma, S. Disease activity score28 (DAS28) using C-reactive protein underestimates disease activity and overestimates EULAR response criteria compared with DAS 28 using erythrocyte sedimentation rate in a large observational cohort of rheumatoid arthritis patients in Japan. Ann. Rheum. Dis. 2007, 66, 1221–1226. [Google Scholar]

	



Wolfe, F. The many myths of erythrocyte sedimentation rate and C-reactive protein. J. Rheumatol. 2008, 36, 1568–1569. [Google Scholar] [CrossRef] [PubMed]

	



Pope, J.E.; Thorne, C.; Haraoui, B.P.; Truong, D.; Psaradellis, E.; Sampalis, J.S. Does C-reactive protein add value in active rheumatoid arthritis? Results form the optimization of Humira trial. Scand. J. Rheumatol. 2011, 40, 232–233. [Google Scholar] [CrossRef]

	



Liou, L.B.; Tsai, W.P.; Chang, C.J.; Chao, W.J.; Chen, M.H. Blood Monocyte Chemotactic Protein-1 (MCP-1) and Adapted Disease Activity Score28-MCP-1: Favorable Indicators for Rheumatoid Arthritis Activity. PLoS ONE 2013, 8, e55346. [Google Scholar] [CrossRef]

	



Inoue, E.; Yamanaka, H.; Hara, M.; Tomatsu, T.; Kamatani, N. Comparison of Disease Activity Score (DAS)28-erythrocyte sedimentation rate and DAS28-C-reactive protein threshold values. Ann. Rheum. Dis. 2007, 66, 407–409. [Google Scholar] [CrossRef]

	



Liou, L.B.; Fang, Y.F.; Tan, C.F.; Lai, J.H.; Jang, S.S.; Tsai, P.H.; Yeh, T.C. A new laboratory surrogate (Monocyte Chemotactic Protein-1) for Disease Activity Score28: A favourable indicator for remission in rheumatoid arthritis. Sci. Rep. 2020, 10, 8238. [Google Scholar] [CrossRef]

	



Greenmyer, J.R.; Stacy, J.M.; Sahmoun, A.E.; Beal, J.R.; Diri, E. DAS28-CRP Cutoffs for High Disease Activity and Remission Are Lower Than DAS28-ESR in Rheumatoid Arthritis. ACR Open Rheumatol. 2020, 2, 507–511. [Google Scholar] [CrossRef]

	



Gorczyca, W.; Wieczore, Z.; Lisowsκκi, J. Cell surface sialic acid affects immunoglobulin binding to macrophages. FEBS Lett. 1989, 259, 99–102. [Google Scholar] [CrossRef]

	



Fushima, K.; Taasai, S. Suppressive role of sialylated N-glycans in Fc receptor-mediated phagocytosis by macrophages. Biochem. Biophys. Res. Commun. 1993, 192, 333–337. [Google Scholar] [CrossRef]

	



Jenner, J.; Kerst, G.; Handgretinger, R.; Muller, I. Increased α-2,6-sialylation of surface proteins on tolerogenic, immature dendritic cells and regulatory T cells. Exp. Hematol. 2006, 34, 1211–1217. [Google Scholar] [CrossRef] [PubMed]

	



Ohmi, Y.; Ise, W.; Harazono, A.; Takakura, D.; Fukuyama, H.; Baba, Y.; Narazaki, M.; Shoda, H.; Takahashi, N.; Ohkawa, Y.; et al. Sialylation converts arthritogenic IgG into inhibitors of collagen-induced arthritis. Nat. Commun. 2016, 7, 11205. [Google Scholar] [CrossRef]

	



Wang, Y.; Khan, A.; Antonopoulos, A.; Nouche, L.; Buckley, C.D.; Filar, A.; Raza, K.; Li, K.P.; Tolusso, B.; Gremese, E.; et al. Loss of α2-6 sialylation promotes the transformation of synovial firboblasts into a pro-inflammatory phenotype in arthrtitis. Nat. Commun. 2021, 12, 2343. [Google Scholar] [CrossRef] [PubMed]

	



Harduin-Lepers, A.; Vallejo-Ruiz, V.; Krzewinski-Recchi, M.A.; Samyn-Petit, B.; Julien, S.; Delannoy, P. The human sialyltransferases family. Biochimie 2001, 83, 727–737. [Google Scholar] [CrossRef]

	



Lehoux, S.; Groux-Degroote, S.; Cazet, A.; Dhaenens, C.-M.; Maurage, C.-A.; Caillet-Boudin, M.-L.; Delannoy, P.; Krzewinski-Recchi, M.-A. Transcriptional regulation of the human ST6GAL2 gene in cerebral cortex and neuronal cells. Glycoconj. J. 2010, 27, 99–114. [Google Scholar] [CrossRef]

