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Editorial on the Research Topic 


Chronic autoimmune arthritis, infections and vaccines


The link between autoimmunity and infection continues to represent an intriguing immunologic conundrum for scientist and a frequent clinical challenge for patients and physicians.

Patients with chronic autoimmune arthritis indeed have an increased risk of infections, mainly due to the dysregulation of their immune system and the use of immunosuppressive therapy. Infections in these patients are more frequent, have a more severe clinical course, eventually with prolonged viral persistence, compared to the general population and represent a frequent cause of death.

Besides, infections can trigger autoimmune diseases via different immunologic mechanisms such as molecular mimicry, epitope spreading, by-stander activation and can also induce disease relapses.

SARS-CoV-2 infection represents a dramatic example of this complex connection.

It is known, indeed, that different autoimmune manifestations can complicate SARS-CoV-2 infection such as uncontrolled host-immune response leading to life-threatening condition known as cytokine release syndrome, or autoimmune hemolytic anemia, immune thrombocytopenic purpura, Guillain-Barre syndrome, and the detection of different autoantibodies.

This Research Topic includes seventeen contributions, fifteen original articles and two review articles, providing several new insights into the efficacy and safety of SARS-CoV-2 vaccine in autoimmune patients, immunologic biomarkers for diagnosis and therapeutic outcome of autoimmune arthritis.

The work of D’Abramo et al underlines the need of a prompt, combined multi-target tailored therapy for immunosuppressed patients with severe COVID-19. They described a case series of 21 COVID-19 patients under B cell depletion therapy, effectively treated with a combined therapy based on intravenous remdesevir and steroid associated with SARS-CoV-2 monoclonal antibodies against Spike glycoprotein and/or hyper-immune convalescent plasma

Sjowall et al compared SARS-CoV-2 antibodies in longitudinal samples collected prior to vaccination with Systemic Lupus Erythematosus (SLE) progression and antinuclear antibody levels. Their data from early 2021 indicate that a large proportion of Swedish SLE patients had serological signs of exposure to SARS-CoV-2 but apparently with a minor impact on the SLE course.

The development of several SARS-CoV-2 vaccines represented a major step-forward, but it raises special concerns for patients with autoimmune arthritis such as the choice of the best vaccine formulation and the management of ongoing immunosuppressive treatment in infected patients or during the scheduled vaccination.

Picchianti Diamanti et al provided an updated review of the main controversial issues in terms of safety, efficacy and effectiveness of SARS-CoV-2 vaccines in autoimmune patients and the role of immunosuppressive therapy. Immunomodulating agents such as dexamethasone and other biological agents (ie, tocilizumab, sarilumab, anakinra and baricitinib) demonstrated clinical and virological efficacy for the management of COVID-19 patients, however, they have to be tailored to COVID-19 severity and clinical setting, considering the strict correct window of opportunity to optimize patient’s outcome. On the other hand, autoimmune patients are a priority group for vaccination, but special measures should be adopted to improve vaccine safety and effectiveness, such as temporary suspension of some immunosuppressive drugs and the preferential use of mRNA-based vaccine

In their research article Picchianti Diamanti et al, showed for the first time that antibody-specific and whole-blood spike-specific T-cell responses induced by the COVID-19 mRNA-vaccine are present in the majority of Rheumatoid Arthritis (RA) patients, who underwent a strategy of temporary suspension of immunosuppressive treatment during vaccine administration, in the absence of disease relapses and major adverse events. However, the levels of specific responses were lower than Health Care Workers (HCWs) and reduced by some ongoing immunosuppressive therapy, in particular by the CTLA-4Ig abatacept.

In a following work on the same patient population Farroni et al, deeply characterized the kinetic of both humoral and cellular immune responses to BNT162b2 vaccine. The authors showed a significant reduction of the humoral response after 6 months from the first dose in both HCWs and RA patients regardless of the immunosuppressive therapy, whereas the T-cell response remained mostly stable. Looking at the T and B cell response overall, they stratified patients in full responders (both humoral and cellular, 40%), partially responders (only humoral or only T-cell response, 51%) and not responders (9%). The last two groups are likely to be at higher risk for COVID-19 despite the complete vaccination, underlining the need for a tailored strategy such as longer suspension of some immunosuppressive drugs and earlier adoption of a booster dose.

Through millions of people being vaccinated with COVID-19 mRNA vaccine is not surprising that rare reports of adverse events are emerging. In their Research article, Luchetti et al, suggests that the anti-Spike antibodies may play a key role in the induction of an abnormal and deregulated immune response. They evaluated the onset of clinical and laboratory immune manifestations related to COVID-19 or SARS-CoV-2 vaccination in a large cohort of hospitalized patients, with recently SARS-CoV-2 infection, or with autoimmune rheumatic diseases (ARDs) in remission and flared after SARS-CoV-2 infection, or finally outpatients with symptoms of probable immune-mediated origin after SARS-CoV-2 vaccination. They observed different clinical manifestations of ARD such as arthralgia/myalgia, pericarditis, thrombocytopenia as well as some cases of newly diagnosed ARD after the recovery from COVID-19 as well as after SARS-CoV-2 vaccination.

In the clinical case described by Hakroush and Tampe, there was a temporal association between the second dose of BNT162b2 vaccination and the development of anti-neutrophil cytoplasmic antibody associated vasculitis (AAV), rhabdomyolysis and pauci-immune crescentic glomerulonephritis (GN) suggesting a strong/uncontrolled neutrophilic immune response to mRNA vaccine as a potential trigger. Prompted treatment with intravenous cyclophosphamide followed by oral prednisone rescued kidney function, proteinuria dropped down and serological testing revealed that also ANCA IF turned negative.

Watanabe et al described a case of new-onset RA following COVID-19 vaccination. Flares or new-onset of autoimmune disorders have been reported soon after the COVID-19 vaccination, however in such a case, serum cytokine levels, after vaccination, resembled a typical genuine RA. Indeed, interleukin-6, tumor necrosis factor-alpha, type I interferon, were elevated at the active phase, whereas remission induced by methotrexate and tocilizumab was accompanied by a marked reduction of these cytokines.

Different interesting manuscripts focused on the pathogenesis, early diagnosis and therapy of RA were also submitted.

An important role in the pathogenesis of RA is played by the family of peptidylarginine deiminases (PADs) that have been linked to the anticitrullinated protein antibodies (ACPA) production. In their case-control study, Guzman-Guzman et al. found that the TTT haplotype of SNPs on the PADI2 gene confers genetic susceptibility to RA and radiographic joint damage in women from southern Mexico.

The experimental study of Brevet et al, gives a very interesting insight into the different roles that autoantibodies could have in RA. In fact, anti-carbamylated fibrinogen IgG antibodies (ACa-Fib IgG) were associated with a more inflammatory and erosive disease at baseline, and maybe correlated with systemic inflammation, but not with rapid radiological progression, which remains strongly related to ACPA antibodies.

Microparticles, also called extracellular vesicles (EVs), are small membrane-coated vesicles that are released from various cells during cell activation and apoptosis thus can be a source of autoantigens. They can also have important procoagulant properties based on the availability of phosphatidylserine (PS) exposed on the surface after stimulation. Stojanovic et al, found elevated levels of circulating EVs in patients with established RA, in relation to the inflammatory burden and coagulation activation in the disease.

Early diagnosis of autoimmune diseases is critical to preventing disease progression.

In their meaningful clinical research study, Ahn et al investigated whether plasma tumor M2-PK is elevated in patients with RA and whether its levels correlate with disease activity. They demonstrated that the level of plasma M2-PK in RA patients is increased, and it is positively correlated with the disease activity. After treatment with immunosuppressive agents the level of M2-PK decreases concomitantly to the reduction of inflammation; however, M2-PK was hardly detected in the synovial tissue.

The differential diagnosis of seronegative RA can be a challenge for clinicians considering the absence of serological biomarkers. In their work, the Italian Group of Bason et al, through the use of random peptide library identified autoantibodies that could be used as serum biomarkers for the diagnosis of this patient population. In particular they found a peptide in the sera of seronegative RA patients and not in healthy controls, that shares homology with some self-antigens, such as Protein-tyrosine kinase 2 beta, B cell scaffold protein, Liprin-alfa1 and Cytotoxic T lymphocyte protein 4.

In the present era, of microarray and high-throughput sequencing analysis, is important to join efforts in comparing and converging the information on gene expression profiles, present in various platforms, to identify potential novel genes and biomarkers.

By selecting five microarray datasets and a high throughput sequencing dataset Zhou et al identified differently expressed genes in immune cell infiltrating the synovial tissues in RA patients as compared to the ones of healthy donors. Authors found that CD8 T cells expressing the alpha chain of the CD8, the chemokine receptor CCL5, the chemokine CXCR4 and Granzyme A are a good diagnostic biomarker candidate for RA. And that CXCR4 activated memory CD4/Tfh cells expressing Granzyme A participate in early pathogenesis of RA. Moreover, RA synovia contained M1 type macrophages, generated by the inflammatory synovial microenvironment, which in turn sustain inflammation and recruitment of monocyte/neutrophils.

Yu et al examined RA’s diagnostic signatures and the effect of immune cell infiltration through integrated bioinformatic analysis and machine-learning strategies, further verified by qRT-PCR.

They found that lymphocyte-specific protein 1 (LSP1), Granulysin (GNLY), and Mesenchymal homobox 2 (MEOX2) regarded as RA’s diagnostic markers and showed their statistically significant difference by qRT-PCR.

Finally, two manuscripts were more focused on RA therapy and predictive biomarkers of therapeutic response.

Hu et al, performed a systematic review on the efficacy of denosumab in patients with RA, focusing on the percent changes in bone mineral density (BMD), and the changes in modified total Sharp score (mTSS), modified Sharp erosion score and joint space narrowing score. Pooled analyses showed that denosumab treatment was superior to bisphosphonates for the improvement of lumbar spine and femoral neck BMD, as well as for the reduction of joint destruction evaluated through mTSS and modified Sharp erosion score.

In their study, Cai et al, have carried out a correlation analysis and single-sample gene set enrichment analysis (ssGSEA) finding 46 common genes between RA patients’ infliximab (IFX)-responders or non-responders and a specific 25-gene signature in datasets of the non-responder patients and Derlin-1 (DERL1) was identified as the hub gene. Interestingly, DERL1 demonstrated to be involved in the immune response and autophagy regulation, since DERL1-siRNA partially inhibited autophagosome formation in RA-fibroblast-like synoviocytes and may have potential predictive value for the therapeutic effect of IFX.

In conclusion, we are pleased that this Research Topic attracted several innovative and valuable scientific articles that faced this issue from different point of view, by using single case reports, real life clinical studies and a plethora of technologies such as bioinformatics and molecular biology.

We hope that this Research Topic will help to share the advances in the knowledge of SARS-CoV-2 infection and vaccination, as well as new potential biomarkers for prompt diagnosis and optimal management of autoimmune rheumatic diseases.
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This study sought to identify different subpopulations of extracellular vesicles (EVs) in plasma from female patients with established rheumatoid arthritis (RA) in relation to the activation of coagulation and fibrin formation in these patients. Forty women were included in the study, 20 patients and 20 age-matched healthy controls. The mean disease duration in patients was 13.0 (5.0–25.0) years, with medium to high disease activity despite ongoing treatment with low-dose prednisolone and methotrexate. There were no differences between the investigated groups regarding the presence of traditional cardiovascular risk factors. The concentration of phosphatidylserine-positive (PS+) EVs; platelet (CD42a+), leucocyte (CD45+), monocyte (CD14+), and endothelial (CD144+)-derived EVs; and EVs-expressing tissue factor (CD142+), P-selectin (CD62P+), and E-selectin (CD62E+) were determined by flow cytometry analysis. Overall hemostasis potential (OHP) was assessed to follow the hemostatic disturbances, including the parameters for overall coagulation potential (OCP) and overall fibrinolytic potential (OFP). Fibrin clot turbidity was measured together with clot lysis time, and scanning electron microscopy was performed. Increased concentrations of PS+, CD42a+, CD142+, CD45+, CD14+, and CD62P+ EVs were found in plasma from patients with RA compared to healthy controls, and the concentrations of PS+, CD42a+, CD14+, and CD62P+ EVs were positively correlated with the inflammatory parameters in RA patients. Positive correlations were also found between the levels of PS+ and CD42a+ EVs and OCP as well as between the levels of PS+, CD42a+, and CD62P+EVs and OHP. The levels of PS+, CD42a+, CD14+, CD62P+, and CD62E+ EVs were negatively correlated with OFP. Elevated levels of circulating EVs of different cell origins were found in patients with established RA, in relation to the inflammatory burden and coagulation activation in the disease.
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Introduction

Rheumatoid arthritis (RA) is a chronic, inflammatory, autoimmune disease causing synovitis and destructive arthritis and is accompanied by out-of-joint disease manifestations, a strong systemic inflammatory response with accelerated development of atherosclerosis and shortened life expectancy and as such represents a significant burden for both individuals and society (1–5). The most common onset of illness is in the forties (6), with a significantly higher disease activity in the female population (7). Patients with RA have high prevalence of cardiovascular disease (CVD) as well as an increased risk of developing fatal cardiovascular events such as acute myocardial infarction, stroke, and heart failure (8, 9).

The pathogenesis of RA is complex and comprises interactions between genetics, epigenetic modifications, and environmental factors such as smoking, all of which contribute to the production of specific autoantibodies against citrullinated proteins (ACPAs), systemic inflammatory response, and joint destruction.

Recently, the role of microparticles was implicated in the pathogenesis of RA. Microparticles, also called extracellular vesicles (EVs), are small membrane-coated vesicles 0.1–1.0 µm in diameter that are released from various cells during cell activation and apoptosis. Depending on the cell of origin, EVs incorporate nuclear, cytoplasmic, and membrane molecules as they detach from the cells, and they express cellular antigens on their surface (10). EVs can be a source of autoantigens and can induce the formation of immune complexes or may be involved in the transfer of miRNA and inflammatory cytokines (11, 12). EVs also have important procoagulant properties based on the availability of phosphatidylserine (PS) exposed on the surface after stimulation (13).

A pivotal study revealed increased levels of platelet-derived EVs (PEVs) in plasma from RA patients, and these levels correlated with disease activity (14), while Boilard et al. demonstrated the presence of a large number of PEVs in the synovial fluid of RA patients (15). This might be a surprising finding because the origin of PEVs in the joint spaces is not known, thus suggesting platelet activation in the joint or the transit of PEVs. Stimulation of the collagen receptor glycoprotein VI on platelets seems to be the key trigger for the collagen-induced generation of PEVs in arthritis pathophysiology (15). However, some data suggest that EVs in the joint can originate from granulocytes or monocytes (16).

Higher proportions of leucocyte-derived EVs (LEVs) have been found in the plasma of RA patients compared to the plasma of patients with osteoarthritis (OA) and healthy controls (HCs), while increased levels of LEVs and monocyte and T-cell–derived EVs were also present in the synovial fluid of patients with RA compared to OA patients (12). Biro E et al. considered the role of complement in the pathogenesis of RA and detected LEVs expressing the complement components C1q, C4, and/or C3 in the synovial fluid of RA patients, but plasma levels of LEVs expressing complement were much lower in both patients with RA and in controls (17). Elevated levels of EVs expressing C1q were found in patients with early RA and remained increased even during the combination therapy with prednisolone, methotrexate, and sulfasalazine and despite improved disease activity as measured by DAS28 scores (18). Additionally, increased EV amounts correlated with the presence of traditional cardiovascular risk factors (diabetes mellitus, hypertension, dyslipidemia and obesity) in a cohort of 114 RA patients, and EVs isolated from RA patients were able to promote endothelial activation in vitro (19).

Still, the procoagulant effect of EVs has not previously been explored in patients with RA. This is of particular interest in patients with long-lasting disease and accumulated inflammatory burden leading to the activation of coagulation, diminished fibrinolysis, and accelerated prothrombotic condition. Considering the above observations, we aimed to identify different subpopulations of EVs in the plasma of female patients with established RA in relation to the hemostatic disturbances associated with chronic systemic inflammation in this disease.



Material And Methods


Study Participants

Twenty women with established RA referred to the outpatient clinic of the Department of Rheumatology, Clinical Centre Kragujevac, Serbia, were included in the study (mean age 51.85 ± 9.43 years). These patients were previously included as part of a larger study investigating hemostatic disturbances in women with RA (20). RA was diagnosed according to the classification criteria of the American College of Rheumatology (ACR)/European League Against Rheumatism (EULAR) 2010 (21). The exclusion criteria comprised a history of diabetes mellitus, malignancy, or inflammatory bowel disease, liver or renal insufficiency, previous cerebrovascular or cardiovascular disorders (including inherited thrombophilia, antiphospholipid syndrome, and hyperhomocysteinemia), or venous thromboembolism.

RA assessments included a detailed medical history, the presence of extra-articular disease, current disease activity assessed by the 28-point disease activity score (DAS28) (22), and physical function using the Health Assessment Questionnaire (HAQ) (23). All current medications were recorded. Additionally, at the time of blood sampling the patients did not receive any anticoagulants, antithrombotic agents (acetylsalicylic acid), or non-steroidal anti-inflammatory drugs.

Twenty age and sex-matched healthy women (mean age 52.55 ± 7.27 years) were included in the study as healthy controls (HC). None of the women included in the study were taking oral contraceptives or receiving hormone replacement treatment.

Written informed consent was obtained from all participants, and the study protocol was approved by the Ethics Committee of the Clinical Center Kragujevac prior to the onset of the study. The investigation was conducted in accordance with the principles outlined in the Declaration of Helsinki and principles of Good Clinical Practice.



Blood Sampling

Blood was collected in tubes containing 0.129 M sodium citrate (BD Vacutainer Blood Collection System) using 21-gauge needles (BD Vacutainer needles). Platelet-poor plasma was obtained within 60 min of sampling by centrifugation at 2,000 × g for 15 min at room temperature, then divided into aliquots and stored frozen at –70°C until further analysis.



Isolation of EVs

Platelet-poor plasma was thawed in a water bath for approximately 5 min (37°C) and thereafter centrifuged at 2,000 × g for 20 min at room temperature. The supernatant was then re-centrifuged at 13,000 g for 2 min at room temperature. The obtained supernatant was used for further analysis.



Flow Cytometry Analyses of EVs

Subsequently, 20 µl of the supernatant was incubated for 20 min in the dark with lactadherin-FITC (BD Biosciences, USA) together with CD42a-PE (PEVs; BD Biosciences, USA), CD14-PE [Monocyte EVs (MoEVs); BD Biosciences, USA], CD45-APC [Leucocyte EVs (LEVs); BD Biosciences, USA), CD62P-PE (P-selectin, BD Biosciences, USA), CD62E-PE (Endothelial EVs – E-selectine; BD Biosciences, USA); CD142-PE (Tissue factor (TF), BD Biosciences, USA), CD144-PE (Endothelial EVs; BD Biosciences, USA).

EVs were measured by flow cytometry on a BD FACSCanto™ instrument. The MV-gate was determined using Megamix plus beads FSC (BioCytex, Marseille, France), which is a mix of beads with diameters of 0.1, 0.3, 0.5, and 0.1 µm. EVs were defined as vesicles <1.0 µm in size and positive for lactadherin. Conjugate isotype-matched immunoglobulins (IgG1-FITC, IgG1-PE, and IgG1-APC) with no reactivity against human antigens were used as negative controls to define the positive and negative gates. The absolute number of EVs was calculated by means of the following formula: Concentration (μl) = (Events reading × 550)/(44 × 20), where 550 μl is the total volume of sample in the tube analyzed, 44 μl is the volume of the analyzed sample over 90 s, and 20 μl is the volume of the plasma sample added in the tube (24). The concentration of EVs is expressed as 106 EVs/l, and the intra and interassay coefficients of variation for EV measurements were less than 9%.



Global Hemostatic Assays


Determination of Overall Hemostatic Potential

We employed a modification of the assay described by He et al. (25) in order to assess overall hemostatic potential (OHP) in plasma. Absorbance (Abs) at 405 nm was measured every 12 seconds for 60 minutes, and the area under the curve was calculated by summation of the Abs values (Abs-sum) and expressed as the OHP value. Two additional parameters were also analyzed – the overall coagulation potential (OCP), determined as the area under the fibrin aggregation curve obtained without the addition of tissue plasminogen activator (t-PA), and the overall fibrinolysis potential (OFP), calculated as the difference between the two areas as OFP (%) = ((OCP − OHP)/OCP) × 100. The intra- and inter-assay coefficients of variation for OHP were 1.6% and 6.8% and for OCP were 1.2% and 5.7%, respectively. The detailed protocol was previously described (20).




Determination of Clot Lysis Time

CLT was determined based on the fibrin aggregation curve for the determination of OHP and was defined as the time from the midpoint of the clear-to-maximum-turbid transition (which corresponds to the “clotting time”) to the midpoint of the maximum turbid-to-clear transition.



Analysis of Fibrin Clot Formation

Fibrin clot density was assessed with the turbidimetric clotting assay according to the method described by Carter et al. (26). The turbidimetric curve for determination of OCP was used to assess the maximum absorbance (Max Abs) as a measure of the clot density and defined as the increase in Abs from baseline to the maximum value (20).



Scanning Electron Microscopy

The clots formed during fibrin generation for the determination of OCP were washed with PBS (phosphate-buffered saline) solution and fixed in 2.5% glutaraldehyde in Hepes-buffered saline for 60 min at room temperature and stored at 4°C. Samples were analyzed under an Ultra 55 field emission scanning electron microscope (Carl Zeiss, Oberkochen, Germany) at 3 kV. The detailed protocol was previously described (20).



Routine Laboratory Analysis

Laboratory analyses of C-reactive protein (CRP) (turbidimetric method, Beckman Coulter AU680 analyser), erythrocyte sedimentation rate (ESR) (Westergren method, Vacuette ESR analyser), fibrinogen concentration (Clauss method, ACL TOP analyser by Instrumentation Laboratory), lipid profile (cholesterol, triglycerides, HDL, and LDL, all by Beckman Coulter AU680 analyser), rheumatoid factor (turbidimetric method, Beckman Coulter AU680 analyser), and ACPA (Roche electrochemiluminescence immunoassay, Cobas e411 analyser), were performed at the Central Laboratory of the Clinical Center Kragujevac.



Statistical Analysis

All data were analyzed using SPSS 20.0 (IBM Corp. Released 2011), GraphPad Prism 5 (Version for Windows, GraphPad Software, La Jolla California, USA), and FlowJo software 8.7.1 (Treestar, Ashland, OR). The results are expressed as means (SD) or median (IQR) depending on the data type and distribution. Distribution of the data was checked by the Shapiro–Wilk test. Independent samples t-tests (parametric) and Mann–Whitney U-tests (non-parametric) were used to assess the differences in estimated variables between groups. A p-value <0.05 was regarded as statistically significant. Correlation between variables was examined using Spearman correlation analysis.




Results


Characteristics of the Study Population

The mean disease duration in patients was 13.0 ± 6.6 years, and disease activity was medium to high (DAS28 was 4.1 ± 1.2) at the moment of blood sampling. The mean HAQ value was 1.2 ± 0.2, and the majority of patients were rheumatoid factor positive (n = 18; 90%) and ACPA positive (n = 20; 100%). All patients were treated with methotrexate (15–25 mg per week) and prednisolone (≤10 mg per day), and only two patients (10%) were in remission (DAS28<2.5). Patients were not previously treated with biologic agents. Three patients had extra-articular manifestations in the form of rheumatoid nodules on the elbows and the small joints of the hands.

There were no differences between the HC and RA patients regarding the presence of traditional CVD risk factors or regarding lipid profile.

Patients with RA had higher CRP, ESR and fibrinogen levels compared to HC. Demographic and clinical characteristics of the participants as well as the presence of traditional CVD risk factors and laboratory parameters are presented in Table 1.


Table 1 | Clinical characteristics and laboratory parameters of the study population.





Global Hemostatic Parameters

As presented in Table 2, OCP (Abs-sum) and OHP (Abs-sum) were significantly higher, while OFP (%) was significantly lower in RA patients compared to HC. Parameters of fibrin clotting showed higher Max Abs values and longer CLT in RA patients indicating increased clot turbidity and diminished fibrinolysis in these patients.


Table 2 | Parameters of global hemostatic assays in the study population.





EVs

As presented in Table 3 and Figure 1, the concentration of PS+ EVs was significantly higher in RA patients compared to HC. Furthermore, PEVs, LEVs, MoEVs and EVs expressing TF and P-selectin were significantly higher in RA patients. EVs of endothelial origin (CD144+ or CD62E+) were higher in RA patients, but the difference was not statistically significant. The stratified analyses according to the daily corticosteroid dosage have not shown significant differences in the levels of investigated EVs.


Table 3 | The concentration of different subtypes of EVs in healthy controls and rheumatoid arthritis patients.






Figure 1 | Distribution of different subtypes of EVs in HCs and patients with RA. EVs, extracellular vesicles; Ps, phosphatidylserine; TF, tissue factor; PEVs, platelet-derived EVs; LEVs, leucocyte-derived EVs; MoEVs, monocyte-derived EVs; EEVs, endothelial EVs. *p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant; white: healthy controls; black: rheumatoid arthritis.





Representative Samples

Representative dot-plots for PS+EVs (Lactadherin+ EVs) regardless of cellular origin, together with PEVs (CD42a+) as the most common EVs, are presented on Figure 2.