	



Videira, P.A.; Correia, M.; Malagolini, N.; Crespo, H.J.; Ligeiro, D.; Calais, F.M.; Helder Trindade, H.; Dall’Olio, F. ST3Gal.I sialyltransferase relevance in bladder cancer tissues and cell lines. BMC Cancer 2009, 9, 357–371. [Google Scholar] [CrossRef] [PubMed]

	



Picco, G.; Julien, S.; Brockhausen, I.; Beatson, R.; Antonopoulos, A.; Haslam, S.; Mandel, U.; Dell, A.; Pinder, S.; Taylor-Papadimitriou, J.; et al. Over-expression of ST3Gal-I promotes mammary tumorigenesis. Glycobiology 2010, 20, 1241–1250. [Google Scholar] [CrossRef]

	



Van Dyken, S.J.; Green, R.S.; Marth, J.D. Structural and mechanistic features of protein O glycosylation linked to CD8+ T-cell apoptosis. Mol. Cell. Biol. 2007, 27, 1096–1111. [Google Scholar] [CrossRef]

	



Barb, A.W.; Brady, E.K.; Prestegard, J.H. Branch Specific Sialylation of IgG-Fc Glycans by ST6Gal-I. Biochemistry 2009, 48, 9705–9707. [Google Scholar] [CrossRef]

	



Basset, C.; Durand, V.; Mimassi, N.; Pennec, Y.L.; Youinou, P.; Dueymes, M. Enhanced sialyltransferase activity in B lymphocytes from patients with primary Sjögren’s syndrome. Scand. J. Immunol. 2000, 51, 307–311. [Google Scholar] [CrossRef] [PubMed]

	



Liou, L.B.; Jang, S.S. α2,3-Sialyltransferase 1 and Neuraminidase 3 of Monocytes Correlate with Disease Activity Measures in Patients with Rheumatoid Arthritis. J. Chin. Med. Assoc. 2019, 82, 179–185. [Google Scholar] [CrossRef]

	



Chen, X.P.; Enioutina, E.Y.; Daynes, R.A. The control of IL-4 gene expression in activated murine T lymphocytes: A novel role for neu-1 sialidase. J. Immunol. 1997, 158, 3070–3080. [Google Scholar] [CrossRef]

	



Seyrantepe, V.; Iannello, A.; Liang, F.; Kanshin, E.; Jayanth, P.; Samarani, S.; Szewczuk, M.R.; Ahmad, A.; Pshezhetsky, A.V. Regulation of phagocytosis in macrophages by neuraminidase 1. J. Biol. Chem. 2010, 285, 206–215. [Google Scholar] [CrossRef]

	



Naraparaju, V.R.; Yamamoto, N. Roles of beta-galactosidase of B lymphocytes and sialidase of T lymphocytes in inflammation-primed activation of macrophages. Immunol. Lett. 1994, 43, 143–148. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yamaguchi, K.; Wada, T.; Hata, K.; Zhao, X.J.; Fujimoto, T.; Miyagi, T. A close association of the ganglioside-specific sialidase Neu3 with caveolin in membrane microdomains. J. Biol. Chem. 2002, 277, 26252–26259. [Google Scholar] [CrossRef] [PubMed]

	



Kaneko, Y.; Nimmerjahn, F.; Ravetch, J.V. Anti-inflammatory activity of immunoglobulin G resulting from Fc sialylation. Science 2006, 313, 670–673. [Google Scholar] [CrossRef]

	



Liou, L.B.; Huang, C.C. Sialyltransferase and Neuraminidase Levels/Ratios and Sialic Acid Levels in Peripheral Blood B Cells Correlate with Measures of Disease Activity in Patients with Systemic Lupus Erythematosus and Rheumatoid Arthritis: A Pilot Study. PLoS ONE 2016, 11, e0151669. [Google Scholar] [CrossRef]

	



Makinen, H.; Kautianen, H.; Hannonen, P.; Sokka, T. Is DAS28 an appropriate tool to assess remission in rheumatoid arthritis? Ann. Rheum. Dis. 2005, 64, 1410–1413. [Google Scholar] [CrossRef]

	



Felson, D.T.; Smolen, J.S.; Wells, G.; Zhang, B.; van Tuyl, L.H.D.; Funovits, J.; Aletaha, D.; Allaart, C.F.; Bathon, J.; Bombardieri, S.; et al. American College of Rheumatology/European League against Rheumatism provisional definition of remission in rheumatoid arthritis for clinical trials. Arthritis Rheumatol. 2011, 63, 573–586. [Google Scholar] [CrossRef]