Figure 2 | Representative samples of PS+EVs and PEVs. EVs positive for lactadherin (PS+EVs) in a control sample (A) and RA patient (B). Platelet-derived EVs in a control sample (C) and RA patient (D). EVs, extracellular vesicles.





Correlations

The correlations between the levels EVs and inflammatory parameters ESR and CRP as well as the parameters of the global hemostatic assays are presented in Table 4.


Table 4 | Correlations between the levels of EVs and inflammatory parameters and the parameters of the global haemostatic assays.





Analysis of Clot Structure

Scanning electron microscopy showed dense fibrin structures in the plasma from an RA patient compared to the control sample. The clot from the RA patient was made of thinner fibers that were tightly packed into the network with smaller intrinsic pores and thus less susceptible to fibrinolysis (Figure 3), and this was similar to our previous findings of fibrin clots in women with RA in regard to the menopausal status (20).




Figure 3 | Scanning electron microscopic images of representative fibrin clots. HC (A, C) and RA patient (B, D). The magnification 1 μm was used for (A, B) and 300 nm for (C, D). HC, healthy control.



Measurement of the fiber thickness of the representative samples was performed in five different areas, and the mean value of 10 fibers/area was used as the final measure of fiber thickness in these samples. Thinner fibers were found in the patient compared with control (136 nm ± 49 nm vs 157.0 ± 56.0 nm).




Discussion

We determined the presence of circulating EVs in relation to hemostatic disturbances in women with established RA, indicating the presence of a hypercoagulable state in these patients. Despite treatment, the patients with RA included in our study presented with ongoing inflammatory activity contributing to the extensive production of circulating EVs of platelet, leucocyte, and monocyte origin as well as increased expression of PS, TF, and P-selectin on the surface of EVs. In addition, amplified fibrin formation together with increased clot turbidity and diminished fibrinolysis was confirmed in these patients as measured by the global hemostatic parameters OCP, OHP, Max Abs, and OFP, respectively (20). We postulate that EVs play an important role in the delicate interaction between inflammatory processes and the activation of coagulation in the course of RA. The major advantage of our study is the investigation of circulating EVs of different origin in relation to hemostatic and inflammatory parameters in a homogenous group of RA patients in comparison to strictly matched control subjects.

While the formation of EVs is a physiological response to cell activation or cell death, a dramatic increase in circulating EVs has been detected in conditions associated with inflammatory states of different severity and different prothrombotic conditions (27–29). Identification of EV origin is vital because it indicates the dominant cell types involved in the pathogenesis of these disorders (14, 18, 30, 31). Several studies have tried to elucidate the role of circulating EVs as well as EVs detected in the synovial fluid in the pathogenesis of RA, as reviewed in Boilard et al. (32).

We have shown elevated levels of EVs expressing PS irrespective of the cell origin in plasma from patients with RA. The phospholipid membranes of EVs containing PS represent an adequate platform for the activation of coagulation processes leading to increased thrombin and fibrin formation, as measured by OCP and OHP (28, 29). Further, we present the association between the intensity of inflammation in RA and the concentration of released PS+EVs. Thus, the negatively charged phospholipid membrane of EVs might play an important role in the interactions between the inflammatory state and procoagulant condition in the circulation of RA patients.

In line with previous studies, our results verify that the majority of circulating EVs in RA patients are of platelet origin (14, 29, 33), reflecting platelet activation in RA as an essential part of the inflammatory reaction. PEVs are involved in the interactions between platelets and inflammatory cells and in production of pro-inflammatory cytokines (31). Previously, a direct correlation was found between the levels of circulating PEVs and disease activity in RA patients (14, 29, 33). We were not able to confirm this association, probably due to the small number of investigated patients. Still, there was clear association of circulating PEVs with the inflammatory parameters, as well as the parameters of activation of coagulation and impaired fibrinolysis in our patients. As an additional marker of platelet activation, we noticed increased expression of P-selectin on circulating EVs in plasma from RA patients. P-selectin mediates the interaction between platelets and neutrophils (11) and may be a sign of ongoing platelet activation in RA, even if the disease is clinically silent (34). Amplified expression of P-selectin was also found in the synovial fluid of RA patients, though not as high as in the circulation (33).

Moreover, circulating PEVs have the ability to incorporate into the fibrin clots (35). We have recently confirmed the close interaction between PEVs and fibrin fibers, particularly at branch points and junctions (24). This finding may suggest intensified fibrin formation around the surface of PEVs, following the activation of platelets and the propagation phase of thrombin generation. Denser fibrin clots formed upon extensive platelet activation and augmented expression of PEVs in RA might therefore be revealed by the increased fibrin turbidity as measured by the Max Abs in our study. Scanning electron microscope pictures of denser fibrin composed of thinner fibers and with smaller intrinsic pores in RA patients confirm this finding, while decreased OFP together with prolonged CLT reflects the reduced fibrinolytic capacity as a consequence. Formatin of fibrin clots with a more prothrombotic phenotype in the presence of PEVs may be in agreement with the work of Knijff-Dutmeret et al. suggesting a possible association between PEVs and the development of CVD in patients with RA (14).

Elevated levels of circulating MoEVs were also found in the RA patients. The interactions between platelets and monocytes are well documented, indicating the accelerated generation of TFs by activated monocytes and the particularly important role of PEVs and MoEVs in this process (36–38). Therefore, our finding of increased TF expression on circulating EVs in RA patients is not surprising. Previously, higher proportions of MoEVs were reported in RA patients with high disease activity compared to patients in remission (39), and we confirmed the association with the inflammatory markers in our cohort. We believe that the elevated concentrations of PEVs together with MoEVs and EVs expressing P-selectin and TF could be potential biomarkers for the inflammatory and procoagulant activity in RA.

Apart from circulating EVs, synovial fluid obtained from the joints of RA patients contains EVs derived from monocytes, granulocytes, T-cells, B-cells, and even platelets (12, 15, 16, 40–43). The major disadvantage of our study is the lack of investigation of EVs in the synovial fluid. The majority of our patients presented with medium-high disease activity as measured by DAS-28 score, but a sufficient amount of synovial fluid was not available for sampling during the study period.

Systemic inflammation in RA is accompanied by activation of the vascular endothelium (44). Still, the levels of EVs expressing E-selectin and endothelium-derived EVs were not significantly different in plasma from RA patients compared to HC. E-selectin might only be transiently expressed on endothelial cells in RA patients and therefore might be difficult to detect (34). In a study by Viñuela–Berni et al., the administration of immunosuppressive therapy (methotrexate, sulphasalazine, and low-dose glucocorticoids) led to a significant reduction of the plasma levels of CD62E+ EVs (39). Further, Hjeltnes et al. showed that administration of methotrexate or a combination of methotrexate and TNFα inhibitor decreased the serum level of E-selectin (45), and the levels of endothelium-derived EVs levels increased and then decreased after four months of anti-TNFα therapy (46). The expression of endothelium-derived EVs in comparison to PEVs was rather low and might therefore be more sensitive to the ongoing immunosuppressive therapy in the investigated group of patients.

The important limitation of our study is small number of investigated subjects. However, the patients were well characterized for the presence of traditional cardiovascular risk factors and ongoing medications and had moderate to high disease activity, thus enabling an assessment in a real-life setting.



Conclusion

We demonstrate elevated levels of circulating EVs in patients with established RA in relation to inflammatory burden and coagulation activation. Larger studies are needed to confirm these preliminary findings.
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The enzymes of the family peptidylarginine deiminases (PADs) have an important role in the pathogenesis of rheumatoid arthritis (RA) due to their association with the anti-citrullinated protein antibodies (ACPA) production. To evaluate the association between single-nucleotide polymorphisms (SNPs) in the PADI2 gene and RA susceptibility, related clinical parameters, and the serologic status of autoantibodies in a women population with RA from southern Mexico, a case-control study was conducted (case n=229; control n=333). Sociodemographic characteristics were evaluated, along with clinical parameters, inflammation markers, the levels of ACPAs as anti-cyclic citrullinated peptides (anti-CCPs), anti-modified citrullinated vimentin (anti-MCV), and rheumatoid factor (RF). Genomic DNA was extracted from peripheral blood, and three SNPs of the PADI2 gene (rs1005753, rs2057094, and rs2235926) were performed by qPCR using TaqMan probes. The data analysis reveals that the carriers of the T allele for rs2057094 and rs2235926 presented an earlier onset of the disease (β= -3.26; p = 0.03 and β = -4.13; p = 0.015, respectively) while the carriers of the T allele for rs1005753 presented higher levels of anti-CCPs (β= 68.3; p = 0.015). Additionally, the T allele of rs2235926 was associated with a positive RF (OR = 2.90; p = 0.04), anti-MCV (OR = 2.92; p = 0.05), and with the serologic status anti-CCP+/anti-MCV+ (OR = 3.02; p = 0.03), and anti-CCP+/anti-MCV+/RF+ (OR = 3.79; p = 0.004). The haplotypes GTT (OR =1.52; p = 0.027) and TTT (OR = 1.32; p = 0.025) were associated with the presence of RA. In addition, in this study the haplotype TTT is linked to the presence of radiographic joint damage defined by a Sharp-van der Heijde score (SHS) ≥2 (OR = 1.97; p = 0.0021) and SHS ≥3 (OR = 1.94; p = 0.011). The haplotype TTT of SNPs rs1005753, rs2057094, and rs2235926 of the PADI2 gene confers genetic susceptibility to RA and radiographic joint damage in women from southern Mexico. The evidence reveals that SNPs of the PADI2 gene favors the presence of a positive serologic status in multiple autoantibodies and the clinical manifestations of RA at an early onset age.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease with a variable prevalence amongst populations (1, 2). Clinical manifestations for RA can be from a mild self-limiting arthritis to a progressive multisystemic inflammatory arthritis with high morbidity and mortality (3, 4). In the RA physiopathology, enzymes of family peptidylarginine deiminases (PADs) have an important role in the citrullination of proteins that promote the antibody synthesis against citrullinated proteins (ACPAs) (5–8). The ACPAs positive status has been described as a predictive marker for the severity, the radiological degree (9, 10), joint damage, and the functional disability in patients with RA (11, 12). The growth of ACPAs aimed against citrullinated proteins’ epitopes –histones, vimentin and enolase-derived peptides– and fibrinogen is mainly identified during pre-clinical stages of RA. Furthermore, the levels of ACPAs are correlated to the increase of proinflammatory cytokines (TNF-α, IL-6, IL-12p70, IFN-γ, IL-2, and IL-15) and high sensitivity C-reactive protein (hsCRP) (13). In addition, it has been stated that its positive status, along with the rheumatoid factor (RF), promotes the inflammatory process in RA (14).

The expression of the PAD2 and PAD4 isoenzymes have been identified in synovial tissue and fluid in RA patients (15, 16). Although PADs exhibit a limited expression in some tissues, PAD2 is considered the broader expressed isoform (17), and the specificity of its substratum could be related to the clinic phenotype and serologic variability observed in RA patients. It was determined that PAD2 possesses specificity against β/γ-actin, myelin basic protein, histones (H3R26), vimentin, and the glial fibrillary acidic protein (6, 18–21). Meanwhile, for PAD4, the main protein substrates are histones (H2A, H3R2, H3R8, H3R17, H3R26, and H4R3), nuclear lamin C, nucleophosmin/B23, p300/CBP, p21, and inhibitor of growth 4 (6, 22–27). Particularly, high levels of PAD2 have been reported in synovial fluid of RA patients (28–31), as well as their correlation with inflammation markers, the disease’s clinical activity, and the anti-CCPs levels (32).

On the other hand, the influence of genetic factors on the modulation of the expression and function of PADs has been proven (8), and, even though the role of single-nucleotide polymorphisms (SNPs) and of a functional haplotype in PADI4 has been established, few studies that have determined the role of SNPs in PADI2 in the genetic susceptibility to RA or its association with the serologic status and the clinical parameters that are related to the disease. Lee et al. reported that PADI2 could be a candidate-like gene for RA (33) and, in some populations, it was determined that SNPs rs2076596 (34), rs1005753 (35), rs2057094, and rs2235926 (29) in the PADI2 gene are associated with the presence of RA.

This study aims to evaluate the association between SNPs, rs1005753, rs2057094, and rs2235926 of the PADI2 gene and RA susceptibility as the relation with the clinical parameters, inflammation markers, and the serologic status for antibodies in a women population from southern Mexico.



Materials and Methods


Subject Selection

A case-control study was carried out in RA patients (n = 229 women). These patients were diagnosed with RA according to the ACR/EULAR criteria 2010 (36). The control group (n = 333 women) was treated for external causes to RA, autoimmune disease, musculoskeletal disease, or cancer in the General Hospital Dr. Raymundo Abarca Alarcón, in Chilpancingo, in the state of Guerrero, Mexico. The case and control subjects were recruited during the period from December 2017 to December 2019. The study was approved by the Research Ethics Committee of the Autonomous University of Guerrero, Mexico (approval code CB-004/2017). All patients agreed to participate and gave their informed consent in writing.



Clinical Assessment

All of the patients were surveyed to obtain sociodemographic data. The clinical and treatment characteristics were evaluated during the consultation and from the clinical file. In this study “Patients of recent diagnostic” refers to those patients without pharmacological prescription for anti-rheumatic treatment to the date of the sample obtainment.

The rheumatologist performed a clinical evaluation and counted the number of inflamed and painful joints. The patient indicated the level of perception of health status and level of pain perception through a visual analog scale. Rheumatoid arthritis disease activity and the disability level were evaluated through the Disease Activity Score 28 (DAS28), and the Spanish version of the Health Assessment Questionnaire (HAQ-DI), respectively.

To determine joint damage, a radiographic evaluation was performed to observe features of destructive and proliferative changes, and radiological damage. According to Sharp-van der Heijde Score (SHS), this method reviews plain films of 8 proximal interphalangeal joints, 2 interphalangeal thumb joints, 10 metacarpophalangeal joints, and both wrists. The method defines 5 categories: 0 =  normal; 1 =  asymmetrical or minimal narrowing up to a maximum of 25%; 2 =  definite narrowing with loss of up to 50% of the normal space; 3 =  definite narrowing with loss of 50-99% of the normal space or subluxation; and, 4 =  absence of joint space, presumptive evidence of ankylosis, or complete luxation (37).



Assay of RA-Related Antibodies and Inflammation Markers

Using a venous blood sample, the erythrocyte sedimentation rate (ESR) was analyzed by the Wintrobe method. Serum samples were used to determine the levels of high sensitivity C- reactive protein (hsCRP) and rheumatoid factor (RF) isotype IgG, using the immunoturbidimetry technique in the automatized reader (COBAS C311, Roche Diagnostics GmbH, Germany). In addition, the anti-cyclic citrullinated peptide (anti-CCPs) and anti-modified citrullinated vimentin (anti-MCV) autoantibodies were measured with a second-generation ELISA kit (DIASTAT anti-CCP Axis-Shield, Dundee, United Kindom; and ORGENTEC Diagnostika GmbH, Mainz, Germany, respectively). Values >20 UI/mL were considered positive for RF, values >5 U/mL for anti-CCPs, and >20 U/mL for anti-MCV, according to the manufacturer instructions.



DNA Extraction and TaqMan Genotyping

Genomic DNA was extracted from peripheral blood and the SNPs were genotyped by allele discrimination using commercial TaqMan probes (Applied Biosystems, San Francisco, CA, USA). The evaluated SNPs were C_2190445_20 (rs1005753/Intron, cat. 4351379), C_11647256_20 (rs2057094/Intron, Cat.4351379), and C_2190476_1_ (rs2235926/3´UTR, Cat.4351379). These were evaluated using quantitative polymerase chain reaction (qPCR) in a 7300 Real-Time PCR System (Applied Biosystems/Thermo Fisher Scientific Inc., Singapore), following the instructions by the manufacturer. The thermal cycling was performed by denaturation at 60°C for 30 sec, followed by 40 cycles of 95°C for 10 min and 95°C for 15 sec, and alignment and extension at 60°C 1 min and 4°C. Genotype analysis was performed through the sequence detection software (SDS) version 2.3 (Applied Biosystems, CA, United States).



Statistical Analysis

The categorical variables were expressed as numbers and proportions, and they were compared using a Chi-squared test. For quantitative variables, median and percentiles p5-p95th were used according to the Mann Whitney test to compare groups. Allele and genotype frequencies were calculated by direct counting. The differences in the distributions of allele and genotype frequencies between cases and controls, and the associations between clinical characteristics in patients with RA, were performed using a Chi-square test and a logistic regression. The Hardy-Weinberg equilibrium (HWE) was assessed in both groups. The effect of polymorphisms on clinical assessment and serum autoantibodies levels and other clinical parameters was tested using β coefficient and their standard errors, adjusted by age, treatment with disease-modifying anti-rheumatic drugs (DMARDs) and wood smoke exposure. Statistical analysis was carried out using the Stata version 13.0 (StataCorp, College Station, TX, USA). The association and pairwise measure of linkage disequilibrium of the SNPs rs1005753, rs2057094, and rs2235926 of PADI2 was calculated using SHEsis software (38) (Figure 1). The association between SNPs and clinical parameters and serologic status was determined using logistic regression models, settling odds ratios (ORs), and 95% confidence intervals (95% CI). Results were considered significant at p <0.05.




Figure 1 | Linkage disequilibrium (LD) test of PADI2 gene SNPs in RA patients. Haplotype frequencies and LD were calculated using SHEsis software. Red area represents higher levels of LD. A D´ value of 100 indicates a complete LD between two markers and a D´ value of 0 indicates complete linkage equilibrium.






Results


Demographic Data, Clinical Features, and Serologic Status

The sociodemographic and clinical characteristics between the case and control groups are presented in Table 1. The participants with RA displayed a period of evolution of the disease with a median of 7 years, along with a low functional disability HAQ-DI score. At the same time, they also presented a moderate clinical activity and a radiographic joint damage index that refers to the presence of the narrowing of the intra-articular space and bone erosion, even though most of them were pharmacologically treated with DMARDs. Furthermore, the autoantibodies’ levels (RF, anti-CCPs, and anti-MCV) were elevated. When comparing the positive serologic status to the antibodies, more than 85% of the subjects were positive, with a predominant positive status for anti-MCV (89.1%). After evaluating the serologic status of combined positivity, it was found that 83.8% were anti-CCPs+/anti-MCV+ and that 75.1% were positive for ACPAs and RF (anti-CCP+/anti-MCV+/RF+) (Table 2).


Table 1 | Demographics and clinical characteristics in the study population.




Table 2 | Serologic pattern status in RA patients.





Frequency of PADI2 Gene SNPs and Haplotype Analysis

The genotypical distribution of the SNPs rs1005753 (T>G), rs2057094 (T>C), and rs2235926 (T>C) of the PADI2 gene was in Hardy-Weinberg genetic equilibrium in both studied groups (p > 0.5). The genotypical and allele frequencies are shown in Table 3. The T allele of rs2057094 was marginally associated with RA susceptibility (OR = 1.27; 95% CI, 0.99-1.65; p = 0.05), however, the haplotypes TTT (OR=1.32; 95% CI, 1.03-1.67; p = 0.025) and GTT (OR = 1.52; 95% CI, 1.04-2.19; p = 0.027) were significantly associated with RA susceptibility (Table 4).


Table 3 | Genotypic and allele frequencies of polymorphisms in PADI2 gene.




Table 4 | Haplotype frequencies of three PADI2 SNPs in RA and CS.





Association of Clinical Parameters and Serologic Status According to the SNPs and Haplotype of the PADI2 Gene in RA Patients

In this study, we evaluated the potential effect and the association between PADI2’s SNPs and clinical parameters, inflammation markers, and the serologic status in opposition to autoantibodies in RA patients. The presence of the T allele of SNPs rs2057094 and rs2235926 was associated with the presence of the disease’s clinical signs at a younger age (β = -3.26; p = 0.03 and β = -4.13; p = 0.02, years respectively), while the presence of the T allele of rs1005753 was associated with the increase of the anti-CCPs levels (β = 68.3; p = 0.01) (Table 5).


Table 5 | Effect of PADI2 SNPs on the clinical characteristics in RA patients.



When analyzing the association between SNPs and the autoantibodies’ serologic status, the carriers of the T allele of SNP rs2057094 exhibited a tendency to associate with the presence of positive RF (OR = 2.5; 95% CI, 0.93-6.6; p = 0.06) and with the positive status for ACPAs and RF (anti-CCP+/anti-MCV+/RF+, OR = 2.23; 95% CI, 0.96-5.18; p = 0.06). In addition, the genotypes TT+TC of rs2235926 were related to the individual positivity to RF (OR = 2.90; 95% CI, 1.02-8.26; p = 0.04), and to anti-MCV (OR = 2.92; 95% CI, 0.96-8.9; p = 0.05), as well as with the positive status for anti-CCP+/anti-MCV+ (OR = 3.02; 95% CI, 1.11-8.23; p = 0.03) and anti-CCP+/anti-MCV+/RF+ (OR = 3.79; 95% CI, 1.51-9.5; p = 0.004) (Table 6).


Table 6 | Association of PADI2 SNPs on the clinical characteristics in RA patients.



Finally, in the association analysis among haplotypes of PADI2 gene and the clinical characteristics of the disease, the haplotype TTT was significantly related with the presence of joint damage defined by a SHS score ≥ 2 (OR = 1.97; 95% CI, 1.27-3.05; p = 0.002) and SHS ≥3 (OR = 1.94; 95% CI, 1.15-3.19; p = 0.011).




Discussion

Our finds prove the potential role of PADI2 single-nucleotide variants in the clinical heterogeneity of RA in a women population of southern Mexico. Chang et al. studied a Chinese population and proved that SNPs rs2235926 (OR = 1.57; p <0.001) and rs2057094 (OR = 1.36; p = 0.003) conferred RA susceptibility (29). In our study, these SNPs were not associated individually with RA, but they were associated with the presence of high levels of anti-CCPs and a positive status for anti-CCPs+/anti-MCV+/RF+. In the PADI4 gene, the presence of SNPs and a functional haplotype has been described as a factor for genetic susceptibility to RA in different populations, including the Mexican (39–41). In the Mexican population, the GTG haplotype in PADI4 was associated with the RA emergence in ages ≤40 years old and with elevated anti-CCPs levels (40), as well as with anti-MCV antibodies, which are related with the increase of inflammatory cytokines levels and the RA DAS28 score (42). In this study, we found that the T allele of rs2235926 and rs2057094 in PADI2 was associated with the rise of RA in ages younger than 40 years old. Even though the age of onset for RA is variable, in the Mexican population, the highest point of most incidence fluctuates between 56-65 years old (2), similar to what was described in a Chinese population where it fluctuates between 60-70 years of age (43). It has been described that the citrullination process precedes the appearance of the disease’s clinical signs (44, 45), therefore the genetic susceptibility attributed to the PADIs genes involved in the protein citrullination process and of its interaction with other genetic and environmental factors could determine the clinical appearance of RA in ages younger than the largest incidence peak of the disease.

Particularly for our population, the observed seropositivity for ACPAs (>80%), as well as the combined positivity for anti-CCP+/anti-MCV+RF+ (75.1%) is high, especially when compared to that described in other populations where seropositivity oscillates between 38% and 53.9% (42, 46). Anti-CCPs positivity is considered a predictive marker for structural joint damage in RA patients (47), and for higher radiographic and inflammation progression (48–50). In this study, the TTT haplotype of the studied SNPs of the PADI2 gene was associated with a representative score for joint damage, and particularly, the SNP rs2235926 with the ACPAs positivity (anti-CCPs+/anti-MCV+) and ACPAs/RF (anti-CCPs+/anti-MCV+/RF+). Furthermore, the seropositivity to multiple autoantibodies of the ACPAs type and RF isotopes is associated with the radiological progression and erosive RA (51), just as with the high levels of C-reactive protein (CRP) and proinflammatory cytokines in RA patients (13, 52–54). In an in vitro model, it was proven that the RF from isotype IgM favors the increase of the anti-CCPs levels and the cytokine production, thus suggesting that a positive serologic status for RF and anti-CCPs contributes to the pathogenesis of RA (14), as well as to the clinical diversification of the disease (12). On the other hand, the anti-MCV antibodies are considered better predictors of the disease’s severity (55), high clinical activity, and radiographic joint damage and progression (53, 56), given that it increases up to 7.3 times the risk of radiographic progression (10) when compared to anti-CCPs. In our study, the common allele of SNP rs2235926 was associated with the positivity for anti-MCV.

The peptide repertoire that is susceptible to citrullination by PAD2 is more extensive in comparison to PAD4. Assohou-Luty et al. characterized 320 citrullination sites for PAD2 and 178 sites for PAD4, thus proving the specificity variability of these enzymes to their substrate (57). Two main regions have been described in PADs that are involved in the substratum selection, the N-terminal domain, and the cleft of the active site. In PAD4, the Arg-374 contributes to recognizing the substratum and its structural formation, while in PAD2 and PAD3, the amino acid is Gly-374 (58). In this study, we found a relation between positivity to anti-CCPs, anti-MCV and RF, and SNP rs2235926 of PADI2. This polymorphism is found in a 3´untranslated region, however, even though it hasn’t been defined, this could influence the post-transcriptional expression of PAD2 and the citrullination of peptides. Nevertheless, PAD2 can citrullinate transcript factors that determine the Th0 cell lineage differentiation, such as GATA3 and RORγt. Citrullination of R300 of GATA3 and 4 arginine residues (R56, R59, R77, and R90) from RORγt, proves it has an effect on the gene regulation and on cell functions (59). This is important because the presence of polymorphisms in PADI2 could modulate the expression and enzymatic function, therefore relating not only with the serologic positivity to a wide repertoire of antibodies, but also with the activation of naive T cells in response to antigen or “self” antigens, and their subsequent proliferation and differentiation, involved in the pathogenesis and clinical diversification of RA.

Conversely, the enzymatic activity of PADs is mediated by the Ca2+ concentrations. In PAD4 five binding sites for Ca2+ have been identified. The binding of this element to their sites induces conformational changes that create the active site cleft of the enzyme (60), while in PAD2, the Ca2+ binding happens in 6 sites. The activation of the binding sites 3, 4, and 5 control the dependency on Ca2+ and on regulatory elements that include a Ca2+ switch (61). The citrullination by PAD2 and PAD4 requires Ca2+ concentrations in a range of 0.35 to 1.85 mM (30). Vossenar et al. reported that in samples of synovial fluid from RA patients that vimentin can be citrullinated by PAD2 and PAD4 isotypes (28). However, using mass spectrometry, it was found that of 47 sites in fibrinogen that are susceptible to citrullination, 46 of them were citrullinated by PAD2 in vitro (62). Furthermore, PAD2 could have more protein citrullination activity such as fibrin, and also it could increase the proinflammatory cytokines’ expression (63), indicating the leading role of PAD2 in the pathogenesis of RA related not only with the production of ACPAs but also with the modulation of the inflammatory process. We consider that the identification of the susceptibility polymorphisms in PADI2 is important from the clinical viewpoint; however, the clinical perspective of our findings related to the presence of a positive serologic status for multiple autoantibodies and the clinical manifestations of RA at an early onset age deserves replication studies amongst populations.

Citrullination of vimentin in joints is crucial during the pathogenesis of RA (64). In an in vitro model, it was observed that citrullinated vimentin increases the secretion of TNF-α and IL-1, as well as the expression of PAD4 and RANKL (65). Moreover, during the differentiation process from monocyte to macrophage, the mRNA and PAD2 protein levels increase (66, 67). Likewise, it was observed that the expression of the mRNA of PADI2 is high in CD34+ cells and that its expression levels are correlated to the Sp1 transcription factor (68), which, interestingly, along with transcription factor Sp3 has an influence over the PADI2 transcription (69). This proves the important role of PAD2 in the regulation of the expression of proinflammatory cytokines, of genes that promote citrullination, and of differentiation processes and activation of cells involved in joint bone resorption. In this study the haplotype TTT was significantly related with the presence of joint damage defined by a SHS, however other studies are required to clarify the functional role of SNPs in the PADI2 gene on expression of the protein.

It was proven that the expression of PAD2 is elevated in samples of synovial tissue from RA patients (28–31). Damagaard et al. reported that the levels of PAD2 were high in synovial fluid in RA and that these are higher in patients that are positive to anti-CCPs. Additionally, the PAD2 levels in synovial fluid correlated with clinical activity, the levels of CRP, anti-CCPs, and leukocyte count, as well as cytokines such as IL-6, IL-8, and IL-10 (32). In an in vitro model, it was observed that PAD2 could promote IL-1β, IL-6, and TNF-α production in macrophages, and apoptosis induction when activating the caspases 2, 3, and 9, and, at the same time, when activating cell adhesion by FAK, paxillin, and PAK1 ways, which leads to the increase of inflammation (70). Meanwhile, the presence of anti-PAD2 antibodies is associated with a small number of inflamed joints, with a low prevalence of interstitial lung disease, and slower progression of joint damage (71). However, the current study is not exempt from limitations, including the lack of validation in a second population. Moreover, other studies are required to clarify the functional role of SNPs in the PADI2 gene.

In conclusion, in a women population from southern Mexico, the TTT haplotype in the PADI2 gene confers genetic susceptibility to RA and radiographic joint damage related to a positive status to autoantibodies anti-CCP+/anti-MCV+/RF+ and the clinical manifestations of RA at an early onset age.
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Background

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disorder characterized by inflammatory cell infiltration, leading to persistent synovitis and joint destruction. The pathogenesis of RA remains unclear. This study aims to explore the immune molecular mechanism of RA through bioinformatics analysis.



Methods

Five microarray datasets and a high throughput sequencing dataset were downloaded. CIBERSORT algorithm was performed to evaluate immune cell infiltration in synovial tissues between RA and healthy control (HC). Wilcoxon test and Least Absolute Shrinkage and Selection Operator (LASSO) regression were conducted to identify the significantly different infiltrates of immune cells. Differentially expressed genes (DEGs) were screened by “Batch correction” and “RobustRankAggreg” methods. Functional correlation of DEGs were analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). Candidate biomarkers were identified by cytoHubba of Cytoscape, and their diagnostic effectiveness was predicted by Receiver Operator Characteristic Curve (ROC) analysis. The association of the identified biomarkers with infiltrating immune cells was explored using Spearman’s rank correlation analysis in R software.



Results

Ten significantly different types of immune cells between RA and HC were identified. A total of 202 DEGs were obtained by intersection of DEGs screened by two methods. The function of DEGs were significantly associated with immune cells. Five hub genes (CXCR4, CCL5, CD8A, CD247, and GZMA) were screened by R package “UpSet”. CCL5+CXCR4 and GZMA+CD8A were verified to have the capability to diagnose RA and early RA with the most excellent specificity and sensitivity, respectively. The correlation between immune cells and biomarkers showed that CCL5 was positively correlated with M1 macrophages, CXCR4 was positively correlated with memory activated CD4+ T cells and follicular helper T (Tfh) cells, and GZMA was positively correlated with Tfh cells.



Conclusions

CCL5, CXCR4, GZMA, and CD8A can be used as diagnostic biomarker for RA. GZMA-Tfh cells, CCL5-M1 macrophages, and CXCR4- memory activated CD4+ T cells/Tfh cells may participate in the occurrence and development of RA, especially GZMA-Tfh cells for the early pathogenesis of RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease (1). The main clinical manifestation of RA is chronic synovitis of the affected joint characterized by persistent synovitis, synovial hyperplasia, and pannus formation, which destroy the bone tissue and gradually lead to the damage of joint function (2, 3). RA is common in middle-aged women aged 40–60 years, with a prevalence rate of 0.5%–2% (4). The underlying mechanism of RA is complex, which is caused by the interaction of genetic, environmental, and immune factors, in which immune factor plays an essential role in the entire process, especially in the early stage (5, 6). Therefore, exploring the diagnostic biomarkers and revealing the immune mechanism of RA is the key to the early prevention and treatment of RA and is the focus of current research.

Immune cells in synovial membrane, including resident and infiltrating immune cells, play a vital role in the occurrence and development of RA, an autoimmune disorder (7). Studies have shown that macrophages play an important role in promoting the development of RA. These cells secrete abundant cytokines, chemokines, and degrading enzymes, which lead to joint inflammation and bone destruction. These cells can cooperate with other immune cells to aggravate the formation of arthritis (8). In the past decade, a great deal of research was conducted to understand the role of T cells, especially activated Th17 and Th1 cells, in RA (9). Autoimmune Th17 cells induce synovial stroma and innate lymphocytes to secrete the cytokine granulocyte-macrophage colony-stimulating factor (MG-CSF) to initiate and enhance autoimmune arthritis in RA (10). In addition, other immune cells, such as dendritic cells (DCs) and natural killer (NK) cells, play an important regulatory role in the pathogenesis of RA (11). However, the immune mechanisms of RA in synovium have not been investigated thoroughly. Therefore, a systematic approach is urgently needed to evaluate the contribution of immune cells and explore key genes related to immune cells.

With the development and widespread use of microarray and high-throughput sequencing technology, bioinformatics analysis can be used to identify novel genes and biomarkers for many diseases, including autoimmune disease (12–14). A previous bioinformatics study suggested that GRB10 and E2f3 could be used as diagnostic markers of osteoarthritis (15). Immune cell infiltration plays an important role in the pathogenesis of many diseases, including tumor and non-tumor diseases. Currently, cell-type identification has been utilized in many diseases; this method estimates the relative subsets of RNA transcripts (CIBERSORT) and analyzes 22 immune cell subsets in complex tissues by normalized bulk transcriptome profiles (16). Thus, this method can help us systematically explore immune cell infiltration in RA synovial tissues.

In this study, CIBERSORT was performed to analyze immune cell infiltration in RA by using five microarray datasets. Wilcoxon test and LASSO regression were conducted to identify the significantly different infiltrates of immune cells in RA and HC. After DEGs were screened, functional correlation was analyzed by GO and KEGG, and hub genes were identified by R package “UpSet.” ROC logistic regression was conducted to analyze the predictive of biomarkers. Spearman’s rank correlation in R software was also used to analyze the correlation between biomarkers and significantly different infiltrates of immune cells. This work not only systematically analyzed the infiltration of immune cells in the synovial membrane of RA but also screened novel and effective diagnostic biomarkers for RA. Results provide a new method for the diagnosis and treatment of RA.



Materials and Methods


GEO Dataset Collection

Gene expression profiling of RA was screened using the GEO (http://www.ncbi.nlm.nih.gov/geo) database. The inclusion criteria were as follows: (1) expression profiling by array or high-throughput sequencing of mRNA; (2) availability of the synovial tissues of patients with RA or HC from joint in the datasets; and (3) ten or more synovial specimens in the dataset. Six eligible datasets were selected, including GSE1919, GSE12021, GSE55235, GSE55457, GSE77298, and GSE89408. The details of all data are shown in Table 1.


Table 1 | Basic information of selected datasets.





Data Preprocessing and Study Design

Raw and series matrix files of the five test microarray datasets, namely, GSE1919, GSE12021, GSE55235, GSE55457, and GSE77298, were downloaded. For raw data, probe expression matrix was extracted and normalized by Robust Multiarray Average (RMA) based on R package “affy.” Platform annotation file was used to convert the probe expression matrix into a gene expression matrix. For the case of multiple probes corresponding to one gene, the average value was obtained. After five gene matrixes were merged by Perl script, R package “sva” was applied to eliminate heterogeneity caused by different experimental batches and platforms. Finally, we obtained one merging normalized gene expression matrix and used R package “limma” for analysis. For series matrix files, Perl script was used to extract each probe expression matrix one by one and then convert them into gene expression matrices, respectively. R package “limma” was used to analyze each gene expression matrix. The validation RNA-Seq dataset, GSE89408, was downloaded by the form of gene expression matrix. R package “edgeR” was employed for subsequent analysis. The flow diagram of this study is shown in Supplementary Figure S1.



Evaluation of Immune Cell Subtype Distribution

CIBERSORT algorithm was performed to evaluate immune cell infiltration in synovial tissues between RA and HC. This algorithm can transform the normalized gene expression matrix into the composition of infiltrating immune cells. After data were submitted to the CIBERSORT web portal (http://CIBERSORT.stanford.edu/), LM22 was used as a reference expression signature with 1000 permutations. The LM22 signature matrix defined 22 infiltrating immune cell components, including subsets of macrophages (M0 macrophages, M1 macrophages, and M2 macrophages), T cells (CD8+ T cells, naïve CD4+ T cells, memory resting CD4+ T cells, memory activated CD4+ T cells, Tfh cells, regulatory T cells, and gamma delta T cells), natural killer (NK) cells (resting NK cells and activated NK cells), mast cells (resting mast cells and activated mast cells), B cells (naïve B cells and memory B cells), dendritic cells (resting dendritic cells and activated dendritic cells), monocytes, plasma cells, neutrophils, and eosinophils. The p-values and root mean squared errors were determined for each expression file in CIBERSORT. Only data with a CIBERSORT p value < 0.05 was filtered and reserved for the following analysis. The output was directly integrated to generate an entire matrix of immune cell fractions. The results from CIBERSORT were visualized using the R packages “corplot”, “vioplot”, “ggplot2”, and “glment”.



Principal Component Analysis (PCA)

Intra-group data repeatability in each group was verified by Pearson’s correlation test. The intra-group data repeatability of the dataset was tested by sample clustering analysis. Statistical analysis was performed by R programming language, and the results were presented by R package “ggplot2”.



Screening of DEGs

Two methods were performed to obtain accurate DEGs from multiple microarray datasets. The first method (“Batch correction”) merged the downloaded five raw datasets into an expression matrix and then analyzed the DEGs with R package “limma” after batch correction and normalization. The second method (“RobustRankAggreg, RRA”) used the R package “limma” to analyze the DGEs of the downloaded gene expression matrices. The DEGs of each dataset were integrated with R package “RobustRankAggreg.” DEGs obtained by the two methods were intersected by Venn diagram to extract final DEGs. The threshold points for DEGs were adj.P.Val < 0.05 and |log fold change (FC)| > 1.



Functional Enrichment Analysis

The gene names of DEGs were converted to gene ID by R package “org.Hs.eg.db”. Analyses of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) for DEGs were performed by R package “clusterProfiler.” The significantly different GO terms and signal pathways were screened by the threshold p value <0.05 and q value <0.05. The results were visualized by R package “enrichplot” and “ggplot2”.



Screening of Hub Genes

STRING (https://string-db.org) was performed to analyze the PPI network of DEGs with a highly reliable filtering condition (score>0.7). The interaction file (string_interactions.tsv) was downloaded. Perl was conducted to obtain the network file. The cytoHubba of Cytoscape (v 3.7.2) was conducted to score each node gene by top 10 algorithms, namely, MCC (Maximal Clique Centrality), DMNC (Density of Maximum Neighborhood Component), MNC (Maximum Neighborhood Component), Degree, EPC (Edge Percolated Component), BottleNeck, EcCentricity, Closeness, Radiality, and Betweenness. The top 60 node genes scored by each algorithm were used to screen hub genes by R package “UpSet”. The RNA-Seq dataset GSE89408 was used to validate hub genes.



Analysis of the Predictive Value of Biomarkers

ROC analysis was performed to predict the diagnostic effectiveness of biomarkers by SSPA Statistics 23. The area under the ROC curve (AUC) value was utilized to determine the diagnostic effectiveness in discriminating RA from control samples in the GSE89408 dataset.



Correlation Analysis Between Biomarkers and Immune Cells

The association of the identified gene biomarkers with the levels of infiltrating immune cells was explored using Spearman’s rank correlation analysis in R software. The resulting associations were visualized using the chart technique with the “ggplot2” package.




Results


Immune Cell Infiltration in RA and Normal Synovial Tissues

Five microarray raw datasets, including 56 RA and 41 normal synovial tissues, were selected for the study of immune cell infiltration. The data before (A and B) and after (C and D) batch correction was presented in Figure 1, which indicated that the batch effect of the merged data was removed successfully. A total of 55 RA and 29 normal synovial tissues were found to be eligible for the analysis of CIBERSORT (p < 0.05). First, the composition of 22 kinds of immune cells in each sample was presented in a histogram (Figure 2A) and a heatmap (Figure 2B). In the histogram, the color represents the percentage of different immune cells in each sample, and the sum is 1. In the heatmap, immune cells in each sample are shown with the normalized absolute abundance. The results indicated that M2 macrophages, CD8+ T cells, resting mast cells, naïve B cells, Tfh cells, M0 macrophages, and M1 macrophages were the main infiltrating immune cells. The correlation of 22 types of immune cells in RA synovial tissues was then evaluated (Figure 2C). For example, Tfh cells were positively correlated with memory activated CD4+ T cells and M1 macrophages. γδ T cells were positively related to memory activated CD4+ T cells and naïve B cells. Neutrophils were positively associated with resting NK cells, monocytes, and naïve CD4+ T cells. M2 macrophages were negatively correlated with naïve B cells. However, the above correlation of immune cells decreased or disappeared in HC (Supplementary Figure S2). Third, based on immune cell infiltration in synovial tissues, we could completely distinguished RA from normal HC by PCA analysis (Figure 2D). Two different algorithms, namely, Wilcoxon test and LASSO regression, were used to identify the significantly different infiltrates of immune cells in RA and HC. The results of Wilcoxon test are shown in a violin diagram in Figure 3A, which presented 13 types of immune cells with p < 0.05. The results of Lasso are presented in Figures 3B, C, which contained 12 significantly different types of immune cells. The 10 intersecting immune cells of the two methods were extracted. Compared with HC M1 macrophages, Tfh cells, the numbers of memory activated CD4+ T cells, and plasma cells were significantly higher in RA synovial tissues, while those of regulatory T cells, activated dendritic cells, activated NK cells, memory resting CD4+ T cells, resting mast cells, and activated mast cells were significantly lower in RA synovial tissues.




Figure 1 | Data preprocessing. Box plot and principal component analyses were performed to remove batch correction of GSE1919, GSE12021, GSE55235, GSE55457, and GSE77298. (A, B) before batch correction and (C, D) after batch correction.






Figure 2 | Immune cell infiltration in RA and normal synovial tissues. The composition of 22 kinds of immune cells in each sample was showed in a histogram (A) and a heatmap (B). (C) The correlation of 22 types of immune cells in RA synovial tissues was evaluated. Red: positive correlation; blue: negative correlation. (D) PCA analysis was performed to classify infiltrating immune cells between RA and normal synovial tissues.






Figure 3 | Identifying the significantly different infiltrates of immune cells in RA. (A) Wilcoxon test and (B, C) LASSO regression were conducted to analyze the different infiltrates of immune cells in RA and HC.





Identification of DEGs

Five microarray datasets, including 57 RA and 41 normal samples, were used by the two methods to identify DEGs. A total of 360 DEGs were obtained by “Batch correction” and included 335 upregulated and 25 downregulated genes. A total of 461 DEGs were obtained by “RRA” and included 298 upregulated and 163 downregulated genes. Some of DEGs are shown in Figure 4A. A total of 202 DEGs, including 179 upregulated and 23 downregulated genes, were obtained through the intersection of the DEGs screened by the two methods (Figure 4B and Supplementary Table S1). The final DEGs were visualized by the volcano map (Figure 4C) and heatmap (Figure 4D).




Figure 4 | Identification of DEGs. (A) First 30 upregulated and downregulated DEGs of the five datasets determined by “RRA”. (B) Venn diagram was conducted to obtain the intersection of the DEGs screened by the two methods. The final DEGs were visualized by the volcano map (C) and heatmap (D).





Functional Correlation Analysis

After being converted into gene ID, DEGs were analyzed by GO and KEGG. The GO annotations of DEGs consisted of three parts including CC (cellular component), BP (biological process), and MF (Molecular function), which were used to analyze the functional enrichment of DEGs. The DEGs were mainly related to the biological activity of immune cells, such as lymphocyte differentiation, T cell activation, and leukocyte (Figures 5A, B and Supplementary Table S2). KEGG analysis was conducted to determine the relationship between DEGs and signaling pathway. The DEGs were mainly associated with immune cell-related signaling pathway, such as chemokine signaling pathway, rheumatoid arthritis, and primary immunodeficiency (Figures 5C, D and Supplementary Table S3). Overall, the function of DEGs were significantly associated with immune cells.




Figure 5 | Functional correlation analysis. DEGs were analyzed by GO and KEGG. (A, B) The results of GO were presented by bar plot and circle charts. (C, D) The results of KEGG were shown by bubble and circle graphs.





Identification and Validation of Hub Genes

We obtained the PPI network results of DEGs by STRING (Supplementary Figure S3). We then used 10 algorithms to calculate the score of each node gene. Finally, we screened five hub genes (CXCR4, CCL5, CD8A, CD247, and GZMA) by R package “UpSet” and marked them with boxes in Figure 6A. The expression levels of the five hub genes were presented by heatmap in merged microarray data (Figure 6B). To make the results more reliable, we used the RNA-Seq dataset GSE89408 for validation. The expression levels of CXCR4, CCL5, CD8A, CD247, and GZMA were presented in heatmap (Figure 7A). As shown in Figures 7B–F, all the five genes had significantly higher expression in RA, both early and established RA, than in the HC (p <0.05). The expression levels of GZMA and CD8A in early RA were significantly higher than those in established RA (p <0.05). Consistent with the above results, the expression of CXCR4, CCL5, CD8A, CD247, and GZMA were also significantly increased in RA compared with osteoarthritis (OA) in dataset GSE89408 (Figure 7G). Therefore, GZMA and CD8A might be used as the diagnostic biomarkers for early RA, and CXCR4, CCL5, and CD247 might be used as the diagnostic biomarkers for RA.




Figure 6 | Identification of hub genes. (A) Ten algorithms to screen hub genes by R package “UpSet”. (B) Expression of five hub genes was presented by heatmap in merged microarray data.






Figure 7 | Validation of hub genes. RNA-Seq dataset GSE89408 was used to validate the expression of CXCR4, CCL5, CD8A, CD247, and GZMA, the results of which were presented as heatmap (A). (B–F) Detailed expression of five hub genes in early RA, established RA, and HC. (G) Detailed expression of five hub genes in RA and HC. **p < 0.01, ***p < 0.001.





Diagnostic Effectiveness of Biomarkers for RA

The GSE89408 dataset was used to validate the diagnostic effectiveness of the biomarkers for RA by ROC analysis. AUC more than 0.800 was considered as having the capability to diagnose RA with excellent specificity and sensitivity. As shown in Figure 8A, the AUC values of CCL5, CXCR4, and CD247 were 0.835 (95% CI 0.758–0.913), 0.900 (95% CI 0.847–0.953), and 0.797 (95% CI 0.724–0.871), respectively. Moreover, the combined AUC of CCL5 and CXCR4 reached 0.905 (95% CI 0.852–0.957). As shown in Figure 8B, the AUC values of GZMA and CD8A were 0.887 (95% CI 0.819–0.956) and 0.821 (95% CI 0.725–0.918), respectively. The combined AUC of GZMA and CD8A reached 0.900 (95% CI 0.837-0.963). Therefore, CCL5+CXCR4 and GZMA+CD8A had the capability to diagnose RA and early RA with excellent specificity and sensitivity, respectively.




Figure 8 | Diagnostic effectiveness of the biomarkers for RA. (A, B) The GSE89408 dataset was used to validate the diagnostic effectiveness of the biomarkers for RA by ROC analysis.





Correlation Between Biomarkers and Differential Immune Cells in RA

The correlation among four effective biomarkers (CCL5, CXCR4, GZMA, and CD8A) and 10 significantly differential immune cells (M1 macrophages, Tfh cells, memory activated CD4+ T cells, plasma cells, regulatory T cells, activated dendritic cells, activated NK cells, memory resting CD4+ T cells, resting mast cells, and activated mast cells) were analyzed in RA synovial tissues. The correlation results are presented in Figure 9A. Significantly related biomarkers and immune cells were screened by R > 0.40 and p < 0.001. The results indicated that CCL5 was positively correlated with M1 macrophages (R = 0.47, p = 0.00038), CXCR4 was positively correlated with memory activated CD4+ T cells (R = 0.44, p = 0.00089) and Tfh cells (R = 0.70, p = 5e-09), and GZMA was positively correlated with Tfh (R = 0.53, p = 5e-05) (Figures 9B–E).




Figure 9 | Correlation between biomarkers and differential immune cells in RA. (A) Correlation among four effective biomarkers and 10 significantly differential immune cells. (B–E) Significantly related biomarkers and immune cells by R > 0.40 and p < 0.001.






Discussion

RA is a systemic autoimmune disease characterized by synovitis of joints. Innate and adaptive immune responses play an indispensable role in the pathogenesis of RA. Increasing number of studies have shown that the complex interaction and activation of infiltrating immune cells are key factors in the formation of synovitis and persistent joint damage. Effective biomarkers, especially for the early stage, have not been established due to the significant heterogeneity of RA. Early diagnosis and treatment of RA could effectively prevent the disease progression of 90% patients (22). Therefore, scholars have focused on exploring the immune pathogenesis of RA and searching for novel effective biomarkers. In this study, we used comprehensive, objective, and effective bioinformatics methods to explore the role of immune cell infiltration in the synovium and identify effective diagnostic biomarkers for RA.

Compared with normal control M1 macrophages, the numbers of Tfh cells, memory activated CD4+ T cells, and plasma cells were significantly higher in RA synovial tissues, while those of regulatory T cells, activated dendritic cells, activated NK cells, memory resting CD4+ T cells, resting mast cells, and activated mast cells were significantly lower in RA synovial tissues. Macrophages can be polarized into M1 and M2 macrophages under different conditions due to their high degree of heterogeneity and plasticity. In the synovial environment of RA, macrophages mainly differentiate into type M1, which plays a pro-inflammatory role (23). The pathogenicity of M1 cells in RA is mainly realized by secreting cytokines, which in turn promote inflammation by monocyte/neutrophil recruitment, T cell polarization, and synovial fibroblast proliferation and activation (24). Tfh is a subtype of CD4+T cells, whose main functions are assisting B cells and regulating the production of antibodies (25). Tfh cell surface and secreted molecules, including CXCR5, ICOS (costimulatory molecule), and PD1 (programmed death factor 1), are involved in the development of RA (26, 27). Previous studies suggested that mast cells were aberrantly regulated in RA synovium and were mainly activated by TLRs (toll-like receptors), PAMP (pathogen-associated molecular patterns), and FcγR (Fc gamma receptor) (28, 29). Moreover, dendritic cells, NK cells, and regulatory T cells were demonstrated to play a significant role in the development of RA (30, 31). Therefore, the present results are consistent with previous reports and highlights the importance of these cells in the pathogenesis of RA by bioinformatic analysis.