	



Felson, D.T.; Anderson, J.J.; Boers, M.; Bombardier, C.; Furst, D.; Goldsmith, C.; Katz, L.M.; Lightfoot, R., Jr.; Paulus, H.; Strand, V.; et al. American College of Rheumatology preliminary definition of improvement in rheumatoid arthritis. Arthritis Rheumatol. 1995, 38, 727–735. [Google Scholar] [CrossRef] [PubMed]

	



van Gestel, A.M.; Prevoo, M.L.; van‘t Hof, M.A.; van Rijswijk, M.H.; van de Putte, L.B.; van Riel, P.L. Development and validation of the European Leaque Against Rheumatism response criteria for rheumatoid arthritis: Comparison with the Preliminary American College of Rheumatology and the World Health Organization/International Leaque Against Rheumatism Criteria. Arthritis Rheumatol. 1996, 39, 34–40. [Google Scholar]

	



Aletaha, D.; Martinez-Avila, J.; Kvien, T.J.; Smolen, J.S. Definition of treatment response in rheumatoid arthritis based on the simplified and the clinical disease activity index. Ann. Rheum. Dis. 2012, 71, 1190–1196. [Google Scholar] [CrossRef] [PubMed]

	



Prevoo, M.L.; van‘t Hof, M.A.; Kuper, H.H.; van Leeuwen, M.A.; van de Putte, L.B.; van Riel, P.L. Modified disease activity scores that include twenty-eight-joint counts development and validation in a prospective longitudinal study of patients with rheumatoid arthritis. Arthritis Rheumatol. 1995, 38, 44–48. [Google Scholar] [CrossRef]

	



Pincus, T. The American College of Rheumatology (ACR) Core Data Set and derivative patient only indices to assess rheumatoid arthritis. Clin. Exp. Rheumatol. 2005, 23 (Suppl. S39), S109–S113. [Google Scholar]

	



Crowson, C.S. Rheumatoid arthritis and heart disease: The chicken and the egg. J. Int. Med. 2010, 268, 552–554. [Google Scholar] [CrossRef]

	



Cerezo, L.A.; Kuklová, M.; Hulejová, H.; Vernerová, Z.; Kaspříková, N.; Veigl, D.; Pavelka, K.; Vencovský, J.; Šenolt, L. Progranulin Is Associated with Disease Activity in Patients with Rheumatoid Arthritis. Mediat. Inflamm. 2015, 2015, 740357. [Google Scholar]

	



Castro-Villega, C.; Castro-Villegas, C.; Pérez-Sánchez, C.; Escudero, A.; Filipescu, I.; Verdu, M.; Ruiz-Limón, P.; Aguirre, M.A.; Jiménez-Gomez, Y.; Font, P.; et al. Circulating miRNAs as potential biomarers of therapy effectiveness in rheumatoid arthritis patients treated with anti-TNFα. Arthritis. Res. Therapy 2015, 17, 49. [Google Scholar] [CrossRef]

	



Ha, Y.J.; Kang, E.J.; Lee, S.W.; Lee, S.K.; Park, Y.B.; Song, J.S.; Choi, S.T. Usefulness of Serum Leucine-Rich Alpha-2 Glycoprotein as a Disease Activity Biomarker in Patients with Rheumatoid Arthritis. J. Korean Med. Sci. 2014, 29, 1199–1204. [Google Scholar] [CrossRef]

	



Anand, D.; Kumar, U.; Kanjila, M.; Kaur, S.; Das, N. Leucocyte complement receptor 1 (CR1/CD35) transcript and its correlation with the clinical disease activity in rheumatoid arthritis patients. Clin. Exp. Immunol. 2014, 176, 327–335. [Google Scholar] [CrossRef]

	



van Gestel, A.M.; Anderson, J.J.; van Riel, P.L.; Boers, M.; Haagsma, C.J.; Rich, B.; Wells, G.; Lange, M.L.; Felson, D.T. ACR and EULAR improvement criteria has comparable validity in rheumatoid arthritis trials. J. Rheumatol. 1999, 199, 705–711. [Google Scholar]

	



Liou, L.B.; Huang, C.C. Reverse expression of α2,6-sialic acid ratios on IgG, IgM, and IgG/IgM autoantibodies correlates with mouse arthritis and rheumatoid arthritis disease activity. J. Chin. Med. Assoc. 2020, 83, 1079–1086. [Google Scholar] [CrossRef]

	



Bartsch, Y.C.; Rahmöller, J.; Mertes, M.M.M.; Eiglmeier, S.; Lorenz, F.K.M.; Stoehr, A.D.; Braumann, D.; Lorenz, A.K.; Winkler, A.; Lilienthal, G.M.; et al. Sialylated autoantigen-reactive IgG antibodies attenuate disease development in autoimmune model of lupus nephritis and rheumatoid arthritis. Front. Immunol. 2018, 9, 1183. [Google Scholar] [CrossRef] [PubMed]

	



Fickentscher, C.; Magorivska, I.; Janko, C.; Biermann, M.; Bilyy, R.; Nalli, C.; Tincani, A.; Medeghini, V.; Meini, A.; Nimmerjahn, F.; et al. The pathogenecity of anti-b2GP1-IgG autoantibodies depends on Fc glycosylation. J. Immunol. Res. 2015, 2015, 638129. [Google Scholar] [CrossRef] [PubMed]

	



Orr, C.K.; Najm, A.; Young, F.; McGarry, T.; Biniecka, M.; Fearon, U.; Veale, D.J. The Utility and Limitations of CRP, ESR and DAS28-CRP in Appraising Disease Activity in Rheumatoid Arthritis. Front. Med. 2018, 5, 185. [Google Scholar] [CrossRef] [PubMed]

	



Harigai, M.; Hara, M.; Yoshimura, T.; Leonard, E.J.; Inoue, K.; Kashiwazaki, S. Monocyte chemoattractant protein-1 (MCP-1) in inflammatory joint diseases and its involvement in the cytokine network of rheumatoid synovium. Clin. Immunol. Immunopathol. 1993, 69, 83–91. [Google Scholar] [CrossRef] [PubMed]

	



Koch, A.E.; Kunkel, S.L.; Harlow, L.A.; Johnson, B.; Evanoff, H.L.; Haines, G.K.; Burdick, M.D.; Pope, R.M.; Strieter, R.M. Enhanced production of monocyte chemoattractant protein-1 in rheumatoid arthritis. J. Clin. Investig. 1992, 90, 772–779. [Google Scholar] [CrossRef]

	



Gong, J.H.; Ratkay, L.G.; Waterfield, J.D.; Clark-Lewis, I. An antagonist of monocyte chemoattractant protein 1 (MCP-1) inhibits arthritis in the MRL-lpr mouse model. J. Exp. Med. 1997, 186, 131–137. [Google Scholar] [CrossRef]

	



Smolen, J.S.; Landewé, R.B.M.; Bijlsma, J.W.J.; Burmester, G.R.; Dougados, M.; Kerschbaumer, A.; McInnes, I.B.; Sepriano, A.; van Vollenhoven, R.F.; de Wit, M.; et al. EULAR recommendations for the management of rheumatoid arthritis with synthetic and biological disease-modifying antirheumatic drugs. Ann. Rheum. Dis. 2010, 69, 964–975. [Google Scholar] [CrossRef]

	



Keystone, E.C.; Genovese, M.C.; Klareskog, L.; Hsia, E.C.; Hall, S.T.; Miranda, P.; Pazdur, J.; Bae, S.-C.; Palmer, W.W.; Zrubek, J.; et al. Golimumab, a human antibody to tumor necrosis factor a given by monthly subcutaneous injections, in active rheumatoid arthritis despite methotrexate therapy: The GO-FORWARD study. Ann. Rheum. Dis. 2009, 68, 789–796. [Google Scholar] [CrossRef]

	



Yamanaka, H.; Tanaka, Y.; Inoue, E.; Hoshi, D.; Momohara, S.; Hanami, K.; Yunoue, N.; Saito, K.; Amano, K.; Kameda, H.; et al. Efficacy and tolerability of tocilizumab in rheumatoid arthritis patients seen in daily clinical practice in Japan: Results from a retrospective study (REACTION study). Mod. Rheumatol. 2011, 21, 122–133. [Google Scholar] [CrossRef] [PubMed]

	



Fuss, I.J.; Kanof, M.E.; Smith, P.D.; Zola, H. Unit 7.1 Isolation of Whole Mononuclear Cells from Peripheral Blood and Cord Blood, Current Protocols in Immunology, Vol. II; John-Wiley & Sons: Hoboken, NJ, USA, 2011; ISBN 0-471-52276-7. [Google Scholar]

	



Mannik, M. Rheumatoid factors in the pathogenesis of rheumatoid arthritis. J. Rheumatol. Suppl. 1992, 32, 46–49. [Google Scholar] [PubMed]