To improve the accuracy of the results, the DEGs were screened by two independent methods. Further analysis indicated that the function of these DEGs were significantly associated with immune cells. Finally, five hub genes (CXCR4, CCL5, CD8A, CD247, and GZMA) were screened, which were further verified by the validation dataset (GSE89408). Compared with osteoarthritis, all the five hub genes were also significantly higher expressed in RA, which made our result more convincing. Surprisingly, the expression levels of GZMA and CD8A were significantly higher in early RA than in established RA. Therefore, GZMA and CD8A might play an important role in the pathogenesis of early RA, while CXCR4, CCL5, and CD247 might play a vital role in the overall pathogenesis of RA. ROC regression analysis further found that CCL5+CXCR4 and GZMA+CD8A had the capability to diagnose RA and early RA with excellent specificity and sensitivity, respectively.

GZMA is a member of the granzyme family and is mainly secreted by cytotoxic cells (32). In addition to its cytotoxic activity against tumor and virus-infected cells together with perforin, GZMA is involved in innate host during inflammatory and autoimmune disorders in the absence of perforin (33). However, no data have identified the actual function of GZMA. Previous studies reported the elevated expression of GZMA in plasma, synovial fluid, and synovial tissue, indicating that GZMA might be involved in the development of RA (34–36). A recent research further suggested that GZMA contributed to the joint destruction in RA in part by promoting osteoclast differentiation (37). The latest mechanism research showed that GZMA from cytotoxic lymphocytes cleaves GSDMB to trigger pyroptosis in target cells (38). We also found that GZMA was mainly highly expressed in early RA. Therefore, GZMA might be used as a diagnostic biomarker because of its essential role in the pathogenesis in early RA. CD8A encodes the CD8α chain of the dimeric CD8 protein, which is mainly involved in cell-mediated immune defense and T-cell development (39, 40). CD8a could act as diagnosis and prognosis biomarker for many diseases, including tumors and inflammatory diseases (41–44). In the present study, CD8A was significantly overexpressed in RA, especially in early RA. The ROC regression analysis further demonstrated that the combination of GZMA and CD8A had the most excellent specificity and sensitivity for diagnosis of early RA. CCL5, belonging to the C-C chemokine family, is mainly secreted by T lymphocytes, macrophages, certain types of tumor cells, and synovial fibroblasts and mainly induces the recruitment and migration of immune cells to inflammatory sites (45, 46). CXCR4, which belongs to the family of 7-trasmembrance receptors, is involved in many pathophysiological processes by binding to CXCL12 and other non-specific ligands (47). Although numerous studies indicated that CCL5 and CXCR4 played an important role in the progression of many diseases, including chronic liver disease, malignant tumor, and autoimmune disease (48–50), the specific mechanism needs to be further explored. Our study also suggests that CCL5 and CXCR4 are the hub genes of the entire process of RA development and might be used as the diagnose biomarker for this disease.

Given the important role of immune infiltrating cells and hub genes in RA, the correlation among four effective biomarkers (CCL5, CXCR4, GZMA and CD8A) and the top 10 significantly differential immune cells was further investigated in RA. CCL5 was positively correlated with M1 macrophages (R =0.47, p =0.00038), and CXCR4 was positively correlated with memory activated CD4+ T cells (R =0.44, p =0.00089) and Tfh cells (R =0.70, p =5e-09). Previous research revealed that CCL5 could directly activate M1 polarization, and CXCR4 had the ability to active memory activated CD4+ T cells and Tfh cells (51–53). Therefore, CCL5 and CXCR4 may participate in the occurrence and development of RA by regulating corresponding immune cells, which should be verified by further experiments. The most intriguing result was that GZMA was positively correlated with follicular helper T cells (R =0.53, p =5e-05). Studies have elucidated that Tfh cells and GZMA play a crucial role in infection and autoimmune diseases (54–56). M. Perreau et al. showed that HIV-infected individuals had a significantly higher frequency of Tfh cells among total CD4+ T cells compared with non-infected controls (57). Exaggerated expansion of Tfh cells resulted in self-reactive B cell proliferation, and increased long-lived plasma cell differentiation, as well as an overproduction of pathogenic autoantibodies (58). Repeated exposure to exogenous, endogenous, or symbiotic viruses and bacteria can lead to the high levels of pathogenic autoantibodies, which act as a trigger to promote the occurrence of RA (3). Previous studies have shown that Tfh and GZMA participate in the pathogenesis of RA. Our results also indicated that GZMA was significantly overexpressed in early RA. Therefore, we speculate that infectious agents may play an important role in the early pathogenesis of RA through GZMA-Tfh cells axis, which needs further experimental verification.

This research has some limitations. First, the study lacks clinically relevant information, including the activity of the disease, and the use of drugs for the disease. Second, this study was conducted only from the perspective of gene transcriptome and lacks multi-group trials. Last, only bioinformatics methods were used for data analysis, and subsequent confirmatory experiments in vivo and in vitro are needed.

In summary, our study not only offers insights into the landscape of immune cells associated with RA but also identifies effective diagnostic biomarkers for RA. GZMA-Tfh cells, CCL5-M1 macrophages, and CXCR4- memory activated CD4+ T cells/Tfh cells may participate in the occurrence and development of RA; in particular, GZMA-Tfh cells may be involved in the early pathogenesis of RA. Therefore, this study may provide a new perspective for the diagnosis and immune cellular-molecular mechanism of RA.
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Objectives

Impact of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic on individuals with arthritis has been highlighted whereas data on other rheumatic diseases, e.g., systemic lupus erythematosus (SLE), are scarce. Similarly to SLE, severe SARS-CoV-2 infection includes risks for thromboembolism, an unbalanced type I interferon response, and complement activation. Herein, SARS-CoV-2 antibodies in longitudinal samples collected prior to vaccination were analyzed and compared with SLE progression and antinuclear antibody (ANA) levels.



Methods

One hundred patients (83 women) with established SLE and a regular visit to the rheumatologist (March 2020 to January 2021) were included. All subjects donated blood and had done likewise prior to the pandemic. SARS-CoV-2 antibody isotypes (IgG, IgA, IgM) to the cell receptor-binding S1-spike outer envelope protein were detected by ELISA, and their neutralizing capacity was investigated. IgG-ANA were measured by multiplex technology.



Results

During the pandemic, 4% had PCR-confirmed infection but 36% showed SARS-CoV-2 antibodies of ≥1 isotype; IgA was the most common (30%), followed by IgM (9%) and IgG (8%). The antibodies had low neutralizing capacity and were detected also in prepandemic samples. Plasma albumin (p = 0.04) and anti-dsDNA (p = 0.003) levels were lower in patients with SARS-CoV-2 antibodies. Blood group, BMI, smoking habits, complement proteins, daily glucocorticoid dose, use of hydroxychloroquine, or self-reported coronavirus disease 2019 (COVID-19) symptoms (except fever, >38.5°C) did not associate with SARS-CoV-2 antibodies.



Conclusion

Our data from early 2021 indicate that a large proportion of Swedish SLE patients had serological signs of exposure to SARS-CoV-2 but apparently with a minor impact on the SLE course. Use of steroids and hydroxychloroquine showed no distinct effects, and self-reported COVID-19-related symptoms correlated poorly with all antibody isotypes.





Keywords: COVID-19, lupus (SLE), antibody response, neutralization (effect of), antinuclear antibodies, complement-immunological terms



Introduction

The coronavirus disease 2019 (COVID-19) pandemic has caused disastrous effects worldwide and posed enormous challenges to healthcare. For patients with immune-mediated diseases on continuous treatment with immunosuppressive (or immunomodulatory) drugs, concerns have been raised regarding increased susceptibility to COVID-19 and potentially harmful effects on underlying chronic diseases (1, 2). Recently, the impact of severe COVID-19 on individuals taking disease-modifying antirheumatic drugs (DMARDs) due to inflammatory joint diseases, e.g., rheumatoid arthritis (RA), was demonstrated using Swedish register data (3). Increased risks were mainly linked to comorbidities, and the use of DMARDs (including biologics, such as cytokine-targeted therapies) did not greatly influence the risk of severe COVID-19 infection or death. However, data on other rheumatic conditions, e.g., systemic lupus erythematosus (SLE), are still scarce.

SLE represents a prototype disease of systemic autoimmunity in which immune complexes or cytotoxic antibodies may give rise to tissue damage and organ failure (4). Clinical features and laboratory abnormalities typical of active SLE show several similarities with COVID-19. A dysregulated type I interferon (IFN) system is typical of SLE (5–7). Type I IFNs are key components of the innate and adaptive immune responses to new pathogens, and their pivotal role in antiviral immunity is well established, including unbalanced inflammatory responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (8, 9). Preliminary data suggest that patients with SLE do not have an increased risk of SARS-CoV-2 infection, or severe COVID-19, compared with the general population (2, 10, 11). Still, it cannot be excluded that COVID-19 leads to an increased rate of SLE flares, which has been shown to be the case with other infections or challenges to the immune system (12–14). Furthermore, COVID-19 has been associated with activation of the complement system as well as the development of autoantibodies in hospitalized patients; manifest autoimmune disease related to these newfound autoantibodies and complement consumption has also been observed (15–18). Another feature of COVID-19, resembling SLE and antiphospholipid syndrome (APS), is the increased risk of thromboembolic events (15, 19). Thereto, early in the pandemic, the use of the cornerstone drug for SLE, hydroxychloroquine (HCQ), was suggested to have antiviral effects, but current data do not support its use in COVID-19. The impact on the risk of COVID-19 regarding other drugs used in SLE, e.g., B-cell-targeted therapies, is yet unclear. In multiple sclerosis (MS), the use of rituximab (anti-CD20) is associated with a two to threefold higher risk for severe COVID-19, and the risk increases with the duration of rituximab therapy (20).

To gain an increased understanding of the immune response towards SARS-CoV-2 in patients with SLE, we focused on the following aims: (I) to assess to which extent well-characterized cases with established SLE have been exposed to, and managed to mount an IgG, IgA, or IgM antibody response to, SARS-CoV-2 during the first year of the pandemic (prior to vaccination); (II) to investigate the neutralizing capacity of the detected SARS-CoV-2 antibodies; and to evaluate if the serological signs of COVID-19 were related to (III) progression of SLE or (IV) antinuclear antibody (ANA) levels and (V) the use of immunomodulatory drugs. To address these questions, we took advantage of a previously described cohort of Swedish SLE patients with longitudinal follow-up (21).



Materials and Methods


Subjects

The study population consisted of 100 patients (83 females, 17 males) with established SLE who had a regular physical visit to the Rheumatology unit at Linköping University Hospital, Sweden, from March 2020 to January 2021. All patients fulfilled the 1982 American College of Rheumatology (ACR) and/or the 2012 Systemic Lupus International Collaborating Clinics (SLICC) classification criteria for SLE and had previously been included in the prospective follow-up program KLURING (a Swedish acronym for Clinical LUpus Register In North-eastern Gothia) at the Department of Rheumatology, Linköping University Hospital, as described in detail (21). SLE disease activity was assessed using SLE disease activity index-2000 (SLEDAI-2K) and physician’s global assessment (PGA) (22). Irreversible organ damage, required to have been persistent for ≥6 months, was recorded annually by SLICC/ACR damage index (SDI), which encompasses damage in 12 defined organ systems (23). Health-related quality of life (HRQoL) was obtained using the EuroQoL-5 dimensions (EQ-5D) (24). The participating patients donated blood consecutively at their regular visit during the pandemic and had done likewise at another visit to the Rheumatology unit prior to the pandemic. Thus, a corresponding prepandemic serum sample (from August 2015 to November 2019) was available from each participating subject. All serum samples were stored at −70°C until analysis. Ongoing pharmacotherapy, including daily prednisolone dose was registered at each visit. Detailed characteristics of the study population are shown in Table 1.


Table 1 | Characteristics of the 100 included patients with SLE.





Routine Laboratory Measurements and Autoantibody Analyses

Blood cell counts, plasma creatinine, creatine kinase, complement protein 3 (C3), C4, C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and urinalysis were measured as part of a clinical routine both at the prepandemic and the pandemic visits. In addition, IgG-ANA fine specificities, including antidouble-stranded DNA (dsDNA) and 13 additional autoantibodies, were analyzed by FIDIS™ Connective Profile, Solinium software version 1.7.1.0 (Theradiag, Croissy-Beaubourg, France) in February 2021 at the Clinical Immunology Laboratory, Linköping University Hospital in collected sera from both visits (25). This addressable laser bead assay (ALBIA) measures autoantibodies to Ro52/SSA, Ro60/SSA, La/SSB, Smith antigen (Sm), Smith/ribonucleoprotein (Sm/RNP), U1RNP, scleroderma 70 kD antigen (Scl-70), dsDNA, histone, ribosomal P protein (RibP), centromere protein B (CENP-B), polymyositis/systemic sclerosis complex (PmScl), histidyl-tRNA synthetase (Jo-1), and proliferating cell nuclear antigen (PCNA). According to the manufacturer’s instructions, a cutoff for each antibody specificity at 40 IU/ml was applied. Sera collected prior to and during the pandemic were analyzed in parallel to avoid interassay variation.



Self-Reported Symptoms Associated With COVID-19

Using a questionnaire, patients were interviewed by telephone regarding COVID-19-associated symptoms during the study period: fever >38.5°C, headache, hypogeusia, hyposmia, cough, dyspnea, sore throat, rhinorrhea, myalgia, fatigue, diarrhea, nausea, vomiting, abdominal pain, deep vein thrombosis, and pulmonary embolism.



Review of Medical Records

Digital medical records were reviewed with respect to confirmed COVID-19 by detection of SARS-CoV-2 RNA in the respiratory tract, hospitalization, and severity of illness category according to the National Institute of Health, and blood group according to the Rhesus (Rh) and the AB0 group system, respectively.



SARS-CoV-2 PCR Assay

The RealTime SARS-CoV-2 assay using nasopharyngeal swab specimens was performed at the Clinical Microbiology Laboratory, Linköping University Hospital, according to the Emergency Use Authorization product insert (26). Tests were considered negative if no genome had been detected over 44 cycles.



SARS-CoV-2 Antibody Assay

Enzyme-linked immunosorbent assays (ELISA) were mainly performed as described elsewhere (27, 28), with a slight modification as presented below. SARS-CoV-2 S1-spike protein (Wuhan strain, 2019) was used as soluble antigen on 96-well microplates (0.5 µg/ml) in PBS (Sino Biological, Eschborn, Germany). The antigen coated plates were blocked for 60 min at 37°C with 5% fat-free milk buffer. Sera from the SLE cases and patients with previously confirmed COVID-19 infection, as well as from positive and negative controls, were diluted in PBS-Tween 20 (0.05%) with 2.5% fat-free milk buffer. Serum dilutions were added to the coated plate wells and incubated 90 min at 37°C. Conjugates against antihuman IgG-HRP (BioRad, Richmond, CA, USA), antihuman IgM (Abcam, NordicBiosite, Täby, Sweden), or antihuman IgA-HRP (Nordic BioSite, Täby, Sweden) were added to separate wells with diluted serum samples and incubated 90 min at 37°C. Finally, 0.003% H2O2/o-phenylene diamine substrate (Sigma-Aldrich, St. Louis, MA, USA; 0.4 mg/ml) was added, and the plates were kept in darkness at room temperature for 30 min before 2.5 M H2SO4 was used as stop solution. Plates were read at an optical density (OD) of 490 nm. A standard curve was used to determine arbitrary units (AU), estimating quantitative levels of SARS-CoV-2-specific antibodies. Cutoff for positive tests was defined as an OD above the 3rd standard deviation of samples from healthy donors collected before the pandemic. All SLE samples were analyzed in parallel and blinded regarding whether they had been collected before or during the pandemic.



Inhibition Assays

Serum samples with strong IgA and/or IgM SARS-CoV-2 reactivity as judged by our assay were used for blocking experiments. The sera were preincubated 1 h at 37°C with increasing concentrations (0.1, 1, and 10 µg/L) of SARS-CoV-2 S1-spike protein or with irrelevant antigens: influenza A or bovine serum albumin (BSA). The samples were thereafter treated and analyzed as described above.



Commercial IgA SARS-CoV-2 Antibody ELISA

To cross-validate the in-house ELISA, we tested the prepandemic and pandemic samples with an FDA-approved in vitro diagnostic ELISA kit (IgA anti-SARS-CoV-2 ELISA, EI-2606-9601A, EUROIMMUN AG, Kriens, Switzerland) which provides a semiquantitative in vitro determination of human antibodies of the immunoglobulin class IgA against SARS-CoV-2 in serum, EDTA, heparin, or citrate plasma (29). The assay was performed according to the manufacturer’s instruction. Briefly, all the reagents were brought to room temperature approximately 30 minutes before use. One hundred microliters of the diluted samples (prepandemic and pandemic) was transferred to the individual microplate wells and incubated for 60 min at 37°C. Immediately after sample incubation, the microplate was washed with washing buffer three times, leaving the wash buffer in each well for 30 to 60 s per washing cycle, followed by 100 µl incubation of enzyme conjugate for 30 min at 37°C. Another round of washing as described earlier was carried out. One hundred microliters of substrate solution was added and incubated for another 30 min this time at room temperature and away from direct sunlight. The reaction was stopped by adding 100 µl of stop solution into each well and finally photometric measurement of the color intensity was recorded at 450 nm wavelength and a reference wavelength at 650 nm. The extinction of the calibrator (provided in the kit) defines the upper limit of the reference range of noninfected persons (cutoff) recommended by the manufacturer.

Semiquantitative results were calculated using a ratio of the extinction of the control or patient sample over the extinction of the calibrator. The ratio was estimated according to the following formula:

	

The manufacturer recommended the following interpretation of the results:

	

	



Microneutralization Assay

Serum neutralization assay was performed as described elsewhere (30). Briefly, heat-inactivated serum including positive and negative controls was serially diluted in twofold steps from 1:4, 1:8, 1:16 until 1:1,024 in MEM-2% HI fetal calf serum (FCS). Serum dilutions was added 75 µl/well in duplicate wells (96-well flat well cell culture plate). Virus (SARS-CoV-2, 2020-nCoV [SARS-CoV-2-Iso_LiU-Human-2020-03-04-Swe]) was added 75 µl/well at a concentration of 100–130 PFU/ml and incubated for 1 h at 37°C 5% CO2. After incubation, the serum/virus mixture was added onto wells with 5 × 104 Vero E6 cells/well in 100 µl MEM with 2% HI FSC. The plates were kept at 37°C 5% CO2 for 96 h before examined in the microscope for ratio of healthy cells vs virus-induced cell cytotoxic effect (CPE) areas. Cells were fixed for 30 min and stained with 0.1% crystal violet. Serum dilutions that showed 50% inhibition of CPE was given as the neutralization titer.



Inhibition of S1-Spike Protein-Binding to ACE2 Cell Receptor In Vitro

Analysis was performed as previously described (31). In brief, 96-well microplates were coated with 1 µg/ml recombinant human ACE2-protein (in PBS pH 7.4) over night at 4°C. Heat-inactivated serum samples diluted 1:50, 1:150, and 1:450 were mixed with 1 µg/ml soluble recombinant S1-spike protein in duplicate microwells in 100 µl/well and incubated at 37°C for 30 min before being transferred to the ACE2-coated microwells. Plates were incubated for 1 h at 37°C. Plates were washed with PBS-Tween 20 (0.05%). HRP-labeled antihuman S1-spike monoclonal antibody was added (100 µl/well) and incubated for 1 h at 37°C. Plates were washed and substrate o-phenylene diamine/0.003% H2O2 was added as substrate and incubated at RT for 20 min. Substrate reaction was stopped with 100 µl/well 2.5 M H2SO4 before plates were read at optical density (OD) 490 nm. Controls with no serum and human serum lacking S1-spike binding was used as negative controls, and human serum with high SARS-CoV-2 neutralization titer (1,024) was used as positive control. Serum samples with 50% of more inhibition of ACE2-S1-spike protein-binding OD 490 nm reactivity was considered a significantly inhibiting serum titer.



Avidity Assay

Avidity analysis of serum immunoglobulin binding to viral antigens by ELISA was performed as previously reported (32).



Statistics

For comparisons of biomarker levels between groups, the Mann-Whitney U-test was used. Associations between seropositivity (categorical variable) and self-reported symptoms, SLE phenotypes (ACR criteria), and disease activity were examined with the χ2 test, or Fisher’s exact test when appropriate (n ≤ 5). When antibody levels were compared before and during the pandemic, Wilcoxon-matched paired signed rank test was used. Spearman’s correlation was employed for all correlation analyses. p-Values ≤0.05 were considered statistically significant. Statistical analyses were performed using the SPSS software ver. 26.0.0.0 (SPSS Inc., Chicago, IL, USA) or GraphPad Prism ver. 8.4.3 (GraphPad Software Inc., San Diego, CA). Graphs were created using GraphPad Prism ver. 8.4.3 (GraphPad Software).



Ethical Considerations

This study was carried out in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants. The study protocol was approved by the regional ethics review board in Linköping (Decision number M75-08/2008).




Results


SARS-CoV-2 IgG, IgA, and IgM Antibodies Pre- and During the Pandemic

In total, four patients (4%) had confirmed COVID-19 during the study period and one of them was hospitalized in the intensive care unit for 42 days and needed mechanical ventilation for 29 days. The cycle threshold (Ct) values of the four positive samples were 16.79, 31.83, 31.94, and 35.92. During the study period, 26 patients tested negative at least once.

Specific blood group, according to the AB0 and Rh systems, did not associate with either confirmed COVID-19 or presence of SARS-CoV-2 antibodies. A history of SARS-CoV-2 RNA positivity during the pandemic did not associate with presence of any of the SARS-CoV-2 antibody isotypes. During the pandemic, 36% had detectable SARS-CoV-2 antibodies of ≥1 isotype; IgA was the most common (30%), followed by IgM (9%) and IgG (8%). No significant gender difference was detected in SARS-CoV-2 antibodies. However, trends were found with higher percentage of men being positive for both IgG (p = 0.10) and ≥1 isotype (p = 0.11). SLE duration and age at sampling were not associated with SARS-CoV-2 antibody status. As illustrated in Figures 1A–C, SARS-CoV-2 IgG was significantly higher during than prior to the pandemic, whereas the IgA and IgM isotypes did not differ significantly. Several patients showed detectable SARS-CoV-2 antibody levels during the prepandemic period.




Figure 1 | Arbitrary units (AU) of SARS-CoV-2 antibodies in the sera of the 100 included patients with SLE demonstrated for each isotype: IgG (A), IgA (B), and IgM (C) before and during the pandemic. Only SARS-CoV-2 IgG levels were significantly higher during the pandemic compared with prepandemic samples. n.s., not significant.



Self-reported respiratory symptoms (cough, dyspnea, sore throat, rhinorrhea) did not associate with presence of any SARS-CoV-2 antibody isotype. However, self-reported fever (>38.5°C) associated significantly with the presence of SARS-CoV-2 IgG (p = 0.03) during the pandemic but not with IgA or IgM. None of the other self-reported symptoms (headache, hypogeusia, hyposmia, myalgia, fatigue, diarrhea, nausea, vomiting, abdominal pain, deep vein thrombosis, and pulmonary embolism) associated with antibody findings.



Dose-Dependent Reduction of IgA/IgM Reactivity by Preincubation With S1-Spike Protein

Inhibition of SARS-CoV-2 IgA and IgM reactivity by preincubation with S1-spike protein or irrelevant proteins was evaluated in a selected collection of serum samples yielding strong reactivity in the assays described above. As illustrated in paired samples from three patients in Supplementary Figure S1A–F, a dose-dependent reduction in antibody binding was achieved for both IgA and IgM following preincubation with S1-spike protein. For IgA, inhibition of >50% was observed in 11 of 13 (85%) samples and >80% in 8/13 (62%). For IgM, inhibition of >50% was demonstrated in nine of 10 samples (90%) and >80% in seven of 10 (70%).



Agreement Between the In-House IgA Assay and EUROIMMUN SARS-CoV-2 IgA ELISA

The level of agreement between the in-house IgA assay and the commercial SARS-CoV-2 IgA ELISA was evaluated in 50 paired samples originating from 25 patients of the study population. As demonstrated in Table 2, the differences between prepandemic and pandemic samples were strongly correlated (p = 0.0001). The correlation between the assays in prepandemic samples was also highly significant (p = 0.005) whereas it did not reach statistical significance in the pandemic samples. The concordance (defined in Table 2) was fair, 76% for all samples. The entire data set of the commercial SARS-CoV-2 IgA ELISA is shown in Supplementary Figure S2A–G.


Table 2 | Correlation analyses and concordance between results of the IgA in-house S1 spike assay and the EUROIMMUN IgA ELISA.





Neutralizing Capacity of Detected SARS-CoV-2 Antibody Isotypes

In a selected serum sample collection (20 serum samples, originating from 13 patients), where evident ELISA-seropositive immunoglobulin reactivity against the recombinant S1-spike protein was observed, the virus-neutralizing activity in vitro was investigated. All tested serum samples had no, or very low neutralizing reactivity; below eight in neutralizing serum titer in vitro with the used virus (Table 3). The positive control showed neutralizing titer of 1,024 and negative controls were negative (<8). The same sera were subsequently tested in a S1-spike- and recombinant ACE2 receptor-binding inhibition assay in vitro. The inhibiting capacity was low, shown to be between 5% and 42% (median 10%, range 0%–42%). Serum from SARS-CoV-2 seropositive controls showed >90% inhibition (91%–96%) and negative control sera <15% inhibition (median 6%, range 0%–14%). Serum immunoglobulin avidity was tested against the recombinant S1 protein with ELISA-positive IgG, IgA, and IgM serum samples, and the avidity index (AI) of reactivity among the patient sera were strongest with the IgG isotype (median 0.63, range 0.5–0.83); avidity index of the IgA and IgM isotypes were considerably lower (for IgA, median was 0.23, range 0.19–0.26; for IgM, median 0.21, range 0.18–0.27). The positive control serum showed median IgG avidity index of 0.99, and for IgA, a median avidity of 0.81 was observed.


Table 3 | Serological virus-inhibition analysis of S1 ELISA-reactive sera.





SARS-CoV-2 Antibodies in Relation to SLE Phenotypes, HRQoL, and Disease Activity

Regarding SLE phenotypes, photosensitivity (ACR criterion 3) associated inversely with presence of SARS-CoV-2 IgA (p = 0.05). Immunological disorder (ACR criterion 10) associated inversely with both presence of SARS-CoV-2 IgM (p = 0.01) and with any SARS-CoV-2 antibody isotype (p = 0.03). Limited accrual of organ damage was observed (see SDI, Table 1); individuals who acquired damage were not SARS-CoV-2 antibody positive to a higher extent than those with unchanged SDI.

Global SLE disease activity assessed at the two visits did not differ significantly, either by assessment of SLEDAI-2K (Figure 2A) or PGA. Systemic inflammation detected by CRP and ESR were also similar (Figures 2B, C). However, signs of increased complement consumption were observed with significantly decreased C3 levels (Figure 2D) whereas the reduction of C4 did not meet statistical significance. The daily use of prednisolone did not differ and neither did the HRQoL assessed by the EQ–5D (Figures 2E, F). Plasma albumin (p = 0.04) and anti-dsDNA (p = 0.003) levels during the pandemic were lower in patients with positive SARS-CoV-2 antibodies (of at least one isotype) compared with negative cases.




Figure 2 | Global SLE disease activity (SLEDAI-2K) (A), C-reactive protein (CRP) (B), erythrocyte sedimentation rate (ESR) (C), Complement protein 3 (C3) (D), daily prednisolone dose (E), and EuroQoL-5 dimensions (EQ–5D) (F) shown for the 100 included patients with SLE before and during the pandemic. Only the C3 levels were significantly lower during the pandemic compared with prepandemic samples. n.s., not significant.





ANA Levels Pre- and During the Pandemic vs. SARS-CoV-2 Antibodies

None of the samples contained antibodies to Jo-1 or Scl-70. Antibodies to Ro52/SSA, Ro60/SSA, Sm, dsDNA, histone, RibP, CENP-B, PmScl, and PCNA were not statistically different when prepandemic and pandemic samples of antibody-positive individuals were compared. However, ANA targeting three extrachromosomal antigens decreased significantly during the pandemic (Figures 3A–C). As demonstrated, lower values were achieved for most samples regarding La/SSB where 13/19 (68.4%) samples decreased, for U1RNP 15/22 (68.2%) samples decreased, and for Sm/RNP 9/9 (100%) samples decreased. However, when also taking the intra-assay variation of the method into account: 6/19 (31.6%) La/SSB-positive patients decreased and none increased; 8/22 (36.4%) U1RNP-positive patients decreased and 3/22 (13.6%) increased; and 4/9 (44.4%) Sm/RNP-positive patients decreased and none increased.




Figure 3 | Levels of three antinuclear antibodies (ANA) targeting extrachromosomal antigens demonstrated before and during the pandemic. Significantly lower levels of La/SSB (A), U1RNP (B), and Sm/RNP (C) were found during the pandemic compared with prepandemic samples. To increase the readability, only patients with at least one sample above the cutoff of the assay (before or during the pandemic) are shown.



Table 4 illustrates the associations between each ANA specificity and presence of SARS-CoV-2 antibody isotypes before and during the pandemic. Presence of anti-Sm was significantly associated with SARS-CoV-2 IgG in both prepandemic (p = 0.008) and pandemic (p = 0.03) samples. Presence of anti-dsDNA was inversely associated with SARS-CoV-2 IgA only during the pandemic (p = 0.02).


Table 4 | Associations between ANA specificities and SARS-CoV-2 antibody isotypes in SLE patients before and during the pandemic.





SARS-CoV-2 Antibodies in Relation to Immunomodulatory Drugs

During the pandemic, potential associations between SARS-CoV-2 antibodies and ongoing immunomodulatory drugs were investigated. Presence of SARS-CoV-2 IgA was associated with the use of mycophenolate mofetil (p = 0.04), but none of the other DMARDs were significantly associated with the presence of SARS-CoV-2 antibodies.




Discussion

Serological testing is a cornerstone in our understanding of infections and immune responses. A reliable immunoassay should be both sensitive and specific and perform well not only among healthy individuals but also in patient groups with immune-mediated diseases (33). Subsequently, the need of reliable SARS-CoV-2 antibody assays is extensive and crucial for opening societies after lockdowns and permit traveling. Furthermore, as the vaccination programs against COVID-19 progress worldwide, the requirement of credible SARS-CoV-2 antibody assays (to demonstrate a successful vaccine response) will probably remain over the next couple of years.

The present study was primarily undertaken to extend our knowledge of the adaptive immune response against SARS-CoV-2 in patients with established SLE, of which the great majority (92%) were taking immunosuppressive or immunomodulatory drugs. Such treatments, e.g., glucocorticoids (used by 66% during the pandemic) or mycophenolate mofetil (23%), could potentially result in decreased ability to recover from the infection, establish immunity or respond to vaccinations (34). In contrast though, a recent paper from the USA showed that most patients with SLE and confirmed COVID-19 were able to produce and maintain an IgG response despite the use of a variety of DMARDs, providing reassurance about the efficacy and durability of humoral immunity and possible protection against reinfection with SARS-CoV-2 (35). However, Saxena et al. did not have prepandemic samples available for comparison and did not report potential associations with ANA (35). However, studying the humoral immune response to SARS-CoV-2 in SLE is not only of relevance due to potential effects of pharmacotherapies, the pathogenesis of SLE is characterized by B-cell hyperactivity and reflected by the large amount of autoantibodies described (36). In addition, similarities between severe COVID-19 and SLE, such as risks for thromboembolism, an unbalanced type I IFN response and complement activation have been observed, resulting in implementation of regular use of anticoagulation and glucocorticoids in the clinical management of patients with COVID-19 (6, 7). A major strength of this study was that the SLE patients were their own controls as prepandemic samples were available and analyzed in parallel with samples collected during the pandemic.

Our data from early 2021, obtained prior to the introduction of vaccines, indicate that a large proportion of Swedish patients with SLE had serological signs of exposure to SARS-CoV-2, seemingly with poor correlation to COVID-19-related symptoms. To validate the reliability of our in-house assay, a commercially available and FDA-approved diagnostic IgA SARS-CoV-2 antibody kit was used. The assays showed a reassuring concordance in both prepandemic and pandemic samples (72%–80%), and the inhibition tests yielded dose-dependent reduction of IgA/IgM antibody reactivity following preincubation with S1-spike protein. Still, almost all analyzed antibody-positive samples showed a low neutralizing capacity indicating low-affinity antibodies with uncertain protective effect against SARS-CoV-2. Interestingly, SARS-CoV-2 antibodies (particularly IgA and IgM) were also detected in corresponding samples collected ahead of the pandemic. Whether this represents an entirely unspecific “sticky” immunoglobulin response, exposure to previous corona viruses or signs of interference with autoantibodies in the immunoassays remains an open question. Since SLE is a condition characterized by a broad repertoire of circulating autoantibodies, it is not unlikely that this group of patients in general may be more prone to produce antibodies targeting various antigens, including coronaviruses, even in the absence of COVID-19. In line with this, it was recently demonstrated that certain infections (e.g., malaria, schistosomiasis, and dengue) may yield unreliable results in rapid diagnostic COVID-19 antibody tests (37). Some betacoronaviruses have been described as capable of inducing ELISA and Western blot cross-reactive anti-SARS-CoV-2 serum responses, but in general not cross-neutralizing antibodies (38–40). The coronavirus 229E appears to be an exception (41, 42). In our study, the SARS-CoV-2 IgG isotype was less often found in prepandemic samples and was in addition the only antibody that significantly associated with self-reported symptoms (body temperature >38.5°C) during the pandemic. A meta-analysis recently concluded that blood group A may be associated with a higher risk of severe SARS-CoV-2 infection compared with group 0, which usually associates with a lower risk (43). We could not demonstrate any clear associations of specific blood group (according to the AB0 and Rh systems) with PCR-confirmed COVID-19, or with presence of SARS-CoV-2 antibodies, but larger study populations are probably needed to confirm such associations. Neither did we find any clear differences regarding SARS-CoV-2 antibody positivity related to sex, age, or SLE duration. In contrast, an age-related serum half-life of anti-SARS-CoV-2 IgM and IgG has previously been reported in the general population and severity of the infection may also be of relevance (44, 45). An obvious limitation of the study is that the proportion of subjects infected by SARS-CoV-2 is unknown. In Sweden, PCR testing of individuals with symptoms of infection was not introduced in routine for the general population until June of 2020 (46). Thus, the four patients (4%) with PCR-confirmed COVID-19 during the study period indisputably represent an underestimation, especially since the infection may well pass without symptoms.

Presence of rheumatoid factor often challenges the specificity of immunoassays and is, in general, a common suspect of false positive tests. This was recently highlighted also for different immunoassays of serological SARS-CoV-2 testing in patients with chronic inflammatory diseases, whereof most of the investigated samples originated from patients with MS and RA (47). A subgroup of rituximab-treated SLE patients was included, but rheumatoid factor did not seem to have a major impact on the SARS-CoV-2 test results in SLE. Herein, we further extended the knowledge by analyzing ANA and their potential interference with SARS-CoV-2 (shown in Table 4). Solely, the presence of anti-Sm showed a significant association with SARS-CoV-2 IgG in prepandemic as well as pandemic samples. Furthermore, anti-dsDNA was inversely associated with SARS-CoV-2 IgA during the pandemic and samples positive for any SARS-CoV-2 antibody isotype contained significantly lower levels of anti-dsDNA. Thus, possibly except for anti-Sm, our data indicate that the presence of specific SLE autoantibodies does not interfere with detection of SARS-CoV-2 IgG.

Regardless of SARS-CoV-2 antibody status, we observed a significant decrease during the pandemic of three specific autoantibodies targeting extrachromosomal antigens (La/SSB, U1RNP, and Sm/RNP). These reductions remained significant also when the variation of the method was considered and did not coincide with additional use of immunosuppression in the patients with declining antibody levels. Overall, clinical disease activity assessed by SLEDAI-2K and PGA remained stable. Neither did the systemic inflammation (ESR or CRP) differ over time. However, C3 decreased significantly during the pandemic and a similar trend was observed for C4. The latter usually represents increased activation of the complement pathway following immune complex deposition (48, 49). If accompanied by positive anti-dsDNA in patients with SLE, this observation is referred to as “serologically active clinically quiescent” (50). The findings of diminishing ANA levels in pandemic, compared with prepandemic, samples were unexpected. Potential reasons could be increased isolation during the pandemic and meticulous adherence to advice of social distancing that overall might have led to less infections and challenges to the immune system (13, 14).

Some limitations deserve to be mentioned. The size of the study population was limited, especially as only 4% tested positive with PCR. Due to the lack of general testing in Sweden during the beginning of the pandemic, the percentage of truly infected subjects remains unknown. Thus, associations between “confirmed” infection, laboratory variables and clinical parameters should be interpreted with caution. Furthermore, we only evaluated the humoral and not the cell-mediated immune response to SARS-CoV-2. Ethnicity of the study population constitutes another limitation. Mainly Caucasian patients were enrolled, and as ethnicity is well known to affect SLE severity, extrapolation of our results to other populations should be done with caution (51). In contrast, a major strength is the Swedish healthcare system, which is public, tax funded, and offers universal access. This significantly reduces the risk of selection bias and ensures a high coverage of cases. The well-characterized cohort of SLE patients followed by a limited number of experienced rheumatologists at a single tertiary referral center constituted another strength of the study. Finally, the SARS-CoV-2 antibodies were not only quantified but their neutralizing capacity was also evaluated.

To conclude, we show that a large proportion of Swedish SLE patients have serological signs of exposure to SARS-CoV-2 prior to vaccination but apparently with a minor impact on the SLE course. SARS-CoV-2 antibodies, particularly IgA and IgM, had low neutralizing capacity and were detected also in samples obtained prior to the pandemic. Except for anti-Sm, specific SLE autoantibodies did not associate with SARS-CoV-2 IgG. The use of steroids and DMARDs showed no distinct effects on the ability to mount an antibody response to SARS-CoV-2 and self-reported COVID-19 symptoms (except for fever) correlated poorly with all detected antibody isotypes.
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Objective

To assess in rheumatoid arthritis (RA) patients, treated with different immunosuppressive therapies, the induction of SARS-CoV-2-specific immune response after vaccination in terms of anti-region-binding-domain (RBD)-antibody- and T-cell-specific responses against spike, and the vaccine safety in terms of clinical impact on disease activity.



Methods

Health care workers (HCWs) and RA patients, having completed the BNT162b2-mRNA vaccination in the last 2 weeks, were enrolled. Serological response was evaluated by quantifying anti-RBD antibodies, while the cell-mediated response was evaluated by a whole-blood test quantifying the interferon (IFN)-γ-response to spike peptides. FACS analysis was performed to identify the cells responding to spike stimulation. RA disease activity was evaluated by clinical examination through the DAS28crp, and local and/or systemic clinical adverse events were registered. In RA patients, the ongoing therapeutic regimen was modified during the vaccination period according to the American College of Rheumatology indications.



Results

We prospectively enrolled 167 HCWs and 35 RA patients. Anti-RBD-antibodies were detected in almost all patients (34/35, 97%), although the titer was significantly reduced in patients under CTLA-4-inhibitors (median: 465 BAU/mL, IQR: 103-1189, p<0.001) or IL-6-inhibitors (median: 492 BAU/mL, IQR: 161-1007, p<0.001) compared to HCWs (median: 2351 BAU/mL, IQR: 1389-3748). T-cell-specific response scored positive in most of RA patients [24/35, (69%)] with significantly lower IFN-γ levels in patients under biological therapy such as IL-6-inhibitors (median: 33.2 pg/mL, IQR: 6.1-73.9, p<0.001), CTLA-4-inhibitors (median: 10.9 pg/mL, IQR: 3.7-36.7, p<0.001), and TNF-α-inhibitors (median: 89.6 pg/mL, IQR: 17.8-224, p=0.002) compared to HCWs (median: 343 pg/mL, IQR: 188-756). A significant correlation between the anti-RBD-antibody titer and spike-IFN-γ-specific T-cell response was found in RA patients (rho=0.432, p=0.009). IFN-γ T-cell response was mediated by CD4+ and CD8+ T cells. Finally, no significant increase in disease activity was found in RA patients following vaccination.



Conclusion

This study showed for the first time that antibody-specific and whole-blood spike-specific T-cell responses induced by the COVID-19 mRNA-vaccine were present in the majority of RA patients, who underwent a strategy of temporary suspension of immunosuppressive treatment during vaccine administration. However, the magnitude of specific responses was dependent on the immunosuppressive therapy administered. In RA patients, BNT162b2 vaccine was safe and disease activity remained stable.





Keywords: COVID-19, mRNA vaccine, rheumatoid arthritis, whole blood, T cell response, antibody response, DMARD (disease modifying anti-rheumatic drug), biological therapy



Introduction

The COronaVIrus Disease-2019 (COVID-19) pandemic caused by the Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2) has recently emerged as a new human-to-human transmissible disease with a serious global health impact and still difficult clinical management (1–3).

Mass vaccination is the single most effective public health measure for controlling the COVID-19 pandemic, and a global effort to develop and distribute an effective vaccine produced important containment results. Several data are currently available about efficacy of mRNA platform vaccines, namely BNT162b2 and mRNA-1273 vaccines, in inducing strong antibody and cell-mediated immune responses in naïve healthy individuals (4–6). The ability to elicit a coordinated induction of both humoral- and cell-mediated arms is fundamental for a more effective fighting of SARS-CoV-2 infection (7, 8).

Currently available data suggest that patients with autoimmune inflammatory rheumatic diseases have a slightly higher prevalence of SARS-CoV-2 infections, risk of hospitalization, and death from COVID-19 than the general population, and they have been considered a priority target group for vaccine administration (9, 10). However, considering the immunologic dysregulation and the immunosuppressive treatments frequently adopted in these patients, some concerns have arisen regarding vaccine efficacy and safety.

Recently, some encouraging data on mRNA vaccination in rheumatoid arthritis (RA) patients have emerged from few small and one large prospective observational multicenter study evaluating the immunogenicity and safety of the BNT162b2 mRNA vaccine compared to control subjects without rheumatic diseases (11–13). Overall, these studies show that the antibody response to BNT162b2 vaccine is immunogenic in the majority of patients with RA (86-100%), but delayed and reduced compared to controls. Although the results on the impact of the immunosuppressive therapy on vaccine immunogenicity are not homogenous, most of studies suggest that rituximab followed by abatacept, mycophenolate mofetil, corticosteroids (CCS), and methotrexate (MTX) can induce a significant reduction of seropositive rate and antibody levels (14). These data are crucial to optimize the management of RA patients and to improve vaccine safety and effectiveness, but they need to be confirmed and supplemented by additional real-world studies and by the evaluation of the T-cell-specific response.

This study aimed to assess in RA patients treated with different immunosuppressive therapies the induction of a specific immune response after SARS-CoV-2 vaccination in terms of anti-region-binding-domain (RBD)-antibody- and T-cell-specific responses against spike, and the safety of vaccination in terms of clinical impact on disease activity. A cohort of health care workers (HCWs) was used as a healthy control group.



Materials and Methods


Study Population

Participants were enrolled from two parallel prospective studies conducted at the National Institute for Infectious Diseases (INMI) Lazzaro Spallanzani and approved by the INMI Ethical Committee. The approved studies evaluated the immune response to SARS-CoV-2 vaccination in both HCWs enrolled at INMI (approval number 297/2021) and in rheumatologic patients enrolled at Sant’Andrea Hospital in Rome (approval number 318/2021). All HCWs and rheumatologic patients received the BNT162b2-mRNA vaccine. Inclusion criteria for the enrollment of rheumatologic patients were: a diagnosis of RA according to the European League Against Rheumatism/American College of Rheumatology (EULAR/ACR) 2010 criteria (15), having completed the two-dose schedule of the mRNA vaccine in the last 2 weeks, being on treatment with a biological drug (except anti-CD20) with or without MTX or other disease modifying anti-rheumatic drugs (DMARD), with only DMARD, with anti-Janus kinase (JAK) or low dosage of CCS (prednisone <7.5 mg/day or methylprednisolone <6 mg/day). Written, informed consent was required to consecutively enroll patients and controls.



Study Procedures

Clinical, demographic data and the use of medication were collected at the time of enrollment (T0) and after 2 weeks from the second dose (T1) (Table 1). RA disease activity was evaluated by clinical examination at T0 and T1 through the DAS28crp. At T1, blood samples were collected and local and/or systemic clinical adverse events were registered.


Table 1 | Demographical and clinical characteristics of the 202 enrolled subjects.



RA patients were stratified according to drug treatments in four groups: TNF-α-inhibitors with or without DMARD, IL-6-inhibitors with or without DMARD/CCS, CTLA-4-inhibitors with or without DMARD/CCS, and DMARD with or without CCS. The lymphocyte count of the RA patients was performed within one week from the samples' collection taken for the immune-based assays.

A convenient sample of 167 individuals was included as healthy controls from the cohort of vaccinated HCWs at INMI L. Spallanzani (4, 16).



IFN-γ Whole-Blood Assay

Whole-blood (600 µL) was stimulated with a pool of peptides covering the sequence of SARS−CoV−2 spike protein (SARS−CoV−2 PepTivator® Prot_S1, Prot_S, and Prot_S+, Miltenyi Biotec, Germany) in a 48-well flat-bottom plate (17). The PepTivator® Peptide Pools used were constituted by peptides of 15 amino acid length with an 11 amino acid overlap. After 20-24 hours of incubation at 37°C (5% CO2), plasma was harvested and stored at -80°C until use. IFN-γ levels were quantified in the plasma samples using an automatic ELISA (ELLA, protein simple). IFN-γ values of the stimulated samples were subtracted from the unstimulated-control value. The detection limit of this assay was 0.17 pg/mL.



Peripheral Blood Mononuclear Cells (PBMCs) and In Vitro Stimulation

PBMCs, isolated from HCWs (n=7) and RA patients (n=15), were thawed, counted, assessed for viability, and rested for 2-4 hours at 37°C in RPMI supplemented with 1% L-glutamine, 1% penicillin/streptomycin (Euroclone S.p.A, Italy), and 10% heat-inactivated FBS. For antigen-specific T-cell stimulation, PBMCs were seeded at a concentration of 2.5 × 106 cells/mL in a final volume of 200 µL in a 96-multiwell flat-bottom plate (COSTAR, Sigma Aldrich), and stimulated with spike peptide pool at 1 µg/mL or Staphylococcal Enterotoxin B (SEB) at 200 ng/mL, used as a positive control. We added anti-CD28 and anti-CD49d monoclonal antibodies (BD Biosciences San Jose, USA) to co-stimulate cells at a final concentration of 1 µg/mL each. After 1h of incubation at 37°C (5% CO2), a Golgi plug (BD Biosciences) at 1 µL/mL was added to cell cultures to inhibit cytokine secretion and to allow intracellular molecule detection by flow cytometry. After 16-24 h, cells were stained as described in the following.



T-Cell Subpopulations and Intracellular IFN-γ Detection

Stimulated PBMCs were stained with fluorochrome-conjugated antibodies prepared in Brilliant Stain Buffer (BD Biosciences) (see Supplementary Figure S1 for gating strategy). The Cytofix/Cytoperm solution kit (BD Biosciences) was used for the intracellular IFN-γ staining, according to the manufacturer’s instructions (see Supplementary Table S1 for the list of antibodies and reagents used). Dead cells were excluded from the analysis by side/forward scatter gating and then by Fixable Viability stain 700 (BD Biosciences). At least 100,000 lymphocytes from each sample were gated (except for three samples, two from the unstimulated conditions and one from the SEB condition which were gated with 80,000 events). Samples were acquired on a BD Lyric (BD Biosciences) cytometer and data were analyzed by the FlowJo software (version 10, Tree Star). IFN-γ-mediated T-cell response was considered positive when: i) the frequency of the SARS-COV-2 peptide-stimulated PBMCs was at least twofold higher compared to the unstimulated control; and ii) at least 10 events were present within the IFN-γ gate (18).



Anti-SARS-CoV-2 Specific IgG Evaluation

The humoral response to vaccination was assessed by quantifying the anti-Nucleoprotein-IgG and the anti-RBD-IgG (Architect® i2000sr Abbott Diagnostics, Chicago, IL). Anti-N-IgG were expressed as arbitrary units (AU)/mL and values were considered positive when ≥ 1.4. Anti-RBD-IgG were expressed as binding arbitrary units (BAU)/mL and values were considered positive when ≥ 7.1.



Statistical Analysis

Data were analyzed using GraphPad (GraphPad Prism 8 XML ProjecT). Categorical variables were reported as count and proportion, whereas continuous variables, including IFN-γ levels and anti-RBD titers, were reported as median and interquartile range (IQR). Results were evaluated by non-parametric statistical inference tests. The comparisons among groups were evaluated using the Kruskal-Wallis test, whereas the Mann-Whitney U-test with Bonferroni correction was used for pairwise comparisons. The Chi-squared test was used for categorical variables. Correlations of demographic, clinical, and laboratory variables with antibody and S-specific T-cell response, as well as between-assay correlations, were assessed by non-parametric Spearman’s Rank test. Spearman’s rho>0.7 was considered high correlation, 0.7 <rho>0.5 moderate correlation, and rho<0.5 low correlation. Two-tailed p-values were considered significant if <0.05, except for subgroup analyses by type of rheumatologic-specific treatment, where a correction for multiplicity was applied according to the Bonferroni method, yielding to a significant two-tailed p-value threshold of 0.0125 (α/4).




Results


Demographic and Clinical Characteristics of the Enrolled Subjects

We prospectively enrolled 202 vaccinated subjects from whom 35 were RA patients and 167 were HCWs. Significant differences were found with respect to age (p<0.0001) and origin (p=0.005), but not for sex between the two groups (Table 1).

The RA cohort consisted of 7 patients under treatment with TNF-α-inhibitors with or without DMARD, 8 treated with IL-6-inhibitors with or without DMARD/CCS, 13 under CTLA-4-inhibitors with or without DMARD/CCS, and 7 under only DMARD (5 patients were receiving MTX, 1 salazopyrin, and 1 hydroxychloroquine) with or without CCS. At vaccination, the median treatment duration for TNF-α-inhibitors with or without DMARD was 2.9 years (IQR: 1.3-11), for IL-6-inhibitors with or without DMARD/CCS 6.1 years (IQR: 4.9-7.6), for CTLA-4-inhibitors with or without DMARD/CCS 6 years (IQR: 1.9-10), and for DMARD with or without CCS 2.2 years (IQR: 1.9-4.9).