	



Tanaka, Y. Rheumatoid arthritis. Inflamm. Regen. 2020, 40, 20. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 12998 g001] 





Figure 1. Comparisons of the difference of monocyte and B-cell enzyme levels/ratios between various ACR improvements and their non-improvements. (A) The B-cell Neu1 difference (M0 − M3) fulfilled the ACR 70% improvement criteria (n = 23), compared with those not fulfilled (n = 67), p = 0.043. (B) The monocyte Neu3 difference (M0 − M12) fulfilled the ACR 20% improvement criteria (n = 65), compared with those not fulfilled (n = 6), p = 0.037. (C) The B-cell ST6 difference (M0 − M12) fulfilled the ACR 20% improvement criteria (n = 62), compared with those not fulfilled (n = 5), p = 0.050. (D) The monocyte ST3/Neu3 ratio difference (M0 − M12) fulfilled the ACR 70% improvement criteria (n = 26), compared with those not fulfilled (n = 38), p = 0.042. All comparisons were analysed using the Mann–Whitney U test. 
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Figure 2. Comparisons of the difference of monocyte and B-cell enzyme levels/ratios between various ACR improvements and their non-improvements in RA patients with positive rheumatoid factor. (A) The B-cell Neu1 difference (M0 − M3) fulfilled the ACR 70% improvement criteria (n = 21), compared with those not fulfilled (n = 53), p = 0.041. (B) The B-cell ST6 difference (M0 − M3) fulfilled the ACR 70% improvement criteria (n = 21), compared with those not fulfilled (n = 50), p = 0.022; that of the B-cell ST6 difference yielded p = 0.024 (ACR 50%, M0 − M12). (C) The monocyte Neu3 difference (M0 − M12) fulfilled the ACR 20% improvement criteria (n = 67), compared with those not fulfilled (n = 8), p = 0.029; that of the monocyte ST6/Neu1 ratio difference rendered p = 0.007 (ACR 70%, M0 − M12); that of the monocyte ST6 difference yielded p = 0.019 (ACR 50%, M0 − M15). (D) The B-cell ST3 difference (M0 − M3) fulfilled the ACR 70% improvement criteria (n = 21), compared with those not fulfilled (n = 49), p = 0.013; that of the B-cell ST3 difference provided p = 0.046 (ACR 50%, M0 − M12); that of the B-cell Neu 3 difference yielded p = 0.015 (ACR 70%, M0 − M3). All comparisons were analysed using the Mann–Whitney U test. 
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Figure 3. Comparisons of the difference of monocyte and B-cell enzyme levels/ratios between various ACR improvements and their non-improvements in RA patients with positive anti-CCP antibodies. (A) The B-cell ST6 difference (M0 − M12) fulfilled the ACR 70% improvement (n = 75) criteria, compared with those not fulfilled (n = 6), p = 0.030. (B) The monocyte ST6 difference gave p = 0.039 for ACR 70% improvement (n = 50) vs. non-improvement (n = 31) (M0 − M15). (C) The monocyte ST3/Neu3 ratio difference rendered p = 0.036 for ACR 70% improvement (n = 33) vs. non-improvement (n = 41) (M0 − M12). All comparisons were analysed using the Mann–Whitney U test. 
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Figure 4. Comparisons of the difference of monocyte and B-cell enzyme levels/ratios between various ACR improvements and their non-improvements in RA patients with use of biologics. (A) The B-cell Neu1 difference (M0 − M3) fulfilled the ACR 50% improvement criteria (n = 26), compared with those not fulfilled (n = 16), p = 0.029. (B) The B-cell ST6/Neu1 ratio difference (M0 − M3) fulfilled the ACR 50% improvement (n = 21), compared with those not fulfilled (n = 15) gave p = 0.037. (C) The monocyte ST6/Neu1 ratio difference (M0 − M3) fulfilled the ACR 20% improvement (n = 31), compared with those not fulfilled (n = 6), p = 0.009. (D) The monocyte ST3/Neu3 ratio difference (M0 − M12) fulfilled the ACR 70% improvement (n = 10), compared with those not fulfilled (n = 27), p = 0.028. All comparisons were analysed using the Mann–Whitney U test. 
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Figure 5. Comparison of the B-cell Neu1 level and DAS28 scores between baseline and later months. The B-cell Neu1 level was significantly lower in (A) month 12 (n = 72) and (B) month 15 (n = 48) than month 0 (n = 100) (p = 0.009 and <0.001, respectively). DAS28-ESR scores were significantly lower in (C) month 12 and (D) month 15 than month 0 (p < 0.001 and <0.001, respectively). DAS28-MCP-1 scores were significantly lower in (E) month 12 and (F) month 15 than month 0 (p < 0.001 and <0.001, respectively). All comparisons were analysed using the Mann–Whitney U test. 
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Table 1. Demographic, clinical, and laboratory data of patients with rheumatoid arthritis.
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	Median (or Mean ± SD)
	Quartiles (25–75%) or Range





	Patient number (female: male)
	100 (80:20)
	



	Total visits
	312
	



	Age
	55.4 ± 13.0
	22–79



	Disease duration (months from initial arthritic symptoms)
	58.5
	5.0–114.8



	Swollen joint count
	6.5
	5.0–10.0



	Tender joint count
	8.0
	5.0–12.5



	Global health
	80
	50–80



	Morning stiffness (min)
	60
	22.5–172.5



	ESR (mm/h)
	28.0
	17.0–44.8



	Rheumatoid factor (IU/mL)
	59.9
	15.2–296.5



	Anti-CCP (mg/mL)
	279.8
	50.8–336.9



	DAS28-ESR
	5.7 ± 1.0
	3.4–8.4



	HAQ-DI
	1.00
	0.00–3.33







Anti-CCP represents IgG anti-cyclic citrullinated peptide antibody, DAS28-ESR represents Disease Activity Score 28 with inclusion of ESR, and HAQ-DI represents Health Assessment Questionnaire Disability Index. The low and high limits: swollen joint count (0–28) and tender joint count (0–28). Normal ranges: ESR < 15 mm/h, rheumatoid factor < 15 IU/mL, and anti-CCP < 20 mg/mL.













 





Table 2. Areas under the curve for monocyte and B-cell enzyme levels and ratios, CRP, and ESR against two remission definitions.
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	Area under the Curve
	Asymptotic Significance
	Asymptotic 95% Confidence Interval





	Modified ARA remission
	
	
	



	Monocyte ST6/Neu1 ratios
	0.634
	p = 0.013
	0.532–0.736



	B-cell ST3Gal1
	0.658
	p = 0.003
	0.568–0.749



	B-cell Neu3
	0.641
	p = 0.009
	0.549–0.734



	B-cell ST6Gal1
	0.648
	p = 0.006
	0.554–0.742



	B-cell Neu1
	0.674
	p = 0.001
	0.538–0.764



	CRP (mg/L)
	0.331
	p = 0.002
	0.256–0.406



	ESR (mm/h)
	0.356
	p = 0.004
	0.283–0.428



	2011 ACR/EULAR remission
	
	
	



	Monocyte ST6/Neu1 ratios
	0.672
	p = 0.001
	0.583–0.762



	B-cell ST3Gal1
	0.633
	p = 0.009
	0.537–0.729



	B-cell Neu3
	0.662
	p = 0.001
	0.572–0.751



	B-cell Neu1
	0.682
	p < 0.001
	0.593–0.772



	CRP (mg/L)
	0.368
	p = 0.014
	0.290–0.445



	ESR (mm/h)
	0.416
	p = 0.097
	0.330–0.502







Modified ARA remission represents 2005 modified American Rheumatism Association remission [29]; ST3 represents α-2,3-sialyltransferase I; Neu3 represents neuraminidase 3; ST6 represents α-2,6-sialyltransferase I Neu1 represents neuraminidase 1; ST6/Neu1 represents α-2,6-sialyltransferase I/neuraminidase 1 ratios; and 2011 ACR/EULAR remission represents 2011 American College of Rheumatology/European League Against Rheumatism remission [30].













 





Table 3. Comparisons of the difference in B-cell and monocyte enzyme levels and ratios between the EULAR improvement group and the non-improvement group.
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	B-Cell ST3
	B-Cell Neu3
	B-Cell

ST6
	B-Cell Neu1
	B-Cell ST3/Neu3
	B-Cell ST6/Neu1





	M0 − M3
	-
	-
	-
	-
	-
	-



	M0 − M12
	-
	-
	-
	0.014
	-
	-



	M0 − M15
	-
	-
	-
	-
	-
	-







EULAR represents European League Against Rheumatism. p-values are shown; “-” indicates p-values > 0.05. ST3 represents α-2,3-sialyltransferase I; Neu3 represents neuraminidase 3; ST6 represents α-2,6-sialyltransferase I; Neu1 represents neuraminidase 1; ST6/Neu1 represents α-2,6-sialyltransferase I/neuraminidase 1 ratios; and ST3/Neu3 represents α-2,3-sialyltransferase I/neuraminidase 3 ratios. The EULAR improvement was calculated with the end-result DAS28-ESR < 3.2 and decreased scores of more than 1.2 among groups of M0 minus M3 (M0 − M3), M0 minus M12 (M0 − M12) and M0 minus M15 (M0 − M15). The non-improvement refers to those with the end-result DAS28-ESR > 3.2 and/or decreased scores of less than 1.2. Then, the difference in separate enzyme levels and ratios between fulfillment and non-fulfillment groups was compared to obtain p-values. All comparisons were performed through the Mann–Whitney U test. Other monocyte results were all negative.