Monitoring of Disease Activity at Baseline and After the Second Dose of Vaccination in RA Patients

In RA patients, the ongoing therapeutic regimen was modified during the vaccination period according to the ACR indications (19). In particular, MTX and JAK-inhibitors were stopped for one week after the first and second dose, whereas abatacept, the CTLA-4 inhibitor, was stopped one week before and after the first dose only.

No significant increase of disease activity was found at T1 compared with baseline values [T0: median 2.9, IQR (2.4-3.5) vs T1: median 3.1, IQR (2.0-3.5), p=0.759]. No severe adverse reactions were observed in vaccinated patients. Mild, transient, systemic, and local side effects, mainly pain at the injection location, mild fever, arthromyalgia, and fatigue, were reported by 18 patients (46%).



Antibody-Specific Response in Vaccinated Individuals

Humoral response was evaluated by measuring the anti-RBD antibodies, while the natural infection was excluded by the detection of anti-N-antibodies. Both HCWs and RA patients were naïve for SARS-CoV-2 infection, as confirmed by the undetectable levels of anti-N antibodies (data not shown). A detectable anti-RBD antibody response was observed in all HCWs (100%) and in all RA patients, except for one individual (97.1%). However, the magnitude of the HCWs response was significantly higher than that of RA patients under CTLA-4 and IL-6 inhibitors with or without DMARD/CCS (p<0.0001 in both groups). Differently, no significant differences were found for the anti-RBD antibody response of patients under TNF-α-inhibitors with or without DMARD (p=0.273) and DMARD with or without CCS (p=0.421) (Figure 1A). The response to vaccination can naturally wane with age. Older age may have an impact on the magnitude of the humoral response (19). Therefore, among the HCWs we selected a group (n=50) who were age-matched [age median: 56, IQR (53–61)] with the RA cohort. We confirmed the results described in Figure 1A and we suggest that, more than the age, the RA related-therapies are likely responsible for the reduced specific-antibody response (Supplementary Figure S2A).




Figure 1 | Antibody and T-cell responses elicited by SARS-CoV-2 vaccination in RA patients. Evaluation of antibody response (A) and IFN-γ response to spike antigen (B) in 167 HCWs and 35 RA patients stratified according to drug treatment in four groups: TNF-α inhibitors with or without DMARD (n=7), IL-6 inhibitors with or without DMARD/CCS (n=8), CTLA-4 inhibitors with or without DMARD/CCS (n=13), and DMARD with or without CCS (n=7). Correlation across humoral and cell-mediated immunity in RA patients (C) is shown. SARS-CoV-2 specific anti-RBD Abs were quantified in plasma or sera samples. Anti-RBD-IgG were expressed as binding arbitrary units (BAU)/mL and values ≥ 7.1 were considered positive. IFN-γ levels were shown as median after subtracting the background. Dashed lines identify the cut-off of each test (spike 16 pg/mL, anti-RBD 7.1 BAU/mL). Each black dot represents one sample, and the red horizontal lines represent the median. Statistical analysis was performed using the Mann-Whitney U-test with Bonferroni correction, and p ≤ 0.0125 was considered significant. Correlations between assays were assessed by non-parametric Spearman’s rank tests. A two-sided p-value <0.05 was considered statistically significant. CCS, corticosteroids; DMARD, disease modifying anti-rheumatic drugs; RA, rheumatoid arthritis; Abs, antibodies; RBD, receptor-binding-domain; HCWs, health care workers.





SARS-CoV-2-S-Specific T-Cell Response in Vaccinated Individuals

All HCWs showed an IFN-γ-S-specific T-cell response, evaluated by the whole blood platform (3, 10). Contrarily, significant different proportions of responders were found in RA patients under both CTLA-4 and IL-6-inhibitors with or without DMARD/CCS therapy, compared to HCWs (p=0.0018 and p<0.0001, respectively) (Table 2). Moreover, the quantitative responses were significantly different among groups (p<0.0001) (Figure 1B). In particular, the IFN-γ-S-specific levels were significantly lower in RA patients under TNF-α-inhibitors with or without DMARD, IL-6-inhibitors with or without DMARD/CCS, and CTLA-4-inhibitors with or without DMARD/CCS therapy than those in HCWs (p=0.0020, p<0.0001, p<0.0001, respectively). In contrast, no significant difference was found between the IFN-γ-S-specific response of patients treated with DMARD with or without CCS compared to that of HCWs (p=0.016), albeit the IFN-γ levels were lower than those of HCWs. These data were confirmed comparing the S-specific T-cell response of RA patients with that of age-matched HCWs (n=50) [age median: 56, IQR (53–61)] (Supplementary Figure S2B).


Table 2 | Serological and T-cell specific response.





Correlation Between Anti-RBD Antibody Titer, S-Specific T-Cell Response, and Lymphocyte Number

We then focused on the correlation between the two arms of the immune response. A significant correlation between anti-RBD-antibody titer and SARS-CoV-2-S-specific IFN-γ T-cell response was found in HCWs (3). Similarly, a significant moderate correlation was observed in RA patients (rho=0.432, p=0.009) (Figure 1C). Differently, there was no correlation between the lymphocyte number and anti-RBD antibody titer (rho=0.325, p=0.069) or T-specific response (rho=0.151, p=0.409) (data not shown). Further, we analyzed in the RA cohort the impact of age, gender, or years of therapy to identify potential factors affecting the qualitative and quantitative immune responses. None of these variables showed a significant impact on the humoral- or T-cell-specific responses (Supplementary Tables S2, S3).



IFN-γ Response to Spike Is Mainly Mediated by CD4+ T Cells

To assess which T-cell subset among CD4+ or CD8+ T cells was responsible for the SARS-CoV-2-S-specific response, the IFN-γ-S-specific T-cell frequency was analyzed by flow cytometry after stimulation of the PBMCs with the spike peptide pool. To this aim, we used PBMCs isolated from 7 HCWs and 15 RA patients. Among the RA subjects, we selected those characterized by good specific antibody and T-cell responses (Figure 2). In particular, we selected 5 RA patients under TNF-α-inhibitors with or without DMARD, 3 patients under CTLA-4-inhibitors with or without DMARD/CCS, 3 patients under IL-6-inhibitors with or without DMARD/CCS, and 4 DMARD with or without CCS-treated patients. We show that the IFN-γ response is mediated by CD4+ T cells following in vitro stimulation with spike peptide pool compared to the unstimulated control, both in HCWs and in RA patients (Figures 2A, B). The CD4+ T-cell response was scored positive in all HCWs (7/7, 100%) (Figure 2E) and in most RA patients (12/15, 80%) (Figure 2E). The IFN-γ response was mediated also by CD8+ T cells in most HCWs (5/7, 71%) and in a portion of the RA patients tested (3/15, 20%) (Figures 2C, D). In the HCWs, the magnitude of the specific response was higher in CD4+ T cells (median: 0.28%, IQR: 0.19-0.42) (Figure 2E) compared to CD8+ T cells (median: 0.058%, IQR: 0.00-0.14) (Figure 2E). Similarly, in RA patients the CD4+ T cells showed a higher specific response (median: 0.17%, IQR: 0.05-0.24) (Figure 2E) compared to the CD8+ T cells (median: 0.00%, IQR: 0.00-0.00) (Figure 2E). All HCWs and RA patients responded to SEB, used as a positive control, confirming the absence of an impairment of the cytokine production (Supplementary Figures S3A, B). Interestingly, in the RA cohort, the CD8+ T-cell mediated response to SEB was significantly higher compared to that observed in HCWs (p=0.001) (Supplementary Figure S3B).




Figure 2 | Characterization of the IFN-γ-S-specific T-cell response by flow cytometry. PBMCs from HCWs (n=7) and RA patients (n=15) were in vitro stimulated for 24 h with spike peptide pool and the frequency of IFN-γ-specific T cells was evaluated by flow cytometry. (A) Plots show the frequency of IFN-γ in a representative HCW subject and RA patient within the CD4+ T-cell subpopulations. (B) CD4+ T-cell-specific response compared to the unstimulated condition is shown in HCWs and RA patients. (C) Plots show the frequency of IFN-γ in a representative HCW subject and RA patient within the CD8+ T-cell subpopulations. (D) CD8+ T-cell-specific response compared to the unstimulated condition is shown in HCWs and RA patients. (E) Frequency of the CD4+ and CD8+ T-cell response (after subtraction of the unstimulated-condition value) is shown in HCWs and RA patients. Each dot represents a different HCW or RA individual and black lines represent the median. RA patients were color-coded, and each color corresponds to a different administered treatment, as shown in the figure legend. Statistical analysis was performed using the Mann-Whitney test and p-value was considered significant if ≤0.05. *p = 0.012 and **p = 0.004. IFN, interferon; RA, rheumatoid arthritis; HCWs, health care workers.






Discussion

Mass vaccination is a crucial public health measure for limiting COVID-19 pandemic especially in fragile populations such as RA patients. Here, we show the results of the immune response to BNT162b2 vaccine in RA patients that were vaccinated based on the ACR indications (20) with an interruption of MTX and JAK-inhibitors 1 week after the first and second vaccine dose, or with an interruption of abatacept for 1 week before and after the first dose.

In RA patients, BNT162b2 vaccine showed a good safety profile and disease activity remained stable with no patient experiencing a disease relapse. The vaccine induced an antibody-specific response in almost all patients (97%), although the titer was significantly reduced in those under CTLA-4-inhibitors (abatacept) or IL-6-inhibitors compared to HCWs. Concomitantly, spike-specific T-cell response was evaluated and scored positive in 69% of RA patients vs. 100% of HCWs with significantly lower levels in those under a biological therapy compared to HCWs, particularly in patients under CTLA-4-inhibitors or IL-6-inhibitors. The response to vaccination may decrease with age. However, the present finding was confirmed when comparing the results of a group of age-matched HCWs with the RA cohort suggesting that the lower magnitude of both RBD-antibody and T-cell responses was not due to the older age of patients but likely to the RA-treatment. Based on these results, we confirm that COVID-19 vaccination is immunogenic and safe, also in patients under immunosuppressive therapies, although the specific immune responses were present at a lower magnitude compared to the healthy population.

Recently, it has been shown that individuals with immune-mediated inflammatory diseases treated with MTX have up to a 62% rate of specific-immune response to BNT162b2 mRNA vaccine (14), whereas those under cytokine-inhibitors have levels similar to those of healthy controls (greater than 90%) (11, 13, 14). The different results reported here on the impact of immunosuppressant drugs on the humoral response may be associated with the therapeutic strategy adopted to optimize vaccine immunogenicity. Indeed, as already seen for seasonal influenza vaccination (21), the 1-week interruption of MTX after the first and second vaccine dose may have reduced the negative impact on antibody production previously shown (11, 14). This strategy was useful also for those under CTLA-4-inhibitors, as demonstrated by the reassuring proportion of patients mounting an anti-RBD-specific response rate, 92% here vs. 62% of previous reports (11, 14), although with a significant decreased antibody titer compared to that observed in the HCWs. Furthermore, notably, this brief “window of therapy interruption” did not affect the RA disease activity, as shown by the DAS28crp that remained stable throughout the vaccination period.

On the other hand, the strategy of interrupting abatacept administration limited to the first dose was not satisfactory to provide the induction of the T-cell-specific response, which is known to be impaired by the drug itself (22), as shown here by the 46% positive responder rate. Based on these results and considering that abatacept blocks the T-cell activation by binding with high-affinity CD80/CD86 molecules thus interfering with the co-stimulation signals delivered through the antigen presenting cells (23), it may be reasonable to extend its interruption also at the second vaccine dose. This approach may improve the induction of a specific immune response especially at the T-cell level.

Interestingly, IL-6-inhibitors had a higher negative impact on the magnitude of antibody- and T-cell-specific Responses compared to TNF-α-inhibitors. This is likely due to the important effect of IL-6 in controlling the survival, population expansion, and maturation of B cells and plasmablasts acting on the follicular helper T cells, a specialized subset of CD4+ T cells that localize to B cell follicles, where they promote B cell proliferation and immunoglobulin class switching (24, 25). IL-6 is also important for the T-cell memory response (24, 26).

Flow cytometry analysis showed that the in vitro T-cell response to SARS-CoV-2 spike peptides is mediated by CD4+ and CD8+ T cells in both HCWs and RA patients. Notably, CD4+ T-cell frequency was higher compared to that observed for the CD8+ T cells. These data agree with the results from the HCWs cohorts (5, 27–31) and the COVID-19 convalescent subjects (17, 32). Remarkably, CD8+ T-cell response was lower in the RA cohort compared to that observed in the HCWs. Due to the small sample size of samples included in the flow cytometry analysis, we cannot associate the low frequency of the CD8+ T cell response observed in RA patients to the different therapeutic regimens.

Some limitations of this study need to be considered. First, it was a single center study with a low number of recruited patients that may limit the impact of the study, especially for the comparison of the effects of vaccination among different immunosuppressive therapies. However, the enrolled patients are representative of RA patients under different therapies, and they were well characterized, both clinically and immunologically. Second, the evaluation of the immune responses was performed at a single time point post-vaccination, and the assay used to detect the T-cell response was based on the measurement of a single cytokine (IFN-γ) differently from published studies assessing additional T-helper 1 cytokines (4). However, it was shown that the IFN-γ-specific T-cell response correlates with RBD-antibody titers (4); therefore this cytokine may be considered as a robust parameter to detect T-cell-specific response induced after vaccination.

Importantly, one of the strengths of this study is the more accurate assessment of the humoral immune response using specific anti-RBD-IgG against the total spike protein compared to the previous published work, where IgG antibody titers against only S1 were evaluated (14). In addition, we characterized the T-cell response in terms of CD4+ or CD8+ T-cell involvement. The assays used in the present study to detect SARS-CoV-2 specific response are easy and highly reproducible (17, 33–38), and therefore are compatible with the routine monitoring of vaccinated individuals (4, 5, 16). Indeed, the T-cell response was detected by a whole blood assay, whose platform is similar to current tests measuring T-cell-specific responses against M. tuberculosis in both immune-competent and immune-suppressed subjects (39–42).

To the best of our knowledge, this is the first study evaluating both humoral and cellular immune responses to BNT162b2 vaccine in RA patients, who underwent a temporary suspension of immunosuppressive treatment during vaccine administration. For the optimal management of RA patients, clinicians need to consider both the risk of disease relapse and that of a decreased vaccine immunogenicity. These findings suggest that holding treatment with MTX and abatacept at the first and second vaccine dose can be considered a useful practice in clinically stable patients. To draw definite conclusions, these results need to be confirmed in a larger population adopting a similar therapeutic strategy suspension, and future studies are needed to further evaluate the longevity of humoral and T-cell responses following vaccination.
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As the coronavirus disease 2019 (COVID-19) pandemic is ongoing and new variants of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) are emerging, there is an urgent need for COVID-19 vaccines to control disease outbreaks by herd immunity. Surveillance of rare safety issues related to these vaccines is progressing, since more granular data emerge with regard to adverse events of COVID-19 vaccines during post-marketing surveillance. Interestingly, four cases of anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) presenting with pauci-immune crescentic glomerulonephritis (GN) after COVID-19 mRNA vaccination have already been reported. We here expand our current knowledge of this rare but important association and report a case of AAV presenting with massive rhabdomyolysis and pauci-immune crescentic GN after Pfizer-BioNTech COVID-19 mRNA vaccination. As huge vaccination programs are ongoing worldwide, post-marketing surveillance systems must continue to assess vaccine safety important for the detection of any events associated with COVID-19 vaccination. This is especially relevant in complex diseases where diagnosis is often challenging, as in our patient with AAV presenting with massive rhabdomyolysis and pauci-immune crescentic GN.




Keywords: coronavirus disease 2019 (COVID-19), vaccination, anti-neutrophil cytoplasmic antibody (ANCA), ANCA-associated vasculitis (AAV), rhabdomyolysis, acute kidney injury (AKI), pauci-immune crescentic glomerulonephritis (GN)



Introduction

As the coronavirus disease 2019 (COVID-19) pandemic is ongoing and new variants of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) are emerging, there is an urgent need for COVID-19 vaccines to control disease outbreaks by herd immunity (1). The use of novel vaccines containing a nucleoside-modified messenger ribonucleic acid (mRNA) or a viral deoxyribonucleic acid (DNA) vector that encodes the viral spike (S) glycoprotein of SARS-CoV-2 has already been approved. Large clinical trials have shown that these COVID-19 vaccines are safe and effective. Common adverse events include mild to moderate reactions at the injection site, fever, fatigue, body aches, and headache (2). Surveillance of rare safety issues related to these vaccines is progressing, since more granular data emerge with regard to adverse events of COVID-19 vaccines during post-marketing surveillance (3). Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a small vessel vasculitis hallmarked by the presence of antibodies against autoantigens in cytoplasmic granules of neutrophils (4). AAV presents as granulomatosis with polyangiitis (GPA), microscopic polyangiitis (MPA), and eosinophilic granulomatosis with polyangiitis (EGPA) (5). Generally, renal manifestations in AAV are estimated at 80% among all cases mainly manifesting as ANCA-associated glomerulonephritis (ANCA GN), and the overall prevalence does not seem to differ substantially between MPO-ANCA and PR3-ANCA AAV (6). Interestingly, five cases of renal AAV presenting with pauci-immune crescentic ANCA GN after COVID-19 mRNA vaccination have already been reported (7–10). We here expand our current knowledge of this rare but important association and report a case of AAV presenting with massive rhabdomyolysis and pauci-immune crescentic GN after Pfizer-BioNTech COVID-19 mRNA vaccination.



Case Report

A 79-year-old Caucasian female with a past medical history of hypertension, degenerative disc disease, and no documented history of COVID-19 received two doses of Pfizer-BioNTech COVID-19 mRNA vaccination. Two weeks thereafter, the patient presented to our emergency department with weakness and upper thigh pain. Vital parameters were stable, and physical examination was unremarkable. The patient had no allergies and denied illicit drug use. External routine laboratory assessments obtained 1 week prior to admission were normal for serum creatinine of 0.71 mg/dl (reference range: 0.5–0.95), estimated glomerular filtration rate (eGFR) of 84.4 ml/min/1.73 m2, and urinalysis with the absence of hematuria or proteinuria. Repeat reverse transcription polymerase chain reaction (RT-PCR) testing for SARS-CoV-2 RNA from nasopharyngeal swabs was negative. Laboratory assessments at admission showed massive rhabdomyolysis with creatinine kinase (CK) levels of 14,243 U/L (reference range: 29–168), myoglobinemia of >12,000 µg/L (reference range: ≤106, Figure 1A), and acute kidney injury (AKI) with serum creatinine levels of 1.38 mg/dl (reference range: 0.7–1.2, Figure 1B) and an estimated glomerular filtration rate (eGFR) of 33.5 ml/min/1.73 m2. Urinary analysis revealed leukocyturia, hematuria (no dysmorphic erythrocytes), few renal tubular epithelial cells, and nephrotic range proteinuria of >18,000 mg/g creatinine and albuminuria of <5,000 mg/g creatinine (reference range: <30 mg/g, Figure 1C). The patient received intravenous crystalloids with decreasing CK levels and myoglobinemia (Figure 1A). However, progressive deterioration of kidney function with worsening of serum creatinine levels up to 6.57 mg/dl (reference range: 0.7–1.2 mg/dl, Figure 1B) and an eGFR of <15 ml/min/1.73 m2 occurred. ANCA immunofluorescence (IF) was positive at 1:1,000 (reference range: <1:10) with elevated MPO-ANCA levels >134 IU/ml (reference range: <3.5 IU/ml), while myositis antibodies, complement levels, and other serologic parameters were all tested negative (Table 1). Because of leukocytosis, a white blood differential was conducted revealing prominent peripheral blood eosinophilia (Table 1).




Figure 1 | Timeline of the case after admission. (A–C) Time course of CK, myoglobin, plasma creatinine, and levels of uPCR and uACR. (D) Time of treatment regimens and kidney biopsy. CK, creatinine kinase; CYC, cyclophosphamide; uACR, urinary albumin-to-creatinine ratio; uPCR, urinary protein-to-creatinine ratio.




Table 1 | Serologic parameters after admission.



Based on suspected MPO-positive AAV, the patient received a steroid pulse with intravenous methylprednisolone for 3 days (250 mg per day) and oral prednisone 1 mg/kg daily thereafter (60 mg per day, Figure 1D). A kidney biopsy confirmed severe acute tubular injury with pauci-immune crescentic GN and interstital nephritis: cellular crescents in 1/15 (6.7%) glomeruli, global glomerular sclerosis in 2/15 (13.3%), mild (5%) interstitial fibrosis and tubular atrophy (IF/TA), interstitial inflammation (25%) with prominent eosinophilic infiltration, and severe acute tubular injury with myoglobin casts (Figure 2 and Table 2). According to histopathological scoring, focal class ANCA GN and intermediate risk ANCA renal risk score (ARRS) were present (Table 2) (11, 12). Based on the diagnosis of AAV presenting with massive rhabdomyolysis and pauci-immune crescentic GN, intravenous cyclophosphamide (CYC) was initiated at 10 mg/kg (per CYCLOPS trial dosing, Figure 1D) (13). Thereafter, kidney function normalized without requirement of dialysis and proteinuria decreased to 1,603 mg/g creatinine and albuminuria to 351 mg/g creatinine (reference range: <30 mg/g, Figures 1B, C). Repeat serological testing confirmed that ANCA IF turned negative. Thereafter, oral prednisone was tapered down (currently 50 mg per day), and we do not plan to repeat administration of intravenous cyclophosphamide because rhabdomyolysis ceased and kidney function normalized.


Table 2 | Histopathological findings in the kidney biopsy.






Figure 2 | Histopathological findings in a kidney biopsy confirming pauci-immune crescentic GN. Representative photomicrographs of the kidney biopsy including staining for IgA (scale bar: 50 μm), IgG (scale bar: 50 μm), IgM (scale bar: 50 μm), C1q (scale bar: 50 μm), and C3c (scale bar: 50 μm); periodic acid-Schiff staining showing a glomerulus with crescent formation (scale bar: 50 μm); and hematoxylin/eosin staining with myoglobin casts (asterisks, scale bar: 100 μm) and tubulointerstitial inflammation with prominent eosinophilic infiltration (scale bar: 100 μm). C1q, complement component 1q; C3c, complement factor 3 conversion product; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; GN, glomerulonephritis.