 





Table 4. Comparing the difference in B-cell and monocyte enzyme levels and ratios between the SDAI improvement group and the non-improvement group.
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	B-Cell

ST3
	B-Cell

Neu3
	B-Cell

ST6
	B-Cell

Neu1
	Mono

ST3
	Mono Neu3
	Mono

ST6
	Mono

Neu1
	B-Cell ST3/Neu3
	B-Cell ST6/Neu1
	Mono ST3/Neu3
	Mono ST6/Neu1





	M0 − M3
	-
	0.047 #
	-
	0.018 #
	-
	-
	-
	-
	-
	-
	-
	-



	M0 − M12
	0.003 *
	0.013 *; 0.020 #
	0.007*
	0.001 *;

0.035 #
	0.028 @
	0.001 *
	0.023 *
	<0.001 *
	0.014 *
	-
	0.044 @
	0.007 @



	M0 − M15
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-







SDAI represents Simplified Disease Activity Index. p-values are shown; “-” indicates p-values > 0.05. ST3 represents α-2,3-sialyltransferase I; Neu3 represents neuraminidase 3; ST6 represents α-2,6-sialyltransferase I; Neu1 represents neuraminidase 1; ST6/Neu1 represents alpha-2,6-sialyltransferase I/neuraminidase 1 ratios; ST3/Neu3 represents α-2,3-sialyltransferase I/neuraminidase 3 ratios; and Mono represents monocyte. The SDAI improvement was calculated with 50% *, 70% # and 85% @ reduction among groups of M0 minus M3 (M0 − M3), M0 minus M12 (M0 − M12) and M0 minus M15 (M0 − M15). The non-improvement refers to those with less than 50%, 70% and 85% reduction. Then, the difference in separate enzyme levels and ratios between the fulfillment and the non-fulfillment groups was compared to obtain p-values. All comparisons were performed through the Mann–Whitney U test.













 





Table 5. Comparisons of the difference in B-cell and monocyte enzyme levels and ratios between the EULAR improvement group and the non-improvement group of RA patients with positive rheumatoid factor.
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	B-Cell ST3
	B-Cell Neu3
	B-Cell

ST6
	B-Cell Neu1
	B-Cell ST3/Neu3
	B-Cell ST6/Neu1





	M0 − M3
	-
	-
	-
	-
	-
	-



	M0 − M12
	0.016
	0.016
	-
	0.016
	-
	-



	M0 − M15
	-
	-
	-
	-
	-
	-







p-values are shown. “-” indicates p-values > 0.05. ST3: α-2,3-sialyltransferase I; Neu3: neuraminidase 3; ST6: alpha-2,6-sialyltransferase I; Neu1: neuraminidase 1; ST3/Neu3: α-2,3-sialyltransferase I/neuraminidase 3 ratios; and ST6/Neu1: α-2,6-sialyltransferase I/neuraminidase 1 ratios. The EULAR improvement was calculated with the end-result DAS28-ESR < 3.2 and decreased scores of more than 1.2 among groups of M0 minus M3 (M0 − M3), M0 minus M12 (M0 − M12) and M0 minus M15 (M0 − M15).













 





Table 6. Comparisons of the difference in B-cell and monocyte enzyme levels and ratios between the EULAR improvement group and the non-improvement group of RA patients with positive anti-CCP antibodies.
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	B-Cell ST3
	B-Cell Neu3
	B-Cell

ST6
	B-Cell Neu1
	B-Cell ST3/Neu3
	B-Cell ST6/Neu1





	M0 − M3
	-
	-
	-
	-
	-
	-



	M0 − M12
	-
	-
	-
	0.037
	-
	-



	M0 − M15
	-
	-
	-
	-
	-
	-







p-values are shown; “-” indicates p-values > 0.05. ST3: α-2,3-sialyltransferase I; Neu3: neuraminidase 3; ST6: α-2,6-sialyltransferase I; Neu1: neuraminidase 1; ST3/Neu3: α-2,3-sialyltransferase I/neuraminidase 3 ratios; and ST6/Neu1: α-2,6-sialyltransferase I/neuraminidase 1 ratios. The EULAR improvement was calculated with end-result DAS28-ESR < 3.2 and decreased scores of more than 1.2 among groups of M0 minus M3 (M0 − M3), M0 minus M12 (M0 − M12) and M0 minus M15 (M0 − M15).