Discussion

To our knowledge, we here present the first case of AAV presenting with massive rhabdomyolysis and pauci-immune crescentic GN after Pfizer-BioNTech COVID-19 mRNA vaccination. With millions of people being vaccinated for COVID-19, rare reports of adverse events are emerging. In this case, the temporal association between Pfizer-BioNTech COVID-19 mRNA vaccination and AAV presenting with rhabdomyolysis and pauci-immune crescentic GN suggests a neutrophilic immune response to mRNA as a potential trigger. This patient initially presented with upper thigh pain due to massive rhabdomyolysis after Pfizer-BioNTech COVID-19 mRNA vaccination. Rhabdomyolysis has been described in the context of COVID-19, and a direct viral tropism to myocytes has been suggested (14, 15). However, detection of SARS-CoV-2 infection in skeletal muscle cells has not been established yet (16). Rhabdomyolysis secondary to vaccination has previously been reported, mostly in the context of influenza vaccination (17, 18). In association with COVID-19 mRNA vaccination, the onset of fatigue, myalgias, and arthralgias following mRNA vaccination has been reported in a considerable subset of patients (19). Additionally, there is evidence that COVID-19 mRNA vaccination can directly induce myositis at the injection site, as previously observed in the deltoid muscle (20). In addition to rhabdomyolysis, we observed pauci-immune crescentic GN accompanied by MPO-ANCA autoantibodies after COVID-19 mRNA vaccination. To date, five cases of pauci-immune crescentic ANCA GN after the second dose of COVID-19 mRNA vaccination in all cases have been reported (7–10). In our case, kidney biopsy showed myoglobin casts due to massive rhabdomyolysis and pauci-immune crescentic GN, and it is likely that both contributed to deterioration of kidney function. It has already been reported that the first COVID-19 mRNA vaccination primes the innate immune system to mount a more potent response after the second booster immunization (21). It is possible that the enhanced immune response especially observed after the second dose of COVID-19 mRNA vaccination could be responsible for triggering the observed MPO-ANCA autoantibodies. Causal links between immune system activation by viral infections and AAV have been suggested due to onset of AAV predominantly during the winter (22, 23). Toll-like receptors (TLRs) are expressed on leukocytes and play crucial roles in the recognition of viral antigens, facilitating immune system activation and inflammation. Predominant TLR-2 and TLR-9 activation can stimulate autoimmunity in AAV, previously been described in the context of MPO-ANCA autoantibodies (24). Interestingly, TLR-2 activation in immunodominant cytotoxic T lymphocytes in response to SARS-CoV-2 S glycoprotein (as also produced by COVID-19 vaccines) has already been described (25). With regard to vaccination, there is some discussion about the relationship between vaccination and AAV recurrence in patients with pre-existing autoimmune disease after influenza vaccination as very rare but significant side effects (26). The temporal relationship could be explained theoretically, including molecular mimicry, polyclonal activation, or transient systemic proinflammatory cytokine responses that potentially provoke autoimmune diseases in genetically predisposed individuals (27). Interestingly, increased production of ANCA autoantibodies has already been described in response to viral mRNA-based influenza and rabies vaccines (27). Moreover, AAV and autoimmune reactions have been reported in the context of COVID-19, implicating a direct reaction to viral RNA (28–30). Therefore, the occurrence of AAV in the context of COVID-19 mRNA as compared with non-mRNA vaccines would be of great relevance. Huge vaccination programs are ongoing worldwide, and post-marketing surveillance systems must continue to assess vaccine safety important for the detection of any events associated with COVID-19 vaccination. This is especially relevant in complex diseases where diagnosis is often challenging, as in our patient with AAV presenting with massive rhabdomyolysis and pauci-immune crescentic GN. The limitation of this case report is only a temporal relationship between COVID-19 mRNA vaccination and onset of AAV. However, AAV onset in association with COVID-19 mRNA vaccination has independently been observed before and requires further investigation with regard to the mechanisms linking autoimmunity to COVID-19 vaccines (7–9). Fortunately, treatment of AAV is possible and caution in such cases is warranted with regard to early testing if clinical symptoms are compatible with AAV in principle.
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Impressive efforts have been made by researchers worldwide in the development of target vaccines against the novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and in improving the management of immunomodulating agents. Currently, different vaccine formulations, such as viral vector, mRNA, and protein-based, almost all directed toward the spike protein that includes the domain for receptor binding, have been approved. Although data are not conclusive, patients affected by autoimmune rheumatic diseases (ARDs) seem to have a slightly higher disease prevalence, risk of hospitalization, and death from coronavirus disease-2019 (COVID-19) than the general population. Therefore, ARD patients, under immunosuppressive agents, have been included among the priority target groups for vaccine administration. However, specific cautions are needed to optimize vaccine safety and effectiveness in these patients, such as modification in some of the ongoing immunosuppressive therapies and the preferential use of mRNA other than vector-based vaccines. Immunomodulating agents can be a therapeutic opportunity for the management of COVID-19 patients; however, their clinical impact depends on how they are handled. To place in therapy immunomodulating agents in the correct window of opportunity throughout the identification of surrogate markers of disease progression and host immune response is mandatory to optimize patient’s outcome.
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Introduction

During the first wave of the coronavirus disease-2019 (COVID-19) pandemic, we discussed the complex relationship between autoimmunity and the novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) (1). At that moment, in the absence of specific antiviral treatments or available vaccines, we focused on the immunologic rationale and the initial scientific evidences for the effectiveness of immunomodulatory treatments, commonly adopted in autoimmune rheumatic diseases (ARDs), in the management of the aberrant hyper-inflammatory response induced by COVID-19. We concluded that anti-cytokine therapy, in particular the anti-IL-6 tocilizumab (TCZ) and the Janus kinase (JAK) inhibitor baricitinib, seemed to be the most promising drugs provided that their use was tailored to both timing of symptom onset and COVID-19 severity.

More than 1 year later, we are still facing a COVID-19 pandemic. However, combined adoption of universal containment measures and effective vaccine campaigns had a successful impact in terms of reduction of SARS-CoV-2 infections and COVID-19 hospitalizations. In addition, the use of immunosuppressive agents in the clinical management of COVID-19 patients has been clarified by consolidated data (2–4). First immunosuppressive agents, such as chloroquine and hydroxychloroquine (HCQ), have been discharged, whereas others have been better tailored to COVID-19 severity, timing of symptom onset, and association with other therapies. A considerable effort has been put forward to identify innovative vaccine platforms and to produce neutralizing monoclonal antibodies (mAbs) against SARS-CoV-2. In December 2020, the US Food and Drug Administration (FDA) and European Medicines Agency (EMA) approved the first mRNA vaccine (BNT162b2) against SARS-CoV-2, followed by other vaccines using mRNA platforms or inactivated viral vectors. Conversely, protein-based vaccines and conventional vaccines based on live attenuated or inactivated whole virus were left behind with still ongoing clinical trials or under approval by regulatory agencies.

The likely choice of use of different SARS-CoV-2 vaccines raised several questions and special concerns for its application in patients with ARD. First, ARD patients are part of vulnerable categories. Considering their intrinsic dysregulated immune system and the clinical impact of immunosuppressive treatments, a vaccine priority should be deserved. Second, safety and effectiveness of vaccination can be influenced by intrinsic vaccine formulations (mRNA vs. viral vectors), by disease-specific factors (ongoing immunosuppressive treatment) or by host factors (disease activity).

The aim of this review is to identify in the selected category of ARD patients the main controversial issues in terms of safety, efficacy, and effectiveness of SARS-CoV-2 vaccines and how to place vaccination in the context of the therapy with immunosuppressive agents, as well as to clinical parameters of disease severity and host immune response.



Coronavirus Disease-19 Clinical Setting

To better understand the characteristics of the COVID-19 patients enrolled in randomized controlled trials (RCTs) evaluating the effectiveness and safety of immunosuppressive agents is fundamental to remind the generally accepted classification of disease severity (5).

	Mild Infection (Approximately 80% of Cases): Individuals have signs and symptoms of COVID-19 (e.g., fever, cough, headache, muscle pain, nausea, diarrhea, and loss of taste and smell) with no evidence of viral pneumonia or hypoxia; they are usually outpatients.

	Moderate Infection: Individuals show evidence of pneumonia during clinical assessment or imaging and have saturation of oxygen (SpO2) ≥92%–94% on room air at sea level; they are usually inpatients with no need of supplemental oxygen.

	Severe Infection: Individuals have signs of severe pneumonia plus SpO2 <92%–94% on room air at sea level and/or a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) <300 mmHg, and/or respiratory rate >30 breaths/min; they are usually inpatients requiring high flow supplemental oxygen or mechanical ventilation.

	Critical Infection (Approximately 5% of Cases): Individuals have acute respiratory distress syndrome (ARDS), with 100 mmHg < PaO2/FiO2a ≤ 300 mmHg, and acute life-threatening organ dysfunction and can experience cytokine storm syndrome (CSS) caused by a dysregulated host response; they are usually inpatients admitted in intensive care units requiring non-invasive (NIV) or invasive mechanical ventilation (IMV).





Immunomodulating Anti-Rheumatic Agents Used in Severe Acute Respiratory Syndrome Coronavirus-2 Patients


Hydroxychloroquine

HCQ is an oral drug frequently adopted in the treatment of systemic autoimmune diseases, with immunomodulatory effects and antiviral properties. The initial great enthusiasm for the potential benefits of this agent, sustained by some encouraging results from case series and retrospective studies (6), was subsequently denied by a deeper analysis of the data.

The FDA, EMA, and National Institutes of Health (NIH) have recommended against the use chloroquine or HCQ for COVID-19 patients (5).



Colchicine

Colchicine is a well-known alkaloid agent currently approved in Italy for the treatment of gout and acute/recurrent pericarditis, but it is frequently used with effectiveness in the management of different autoinflammatory conditions (7, 8). It acts on several anti-inflammatory pathways, but the most recognized is the inhibition of microtubule polymerization, which can lead to impaired neutrophil migration, phagocytosis, and release of superoxide anion (9, 10). In addition, this agent limits neutrophil adhesion by both altering neutrophil L-selectin expression and E-selectin distribution in endothelial cells and inhibits Nod-Like Receptor Protein 3 (NLRP3) inflammasome known to be implicated in hyper-inflammatory syndrome (10, 11). These data provided the rationale for a possible role of this agent in the prevention of hyperinflammation and coagulation activation pathognomonic of COVID-19. Among RCTs, the GRECCO study showed that colchicine significantly improved time to clinical deterioration as compared with that in controls in hospitalized patients with moderate/severe COVID-19 not receiving ventilation support (12). In contrast, the RECOVERY trial closed the recruitment to the colchicine arm because there was no significant difference in the primary endpoint of 28-day mortality with respect to standard of care (SOC) in hospitalized COVID-19 patients (13). More recently, the largest RCT on colchicine in non-hospitalized COVID-19 patients (COLCORONA) did not meet the primary endpoint but demonstrated that in patients with PCR-confirmed COVID-19, colchicine led to a significant reduction in the composite rate of death or hospitalization (14).

In conclusion, there is no evidence for the efficacy of colchicine in hospitalized patients, and the drug is not included in the NIH recommendations. Its early use in outpatient settings to prevent hospitalization appears an attractive option to be confirmed.




Interleukin Inhibitors

mAbs directed toward different inflammatory cytokines have been adopted in SARS-CoV-2 infection to reduce the aberrant immune response in COVID-19 patients with contrasting results. Most of available data are present for the humanized and human mAbs, recognizing the soluble and membrane-bound forms of IL-6 receptor, TCZ, and sarilumab, and also for anakinra, the non-glycosylated recombinant human IL-1Ra that blocks the binding of both IL-1α and IL-1β to its native receptor. IL-6 and IL-1 indeed play a central role in CSS (15–18) and are involved in several immunological activities such as the differentiation of naïve CD4-positive T cells into Th17 cells, increase acute-phase proteins and signaling, homing of immune cells to the site of primary infection, epithelial cell activation, and release of several other inflammatory cytokines (19, 20).


Tocilizumab

TCZ was the first biologic agent to be used in severe COVID-19 patients also in view of the fact that it was the only approved biologic agent for the treatment of cytokine release syndrome (21, 22).

The first results from RCTs were unsatisfactory; however, the efforts in defining the right timing/segment of COVID-19 population combined with the concomitant use of a more effective SOC has made the difference in reaching the therapeutic targets.

Indeed, in all the first RCTs conducted, the COVACTA, the CORIMUNO-19 (23, 24), the Boston Area COVID-19 Consortium (BACC) Bay Tocilizumab (25), and the RCT by Salvarani et al. (2), TCZ did not show a significant improvement in clinical status or mortality reduction. Of note, these studies shared in common a very low use of glucocorticoid (GC) as SOC. Furthermore, in the COVACTA trial, more than two-thirds of participants were under mechanical ventilation.

The EMPACTA (Evaluating Minority Patients with Actemra, tocilizumab) was the first trial including a relevant percentage of patients receiving dexamethasone (DEX) and remdesivir (26). TCZ reached the composite primary outcome of progression to NIV/IMV, but without improving the survival rate.

More recently, the REMAP-CAP and RECOVERY, the two largest RCTs on TCZ, showed a significant efficacy of TCZ in mortality reduction in a well-defined COVID-19 population and in combination with DEX (27). Indeed, the REMAP-CAP enrolled severe/critical COVID-19 patients within 24 h after starting NIV or IMV, and most of the patients received concomitant GC. TCZ reduced both hospital mortality and time to hospital discharge. The RECOVERY trial enrolled severe COVID-19 hospitalized patients with hypoxemia, with or without mechanical ventilation, and C-reactive protein (CRP) level ≥75 mg/L. Patients on TCZ had a 4% mortality reduction through day 28, as well as the median time of hospitalization; the mortality benefit was observed in participants who were receiving concomitant GC. Considering all the above studies, NIH and WHO recommendations have recently stated that TCZ should be administered in combination with DEX in all severe/critical COVID-19 patients recently hospitalized (28).



Sarilumab

Some small prospective studies explored COVID-19 patients receiving sarilumab with contrasting results on clinical outcomes, mortality, and time of hospitalization.

A phase 3 trial assessing 400 mg of sarilumab plus SOC vs. SOC alone, in critical COVID-19 patients (requiring IMV), was stopped because it did not meet its primary and secondary endpoints (29). In contrast with these results, the REMAP-CAP study reported median adjusted ORs for hospital survival at day 28 of 2.01 for i.v. sarilumab plus SOC vs. SOC alone (30). In July 2021, WHO recommends use of sarilumab with the same TCZ indications (5).



Anakinra

A recent systematic review and meta-analysis reported data of seven studies on a total of 346 patients (31). These studies were different for design (four prospective and three retrospective), route and dose of anakinra administration, and population setting (mainly severe/critical COVID-19 patients); thus, results are hard to compare (32–38).

By now, only one RCT has been published on the use of anakinra in COVID-19 patients with disappointing results. It was a multicenter, open-label, Bayesian trial nested within the CORIMUNO-19 cohort, in patients with moderate-to-severe COVID-19, neither receiving mechanical ventilation nor admitted at ICU, and with a CRP >25 mg/L. Patients received either SOC plus i.v. anakinra at 400 mg/day for 3 days, 200 mg on day 4, and 100 mg on day 5, or SOC alone (39). The trial showed no significant difference between the two groups in terms of 4-day improvement, 14-day ventilation requirement, and 28-day mortality. The mean disease duration was 10 days before randomization, and the selected narrow segment target population (patients with a WHO score of 5 points and requiring oxygen, without mechanical ventilation) limits any conclusions.

Recently, the SAVE-MORE RCT was conducted in over 600 COVID-19 inpatients with elevated soluble urokinase plasminogen activator receptor (suPAR), a plasma biomarker that reflects immune activation. The comparative 11-point WHO Contracting & Procurement Services (CPS), at day 28, demonstrated significant improvement in patients receiving anakinra plus SOC versus SOC (40).

By now, the use of anakinra is not indicated by the NIH and WHO recommendations considering paucity of data; however, in July 2021, EMA started evaluating the use of anakinra in adult COVID-19 patients at increased risk of severe respiratory failure.




JAK-STAT Inhibitors

JAK inhibitors are a class of orally administered targeted synthetic immunosuppressants that act by inhibiting the activity of one or more of the JAK members (JAK1, JAK2, JAK3, and TYK2), thereby interfering with the JAK-STAT signaling pathway and inhibiting the signaling of several inflammatory cytokines involved in autoimmunity diseases (41). Baricitinib reversibly inhibits JAK1/2-dependent cytokines (IL-6 and IFN-γ) and to a lesser extent JAK1/TYK2-dependent cytokines (IL-10 and IFN-α) (42).

Baricitinib has also shown to inhibit a regulator of endocytosis, the AP2-associated protein kinase 1 (AAK1), at therapeutic dosage for rheumatoid arthritis (RA); therefore, it can interrupt virus entry through receptor-mediated endocytosis (43). In addition, it has low interaction with the CYP drug-metabolizing enzymes, thus being safe in combination with antiviral drugs (44).

By now, the only RCT available is the Adaptive COVID-19 Treatment Trial 2 (ACTT-2) involving hospitalized patients with COVID-19 randomized to receive 4 mg/day of baricitinib plus remdesivir or remdesivir alone (45, 46).

Patients receiving baricitinib showed a significantly lower median time to recovery, with 30% higher odds of improvement in clinical status at day 15, and a similar incidence of serious adverse events (SAEs). The reduction in the time of hospitalization and the odds of improvement in clinical status were more clinically meaningful in the subgroup of patients with a baseline severity ordinal score of 6 (receiving high-flow oxygen or NIV) (47). The results of the CoV barrier in hospitalized COVID-19 patients who received once-daily baricitinib 4 mg plus SOC or SOC have been just released (unpublished preprint data). Treatment with baricitinib significantly reduced mortality in particular in subjects on high-flow oxygen/NIV, with a good safety profile (48).

The FDA currently approved the use of baricitinib in addition to remdesivir, in patients with moderate-to-severe COVID-19 requiring high-flow oxygen or NIV.



Glucocorticoids

Most of the data come from the RECOVERY trial, the largest and first trial to be published. It demonstrated that the use of 6 mg of DEX daily up to 10 days plus SOC resulted in a significant decrease in 28-day mortality among patients who required mechanical ventilation or supplemental oxygen with respect to SOC (49). A systematic review and meta-analysis published in September 2020 selected six further RCTs evaluating the efficacy and safety of GCs in COVID-19 patients (50): the Efficacy of Dexamethasone Treatment for Patients With ARDS Caused by COVID-19 (DEXA-COVID 19) (51) and the COVID-19 Dexamethasone (CoDEX) trial, evaluated DEX in severe/critical COVID-19 patients under mechanical ventilation (52); the Randomized Embedded Multifactorial Adaptive Platform for Community-acquired Pneumonia (REMAP-CAP) (53), CAPECOVID (54), and COVIDSTEROID trial (55), evaluated hydrocortisone (HCT) in patients admitted to ICU or to an intermediate care unit who were receiving supplemental oxygen; finally, the Steroids-SARI trials was the only trial evaluating methylprednisolone (MTP) and enrolled patients admitted to ICU (56). The extent of concomitant SOC varied substantially among the trials. Overall death occurred in 32.7% of patients in GC group vs. 41.5% of SOC. The summary ORs for the association with all-cause mortality were 0.64 for DEX, 0.69 for HCT, and 0.91 for MTP. SAEs were reported by 18% of patients randomized to GC vs. 23% of patients in the control group (50).

In light of these data, DEX, alone or in combination with remdesivir, has become the SOC in severe and critical COVID-19 requiring supplemental oxygen with or without mechanical ventilation; alternatively, MTP or HCT can be adopted (52). It should be taken into account that GCs are not exempt from known severe side effects; in particular, high-dose GC can inhibit immune response, reduce pathogen clearance, and increase viral replication; thus, their use in mild/moderate patients not requiring oxygen supplementation and in the first stage of disease is contraindicated; moreover, low-dose (up to 6 mg of DEX or equivalent) and short-term GCs (up to 6 days) are recommended.



Anti-Severe Acute Respiratory Syndrome Coronavirus-2 Monoclonal Antibodies

Before the COVID-19 pandemic, little attention had been paid to the use of mAbs, specific for pathogen epitopes, as therapy to treat infections. Despite, there are more than 100 mAbs that had been licensed as therapeutics for cancer, inflammation, and autoimmunity. The reasons behind the low interest to develop mAbs against infectious agents are mostly because of their high cost, which does not make them suitable for a broader use.

The high pressure generated from the SARS-CoV-2 pandemic induced first-line clinicians to explore the use of antibodies on the management of hospitalized patients. The initial approach was to transfuse plasma from previously infected convalescent individuals to hospitalized patients. Plasma samples were selected based on the titers of SARS-CoV-2-neutralizing antibodies, meaning that only individuals presenting high titers for the S1 subunit of SARS-CoV-2 spike protein, which contains the receptor-binding domain (RBD), were picked as donors. Such antibodies are able to prevent the entry of SARS-CoV-2 into cells by blocking the binding of the viral spike (S) protein to its cellular main receptor, angiotensin-converting enzyme 2 (ACE2) (57), or S-mediated membrane fusion. As plasma is obtained by apheresis, in addition to the SARS-CoV-2-neutralizing antibodies, each convalescent plasma (CP) preparation also contains the entire repertoire of antibody specificities, including natural antibodies, as well as proteins potentially working as immunomodulators (anti-inflammatory cytokines, clotting and anti-thrombotic factors, defensins, complement, and many others) (58). Actually, it is known that natural antibodies present in intravenous immunoglobulin (IVIg) preparations may sequester BAFF and reduce B-cell survival/proliferation or bind Fas and induce apoptosis, whereas exposure of dendritic cells to IVIg compromises dendritic cell (DC) maturation and downregulates costimulatory molecules such as CD86, CD80, and CD40 complement. IVIg also modulates the balance between CD4 and CD8 T cells and reduces the proliferation of Th17 cells as well as the secretion of inflammatory cytokines while promoting proliferation and survival of Treg cells (58). All the described immunomodulatory features of IVIgs are likely to be also present in the plasma of convalescent individuals; thus, CP therapy may benefit patients with COVID-19.

Because composition of CP is variable and patients receiving CP are under multiple concurrent therapies, it is not surprising that positive immunomodulatory effects of CP, on patients with COVID-19, diverge. In spite of that, plasma therapy was the first treatment authorized by the FDA for emergency use (40) based on trials demonstrating moderate benefit of plasma therapy, in particular when used promptly upon hospitalization, during the initial stages of disease, or in contexts in which patients are unable to produce their own antibodies against the coronavirus, such as in immunodeficient or in B-cell-depleted patients (40).

It is worthy to note that different studies reported low antibody responses in asymptomatic subjects and positive correlations between disease severity and intensity of the antibody response, with the highest Abs levels being observed in hospitalized patients. Moreover, B-cell receptor (BCR) sequence analysis revealed that SARS-CoV-2-neutralizing antibodies have few mutations as compared with their respective germline sequences (59, 60), suggesting poor germinal center reactions and thus a reduced capacity to induce long-lived plasma cells (61). These observations are extremely important for vaccine design and for the screening of neutralizing antibodies.

The generation of sub-neutralizing (or non-neutralizing) antibodies, in some infections, is responsible for antibody-dependent enhancement (ADE) of disease meaning that antibodies facilitate viral entry into host cells and enhance viral infections (62). ADE has been documented to occur through two distinct mechanisms in viral infections: by enhanced antibody-mediated virus uptake across Fc gamma receptor IIa (FcγRIIa)-expressing phagocytic cells leading to increased viral infection and replication or by excessive antibody Fc-mediated effector functions or immune complex formation, causing enhanced inflammation and immunopathology. All the viruses causing ADE have the ability to replicate in macrophages and/or alter their function. Although macrophages do not seem to be a major target for SARS-CoV-2, and the expression of ACE2 on different monocyte and macrophage populations is highly variable, previous data regarding SARS-CoV suggest that FcγRs can facilitate uptake of the virus into macrophages and B cells (63). While correlations between antibody titers and infection severity have been reported, the remaining question is whether the high antibody titers promote disease or whether severe infections elicit higher antibody titers (64).

In addition, sustaining a role for ADE in SARS-CoV in vitro studies showed that macrophages treated with serum from patients with SARS had exaggerated inflammatory cytokine profiles (65). It is worth noting that studies performed in 2014 by Wang and colleagues, during the first SARS infection, strongly suggested that SARS-CoV ADE is primarily mediated by anti-spike antibodies rather than antibodies against nucleocapsid proteins (66). This contributes to raise the concern for the use of CP without having done rigorous scientific studies as the ones done for other experimental treatments.

The ADE issue is important and has to be kept in mind during vaccine design and mAb production. The latter has been immediately activated by several academic laboratories (67) and pharmaceutical companies resulting in the synthesis of mAbs targeting SARS-CoV-2 spike protein RBD able to neutralize the virus at concentrations below 10 ng/ml (48). One of the first to be used was the LY-CoV555 (also known as LY3819253), developed by Eli Lilly after its discovery by researchers at AbCellera and at the Vaccine Research Center of the National Institute of Allergy and Infectious Diseases. This and other mAbs entered clinical testing within the first 6 months of the pandemic and showed to accelerate viral clearance and reduce hospitalization by 75% when administered early after infection (68). More recently, various groups are exploiting the possibility of combining mAbs (69), binding to different portions of the RBD, aiming at increasing the potency of protection but also preventing viral escape of immune responses due to viral mutations (70, 71).

In particular, two RCTs showed a significant reduction in hospitalizations and deaths among mild-to-moderate COVID-19 outpatient subjects receiving bamlanivimab plus etesevimab and casirivimab plus imdevimab compared with placebo. However, in both trials, the percentage of patients with hospitalization or death was also low in the placebo group (2.1% vs. 7.0% and 1% vs. 3.2%) (69, 72). Finally, the ACTIV-3 trial demonstrated that bamlanivimab plus remdesivir was not effective in hospitalized patients (73). Currently, the use of these mAbs is limited to outpatients with confirmed diagnosis of mild/moderate COVID-19 and specific risk factors for disease progression and hospitalization, within 10 days from the onset of symptoms. Nevertheless, UK RECOVERY investigators announced in June 2021 that high doses of casirivimab plus imdevimab reduced risk of death by 20% in patients hospitalized with COVID-19 who had not mounted their own immune response (74).



Severe Acute Respiratory Syndrome Coronavirus-2 Vaccines

To date, several vaccines against SARS-CoV-2 have been approved by both the FDA and EMA and are currently being widely used in high-income countries. Several, of more than 70, vaccine candidates have reached the final stages for vaccine safety and protection efficacy in RCTs, but no direct comparative data between different vaccines or different platforms are available, and assays to titer viral neutralizing antibodies in the sera of vaccine recipients are not fully standardized. Theoretically a good vaccine, for any pathogenic agent, is a vaccine capable of reducing infection, disease, and transmission. The spike protein is required for SARS-CoV-2 receptor recognition, viral entry, and cell fusion and consequent infection. S protein, including its RBD, was shown to induce robust antibody response including generation of neutralizing antibodies, rendering it the target of almost all the approved and under-development vaccines against SARS-CoV-2. With the last decade technological achievements, vaccines can be produced on various platforms (75): viral vector, RNA, DNA, and protein-based in addition to the “traditional” inactivated and attenuated virus vaccines. These different types of vaccine induce immune responses through different mechanisms. Vaccines using adenoviral vector as antigen delivery are known to induce both cellular and humoral immunity already after a single immunization, with two immunizations raising a durable and long-lasting immune response (76, 77). Russia was the first country to approve a vaccine against COVID-19 named “Sputnik V,” formerly known as the “Gam-COVID-Vac.” This vaccine is based on a heterologous adenovirus strategy using two recombinant serotypically distinct adenovirus, namely, Adenovirus26 and Adenovirus5, both vectors including DNA coding for the spike protein. However, the world scientific community has raised doubts about the pivotal trial to prove its safety and efficacy, as its approval was obtained before public data disclosure, which only recently has been unleashed (78, 79). Published data showed that from 21 days after the first dose, the vaccine efficacy was 91.6% according to the number of confirmed COVID-19 cases.