 





Table 7. Comparisons of the difference in B-cell and monocyte enzyme levels and ratios between the EULAR improvement group and the non-improvement group of RA patients using biologics.
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	B-Cell ST3
	B-Cell Neu3
	B-Cell

ST6
	B-Cell Neu1
	B-Cell ST3/Neu3
	B-Cell ST6/Neu1





	M0 − M3
	-
	-
	-
	-
	-
	-



	M0 − M12
	-
	-
	-
	0.028
	-
	-



	M0 − M15
	-
	-
	-
	-
	-
	-







p-values are shown; “-” indicates p-values > 0.05. ST3: α-2,3-sialyltransferase I; Neu3: neuraminidase 3; ST6: α-2,6-sialyltransferase I; Neu1: neuraminidase 1; ST3/Neu3: α-2,3-sialyltransferase I/neuraminidase 3 ratios; and ST6/Neu1: α-2,6-sialyltransferase I/neuraminidase 1 ratios. The EULAR improvement was calculated with the end-result DAS28-ESR < 3.2 and decreased scores of more than 1.2; the difference of enzyme levels between M0 minus M3 (M0 − M3), M0 minus M12 (M0 − M12), and M0 minus M15 (M0 − M15) was obtained and compared between the EULAR improvement and non-improvement group.













 





Table 8. Enzymes capable of discriminating RA activity improvement and fulfilling remission definitions.
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	Enzyme(s)
	Fulfill the Criterion for Differentiating RA Activity Improvement
	Fulfill Two Remission Definitions





	B-cell Neu1
	ACR, EULAR, and SDAI
	Yes



	B-cell ST6Gal1
	ACR and SDAI
	Only modified ARA remission



	B-cell Neu3
	SDAI
	Yes



	B-cell ST3Gal1
	SDAI
	Yes



	Monocyte ST6Gal1/

Neu1 ratios
	SDAI
	Yes







RA: rheumatoid arthritis; Neu1: neuraminidase 1; ST6Gal1: α-2,6-sialyltransferase I; Neu 3: neuraminidase 3; ST3Gal1: α-2,3-sialyltransferase I; ACR: American College of Rheumatology; EULAR: European League Against Rheumatism; SDAI: Simplified Disease Activity Index; Modified ARA remission: 2005 modified American Rheumatism Association remission.













 





Table 9. Enzymes capable of discriminating RA activity improvement in subgroup categories.
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	Enzyme(s)
	Fulfill the Criterion for Differentiating RA Activity Improvement in which Criterion/Subgroup





	B-cell Neu1
	ACR/RF, EULAR/RF, SDAI/RF; EULAR/anti-CCP, SDAI/anti-CCP; ACR/biologics, EULAR/biologics, SDAI/biologics



	B-cell ST6Gal1
	ACR/RF, SDAI/RF; ACR/anti-CCP, SDAI/anti-CCP



	B-cell ST6Gal1/

Neu1 ratios
	ACR/biologics



	B-cell Neu3
	EULAR/RF, SDAI/RF; SDAI/anti-CCP; SDAI/biologics



	B-cell ST3Gal1
	ACR/RF, EULAR/RF, SDAI/RF; SDAI/anti-CCP



	Monocyte Neu1
	SDAI/RF; SDAI/anti-CCP



	Moncoyte ST6Gal1
	SDAI/RF; ACR/anti-CCP, SDAI/anti-CCP



	Moncyte ST6Gal1/

Neu1 ratios
	SDAI/RF; SDAI/anti-CCP; ACR/biologics



	Monocyte Neu3
	ACR/RF, SDAI/RF; SDAI/anti-CCP



	Monocyte ST3Gal1

/Neu3 ratios
	ACR/anti-CCP; ACR/biologics, SDAI/biologics







RA: rheumatoid arthritis; Neu1: neuraminidase 1; ST6Gal1: α-2,6-sialyltransferase I; Neu 3: neuraminidase 3; ST3Gal1: α-2,3-sialyltransferase I; ST6: ST6Gal1. ACR: American College of Rheumatology; EULAR: European League Against Rheumatism; SDAI: Simplified Disease Activity Index; RF: rheumatoid factor; anti-CCP: anti-citrullinated peptide antibodies; biologics: use of biological agents.
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