Similar adenoviral vaccines are already used in large-scale vaccination programs all over the world. One of them is based on chimpanzee adenovirus called ChAdOx1 developed by the University of Oxford and AstraZeneca (80, 81), which showed a particularly high efficacy of 90.0% by inoculating two doses with a low first dose of vaccine (82). The other is an Adenovirus26 vector-based produced by Johnson & Johnson (83–85). Both vaccines are able to elicit potent and protective immune response, the latter even with a single dose (86). mRNA, FDA-approved vaccines first launched into the market were Pfizer/BioNTech and Moderna, which produced a viral modified mRNA encoding a more stable spike protein in a pre-fusion conformation form (87, 88). Because it is important for the immune system to respond to the virus before it enters into the cell, both Pfizer/BioNTech and Moderna vaccines deliver spike-specific mRNA into host cells through lipid nanoparticles (89).

The spike protein is synthesized translating the information encoded in the mRNA. The expression of SARS-CoV-2 spike protein elicits high titers of neutralizing antibodies and robust antigen-specific CD8+ and Th1-type CD4+ T-cell responses (88, 90). The efficacy rate in preventing COVID-19 infections for the Moderna (mRNA-1273) and Pfizer/BioNTech (BNT162b2) vaccines was 94.1% and 95.0%, respectively, with negligible side effects (91). The rapid emergence of SARS-CoV-2 variants, in particular the so-called UK and South African (SA) variants, carrying multiple mutations in the spike protein, raised the question whether mRNA vaccine-elicited antibodies were able to neutralize such variants. Neutralization geometric mean titers against N501Y from the United Kingdom and SA, 69/70-deletion/N501Y/D614G from the United Kingdom, and E484K/N501Y/D614G from SA variants of sera from subjects immunized with the BNT162b2 were 0.8- to 1.5-fold those against the parental virus (92). Noteworthy, these differences are much lower than those relative to the hemagglutination inhibition titers taken in account to consider a strain change in influenza vaccines (93). The virus-based vaccine candidates use weakened or inactivated virus processed by conventional technology by passing the virus through animal or human cells leading to mutations or by chemical substances (most commonly formaldehyde and heat) that make it less virulent.

Currently, two inactivated vaccines against SARS-CoV-2 were approved by at least one country. The first, Covaxin or BBV152, is a whole-virion inactivated SARS-CoV-2 vaccine (3 or 6 μg) formulated with a toll-like receptor 7/8 agonist molecule (IMDG) adsorbed to alum. It has been developed in India; and during the phase 1 trial, Covaxin was able to induce high neutralizing antibody responses that remained high in all participants at 3 months after the second vaccination. The phase 2 trial showed better reactogenicity and safety with enhanced humoral and cell-mediated immune responses compared with the phase 1 trial (94). The second vaccine has been developed in China by Sinopharm BBIBPCorV (95), which gives 79% protection (96).

Other whole virus-based vaccines with an inactivated virus, such as CoronaVac (97) and adsorbed vaccine COVID-19 by Sinovac (98), have just passed phase 3 clinical trials, and the sole live-attenuated COVI-VAC (developed in Russia, Codagenix Inc.) is in phase 1.



Severe Acute Respiratory Syndrome Coronavirus-2 Vaccine in Rheumatic Autoimmune Diseases


Rheumatic Autoimmune Diseases and Infections

Patients with ARD have an increased risk of infections, due to the immune-dysregulatory impact of the disease itself and the use of immunosuppressive agents.

Infections mainly involve bone and joints, skin, soft tissues, and respiratory tract; they are characterized by a more severe clinical outcome than in the general population and may induce disease flares, representing a frequent cause of death (99, 100).

In RA patients, the risk for serious infections is reported to be about double with respect to healthy subjects (101). Regarding common infections such as influenza, the reported incidence risk ratio (IRR) in RA patients versus general population is 1.2 (95% CI: 1.1–1.4), with a 2.75-fold increase in influenza-related complications (102). For Streptococcus pneumoniae, the reported IRR is 4.4 (95% CI: 3.8–5.2) in patients with RA and 4.3 (95% CI: 3.8–4.7) in patients with systemic lupus erythematosus (SLE), with an also increased risk of invasive pneumococcal disease (102). Beyond common risk factors (e.g., older age and comorbidities), the known specific risk factors for developing infections in ARD are mainly the concomitant immunosuppressive therapy, a high disease activity, and the presence of organ involvement (e.g., lungs, kidney, and leukopenia) (103–105). Regarding immunosuppressive treatments, it has been reported that the use of conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) such as MTX and HCQ did not significantly affect the rate of influenza or its complications, whereas treatment with biological DMARDs (bDMARDs) are at a moderate higher risk than csDMARDs, with no significant differences among them. GC use over 7.5 mg/day in particular in combination with anti-TNF-α appears to be the most pro-infective treatment (104–108).



Prevalence and Outcome of Severe Acute Respiratory Syndrome Coronavirus-2 Infection in Rheumatic Autoimmune Diseases

In our previous review, we hypothesized that the impairment of immune response caused by the ongoing therapy in ARD could be a double-edged sword in the context of COVID-19 pandemia.

On the one hand, indeed, immunosuppressive therapy could increase the risk of COVID-19, but on the other hand, the cytokine release could be restrained by the effect of the immunomodulating agents, thus potentially reducing COVID-19 symptoms and severity, and the risk of the aberrant inflammatory response observed in some critical infected patients.

More than 1 year later, interpretation of data on whether or not patients with ARD are at higher risk of COVID-19 prevalence and complications are still not straightforward due to the heterogenicity of autoimmune diseases analyzed, study design, ongoing therapeutic regimen, and disease activity.

A systematic review and meta-analysis published in September 2020 showed a COVID-19 prevalence of 0.009 (95% CI: 0.005–0.014) in patients with ARD (0.034 in the studies evaluating only SLE, Sjogren’s syndrome, and systemic sclerosis), by analyzing 33 observational studies with a total of 54,679 subjects (109). Regarding COVID-19 severity, the overall rates of hospitalization and death assessed by 34 studies in 1,449 patients with ARD were 0.54 (95% CI: 0.46–0.63) and 0.113 (95% CI: 0.098–0.13), respectively (0.33 and 0.069 in the studies evaluating only SLE, Sjogren’s syndrome, and systemic sclerosis). The six case–control studies demonstrated that the risk of COVID-19 in ARD was significantly higher than that in controls (OR: 1.59, 95% CI: 1.04 to 4.58, p = 0.008), whereas there were no significant differences in clinical outcomes, such as hospitalization and death.

Since then, several data have been published on a large population such as those from the COVID-19 Global Rheumatology Alliance (GRA) and from nationwide cohort studies and registries (110–113). Furthermore, another systematic review and meta-analysis evaluating 1,138 patients with various rheumatic diseases from 31 studies (16 of which were different from those included by Akiyama et al.) have recently reported that ARD represents a risk factor for poor outcomes in patients with COVID-19.

In particular, the rates of hospitalization and fatality among COVID-19-infected patients with ARD were 0.58 (95% CI: 0.48–0.67) and 0.07 (0.13 among hospitalized patients) (95% CI: 0.03–0.11), respectively (114).

In conclusion, although data are partly contrasting and hard to compare, ARD seem to have a similar or slightly higher prevalence, risk of hospitalization, and death from COVID-19 than the general population, as already stated by the last European League Against Rheumatism (EULAR) and American College of Rheumatology (ACR) recommendations (115, 116). As for the general population, older age, male gender, and comorbidities such as hypertension, diabetes, lung disease, and obesity have been described as independent risk factors associated with COVID-19 death and worse outcome. Whereas among disease-specific risk factors, the use of prednisolone-equivalent dosage >5/10 mg/day, some csDMARDs (e.g., azathioprine, cyclophosphamide (CyC), and mycophenolate), and rituximab (RTX) and having an active disease were the most frequently reported factors associated with poor prognosis. Although there is no clear evidence of worse outcome due to specific factors related to the disease itself other than GC use, also in SLE patients (117), the presence of kidney involvement should be taken into account considering that it is a known risk factor for severe disease and mortality in COVID-19 patients (118). On the other hand, MTX and bDMARD monotherapy (other than RTX) were reported to have a protective rather than negative effect on COVID-19 outcome. Data on targeted synthetic (ts)DMARDs are still contrasting and on small sample size (109, 110, 119).



Efficacy and Safety of Common Vaccines in Rheumatic Autoimmune Diseases

The particular relevance of vaccinations in ARD patients is indisputable, considering that vaccines can lead to a lower prevalence of infections and related complications such as hospitalization and death. In the last years, the efforts of several groups gave important contributions in this field, generally overcoming prejudices that limited this good clinical practice in patients with ARD, such as the fear of an impaired efficacy (as a result of immunosuppression) and decreased safety (linked to a possible exacerbation of the underlying autoimmune disease).

Among the vaccine-preventable respiratory diseases, influenza and pneumococcal infections have been the more extensively studied in ARD patients. Last, EULAR recommendations stated that both these vaccines should be strongly considered for the majority of patients with ARD (120).

Indeed, as reported by a systematic review and meta-analysis, most studies evaluating immunogenicity (expressed as seroconversion rate; ≥4-fold increase in hemagglutinin titer) of inactivated influenza vaccine showed that autoimmune patients (mainly RA and SLE) reached protective antibody levels, although reduced with respect to healthy controls (121, 122). In particular, for the H1N1 strain, the pooled mean proportion of 11 studies on 883 RA patients was 50.5% vs. 67% of healthy controls (p = 0.05), whereas for H3N2 strain, the pooled mean proportion of eight studies on 333 patients was 54.7% vs. 50.2% (ns). The percentage of adverse events was similar to that of controls, and the disease activity was generally stable. The humoral immunogenicity of the 23-valent pneumococcal polysaccharide vaccine (PPSV23) and to a lesser extent for the 13-valent conjugate vaccine (PCV13) has been demonstrated for both RA and SLE patients with no significant safety concerns independently of the type of vaccine (120, 122).



Efficacy and Safety of Severe Acute Respiratory Syndrome Coronavirus-2 Vaccine in Rheumatic Autoimmune Diseases

In Italy, as well as in other countries, autoimmune patients under immunosuppressive therapy have been included among priority target groups for vaccine administration (123–125). While waiting for evidence-based data, at least three questions are currently a challenge for ARD (Figure 1):

	- Is there a preferred vaccine for ARD patients?

	- What is the effect of ongoing immunosuppressive therapy?

	- Can disease activity influence or be influenced by SARS-CoV-2 vaccine?






Figure 1 | Clinical algorithm for the management of patients with autoimmune rheumatic diseases (ARDs) undergoing severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) vaccination.





Influence of Vaccine Formulation

According to the previously cited ACR recommendations, there is no preference for one COVID-19 vaccine over another in ARD patients. Indeed, ARD patients were mainly excluded from clinical trials, so there were inadequate data to draw any conclusions on the efficacy and safety of COVID-19 vaccination in these patients. Nevertheless, different observational data are currently becoming available for mRNA vaccine in this patient category (Table 1), whereas we still have no data for viral vector vaccines; furthermore, some immunologic insights are tipping the scale in favor of mRNA-based vaccine. Indeed, is important to consider that after vector-based vaccines, you can respond not only to the spike but also to the adenovirus developing anti-vector antibodies and a lower spike-specific response, thus requiring frequent booster doses with a consequent increased risk of autoimmune flares. On the other hand, mRNA vaccines by reducing the toll-like receptor-7 stimulation could potentially attenuate the risk of disease flares in ARD patients (131).


Table 1 | Core relevant data from studies evaluating efficacy and safety of SARS-CoV-2 vaccine in ARD patients.



After small pivotal trials of the mRNA-based vaccine BNT162b2 in few ARD patients (127–129, 132), a larger study, in the Israel population, showed that the majority of the RA patients respond to the vaccine with a seropositivity rate of 86%, although with a lower humoral response than the control group. Overall, BNT162b2 showed a good safety and no significant disease flares (126).

Some immunosuppressive treatments, such as RTX, abatacept, mycophenolate mofetil (MMF), and methotrexate (MTX), showed negative impact on vaccine immunogenicity; however, data are partly contrasting and need to be evaluated by additional real-life studies (Table 1). In the attempt to provide useful insights, we have recently assessed the induction of specific humoral and T-cell response after mRNA BNT162b2 SARS-COV-2 vaccination in RA patients who underwent a strategy of temporary modification of immunosuppressive treatment according to ACR indications. The vaccine was safe and no disease relapses were observed. The vaccine induced an antibody-specific response in almost all patients, although the titer was significantly reduced in those under abatacept  or IL-6-inhibitor compared to HCs. Spike-specific T-cell response was positive in 69% of RA patients vs. 100% of HCs with significantly lower levels in those under a biological therapy.Our data suggest that holding treatment with MTX and abatacept at the first and second vaccine dose can be a succesfull strategy in clinically stable patients (130).

In particular, the timing of vaccination related to the immunosuppressive therapy should be better defined, which could play a crucial role on the size of the response.

In particular, the timing of vaccination related to the immunosuppressive therapy should be better defined, which could play a crucial role on the size of the response.



Influence of Immunosuppressive Agents

Whether to modify the ongoing immunosuppressive treatment in ARD patients who are to receive SARS-CoV-2 vaccinations can be challenging, because the balance of the risk of disease relapse with that of a decreased immunogenicity has to be weighed in. Until now, recommendations for SARS-CoV-2 vaccine in ARD have been formulated by the ACR (130, 133). The authors stated that ARD patients should be prioritized for vaccination and have no specific contraindications. However, expected response to COVID-19 vaccination for many patients on systemic immunomodulatory therapies is likely to be blunted in its magnitude and duration. The authors reported that most of the csDMARDs such as HCQ, ciclosporin, salazopyrin, azathioprine, leflunomide, oral CyC, and GC <20 mg/day do not require modifications in therapeutic regimen or vaccination timing. On the other hand, MTX, mycophenolate, JAK inhibitors, and i.v. CyC should be held 1 week after each vaccine dose, at least for patients with well-controlled disease. Among bDMARDs, anti-TNF-α, anti-IL-6R, anti-IL-1, anti-IL-17, anti-IL-12/23, and anti-BLYS do not require specific modifications on therapy frequency/dosage or vaccination timing, except for abatacept, which should be stopped 1 week prior to and 1 week after the first dose only (4 weeks for i.v. route) (Figure 1).

The anti-CD20 RTX deserves special clinical attention. Indeed, vaccine timing should be modified so that the first dose is initiated 4 weeks prior to next scheduled RTX cycle; moreover, after vaccination, RTX should be delayed 2–4 weeks after the second vaccine dose, if disease activity allows. These recommendations were previously released by the ACR Board of Directors in February 2021 and then published in June. Considering the almost absent available scientific evidence, they were based on data from common vaccinations. Indeed, regarding seasonal and pandemic influenza, and pneumococcal inactivated vaccines, the use of TNF-α-blocking agents, anti-IL-6, and csDMARDs (other than MTX), in the majority of studies did not induce a reduction of immunogenicity (120, 134–139). Fewer studies with small sample size evaluated the effect of abatacept and JAK inhibitors with contrasting data; however, most of them reported a mild reduction in humoral immunogenicity (140–143). By now, studies on SARS-CoV-2 mRNA vaccine in ARD patients have generally confirmed the neutral impact of cytokine inhibitors and most of the csDMARDs on vaccine immunogenicity, as well as a significant impairment caused by abatacept (126). Data on the impact of MTX in vaccine immunogenicity are more controversial. Indeed, no negative effect of MTX was found for influenza vaccination, in most studies including one meta-analysis in patients with RA (144–148). Only two studies by Park et al. in patients with RA showed that temporary discontinuation of MTX significantly improves immunogenicity to seasonal influenza vaccine (149, 150). In particular, suspension of MTX for 2 weeks after vaccination led to an 11%–16% (depending on the strain) higher seroprotection rate compared with that in RA patients who continued MTX. Two other studies reported a reduced pneumococcal humoral immunogenicity in patients receiving MTX (131, 151, 152). In line with these data, the 2019 EULAR recommendations for vaccination in ARD patients stated that it is not recommended to stop MTX before or after influenza and pneumococcal vaccines (120). These concerns have not been resolved by recently published data on COVID-19 mRNA vaccines in ARD patients who report contrasting results on the effect of MTX, ranging from a relevant to mild reduction in humoral response with respect to controls (Table 1). Regarding RTX, this agent has been associated with hampered antibody responses following influenza and pneumococcal vaccination in multiple studies, and the EULAR recommendations report that they should be scheduled at least 6 months after the administration and 4 weeks before the next course of anti-CD20 therapy (119). In these patients, B-cell depletion is due to different mechanisms such as antibody-dependent cell-mediated cytotoxicity, complement-dependent cytotoxicity, and apoptosis (153), whereas, it did not significantly affect T cell-mediated response in RA patients receiving influenza vaccine (154). Data from the 2003 SARS outbreak and the current SARS-CoV-2 pandemic showed the role of protective memory T-cell responses in recovered and asymptomatic individuals, with the emergence of memory T cells also in the absence of an antibody response (155–157). Indeed, asymptomatic people who have cleared SARS-CoV-2 can have a detectable specific T-cell response, without mounting an antibody response (157–160), observation confirmed by the recovery of people with B-cell immunodeficiency, or receiving B-cell-depleting therapy (161, 162). Furthermore, considering that most of the SARS-CoV-2 vaccines need a second dose after 3–4 weeks, this prolonged interruption of RTX could lead to an increased risk of disease relapse.

Current data confirm the severe reduction of humoral response to mRNA SARS-CoV-2 vaccine in patients under RTX, however accompanied by a substantial maintenance of the adaptive cellular immunity (163).

In view of the above, the immunologic response following SARS-CoV-2 vaccine in ARD patients receiving MTX and RTX deserves to be better investigated by additional real-life studies.



Severe Acute Respiratory Syndrome Coronavirus-2 Vaccination and Disease Activity

Autoimmune diseases, infections, and vaccines are also joined with disease activity. A high disease activity is a poor prognostic factor for COVID-19 severity, and infections even by SARS-CoV-2 can induce disease flares in ARD. Vaccines could work in a similar manner, thus potentially inducing clinical relapses in ARD and having a reduced immunogenicity in active patients. Indeed, high disease activity can reflect an ongoing active inflammation against self, which could deplete the immune resources and partly deviate them from the signals delivered by vaccines (164); moreover, these patients are generally under a stronger immunosuppressive therapy that can further decrease immunogenicity. Based on these assumptions, few studies on common vaccination included patients with active disease. In one study, patients with juvenile SLE and high activity reduced seroconversion rates to influenza A H1N1 vaccination (165). Conversely, in a study of 340 RA patients, high disease activity levels did not reduce immunogenicity (166). Data are reassuring with regard to disease reactivation after common vaccines in ARD patients; almost all the studies, indeed, reported that vaccination did not influence activity of the underlying ARD such as RA and SLE (122, 167–174).

Concerns about the possible risk of disease relapse in these patient populations, related to the use of new vaccine technologies, have been reduced by recently published manuscripts on BNT162b2 vaccine in ARD patients who showed a good safety and no significant disease flares. Moreover, a cross-sectional study based on a web-based survey on 696 SLE participants reported that COVID-19 vaccination (both mRNA and adenoviral platforms) appears well tolerated with only a minimal risk of flare (3%) (175).

Anyway, considering the paucity of data on active patients, the EULAR recommendations report that vaccination in patients with ARD should be preferably administered during quiescent disease (120). In apparent contrast, the ACR recommendations stated that COVID-19 vaccination should occur as soon as possible for patients for whom it is being recommended, irrespective of disease activity and severity (130).

In conclusion, considering the severity of the SARS-CoV-2 infection, the current pandemic emergency, and the evidence from common vaccinations, the chance of protect also active patients seem to weight more in the balance than the possible risk of a reduced immunogenicity and safety concerns.




Conclusions

Eighteen months after SARS-CoV-2 identification, we are still facing the COVID-19 pandemic despite all public health measures put in place. Nevertheless, the spread of the virus is being strongly reduced by vaccines based on various platforms currently adopted in most countries. Available data suggest that ARD patients have a similar or slightly higher prevalence of SARS-CoV-2 infections, risk of hospitalization, and death from COVID-19 than have the general population. They have been included among priority groups for vaccination, but special measures should be adopted to improve vaccine safety and effectiveness, throughout modification in ongoing immunosuppressive regimen and preferential use of mRNA-based vaccines as demonstrated by emerging data on mRNA vaccination efficacy in ARD patients.

Immunomodulating agents are an important therapeutic opportunity for the management of COVID-19 patients. To place therapy immunomodulating agents in the correct window of opportunity throughout the identification of surrogate markers of disease progression and host immune response is mandatory to optimize patient’s outcome.
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Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic inflammation mainly affecting the joints leading to cartilage and bone destruction. The definition of seropositive or seronegative RA is based on the presence or absence of rheumatoid factor (RF) and anti-citrullinated peptide antibodies (ACPAs). Other autoantibodies have been identified in the last decade such as antibodies directed against carbamylated antigens, peptidyl-arginine deiminase type 4 and v-Raf murine sarcoma viral oncogene homologue B. In order to identify relevant autoantigens, we screened a random peptide library (RPL) with pooled IgGs obtained from 50 patients with seronegative RA. Patients’ sera were then used in an ELISA test to identify the most frequently recognized peptide among those obtained by screening the RPL. Sera from age- and sex-matched healthy subjects were used as controls. We identified a specific peptide (RA-peptide) recognized by RA patients’ sera, but not by healthy subjects or by patients with other immune-mediated diseases. The majority of sera from seronegative and seropositive RA patients (73.8% and 63.6% respectively) contained IgG antibodies directed against the RA-peptide. Interestingly, this peptide shares homology with some self-antigens, such as Protein-tyrosine kinase 2 beta, B cell scaffold protein, Liprin-alfa1 and Cytotoxic T lymphocyte protein 4. Affinity purified anti-RA-peptide antibodies were able to cross react with these autoantigens. In conclusion, we identified a peptide that is recognized by seropositive and, most importantly, by seronegative RA patients’ sera, but not by healthy subjects, conferring to this epitope a high degree of specificity. This peptide shares also homology with other autoantigens which can be recognized by autoantibodies present in seronegative RA sera. These newly identified autoantibodies, although present also in a percentage of seropositive RA patients, may be considered as novel serum biomarkers for seronegative RA, which lacks the presence of RF and/or ACPAs.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic joint inflammation and synovial hyperplasia that lead to progressive and destructive arthritis. It is estimated that RA has a prevalence of 1% of world population (1) with a higher frequency in women and elderly people (2, 3).

Early diagnosis and treatment are essential in order to prevent disease progression and irreversible joint damage (4).

The diagnosis of RA is based on clinical features, radiographic images and serological markers, such as rheumatoid factor (RF) and anti-citrullinated peptide antibodies (ACPAs) (3). The presence of such autoantibodies in the serum of RA patients allows to distinguish seropositive RA from seronegative RA patients. It is estimated that one third of RA patients have no ACPAs.

These two forms of RA are characterized by different genetic and environmental risk factors, differences in preclinical and early phases, and different synovial fluid cytokine profile (2).

Seronegative RA patients have, indeed, a more active disease in the initial phase and have a slower response to treatment compared with seropositive RA patients (5). However, no differences in the treatment of the two subsets of the disease are provided by the current guidelines (6).

ACPAs are pathogenetic autoantibodies that are highly specific for RA (7). Anti-cyclic citrullinated peptide antibodies (anti-CCP2) are the most commonly ACPAs measured in patients’ serum. These antibodies are useful for distinguishing RA from other rheumatic diseases and they appear to be highly predictive of future RA development in either healthy subjects or in patients with undifferentiated arthritis (8, 9).

The presence of ACPAs is also related to the development of bone erosion (10, 11). Citrullinated peptides may be potential autoantigens and may be recognized by T cells that are activated and either contribute to the pro-inflammatory environment that may cause joint damage or trigger B cells to produce autoantibodies (12). Both ACPAs and inflammatory cytokines can be found even 2-4 years before the clinical outset of the disease (13, 14).

The use of the combined detection of RF and ACPAs makes the diagnosis of seropositive RA more accurate (15). On the contrary, in seronegative RA patients there is not a specific marker currently available; therefore, much effort should be made to identify markers present in this form of the disease.

Indeed, other autoantibodies associated with RA have also been identified, such as anti-carbamylated (anti-CarP), anti-v raf murine sarcoma viral oncogene homologue B1 (anti-BRAF) and anti-human peptidyl-arginine deiminase type 4 (anti-PAD4) antibodies (16). Anti-CarP antibodies are present in serum and synovial fluid (SF) of both seronegative and seropositive RA patients and are correlated with more severe disease and radiographic progression (17). In patients with arthralgias, the presence of anti-CarP antibodies predicts the development of RA independently of anti-CCP2 antibodies (18–21). Moreover, anti-CarP antibodies can be found in the sera of healthy first-degree relatives (HFDRs) of RA patients and their prevalence is significantly higher than in normal healthy subjects (22).

Anti-BRAF antibodies are detected in RA patients’ serum and are able to activate BRAF kinase, which is the first step in mitogen-activated protein kinase (MAP kinase) activation, leading to pro-inflammatory cytokine production and joint inflammation (23).

Anti-PAD4 antibodies are present in 36-42% of RA patients and appear to be specific markers for RA, as well as associated with more severe disease (24).

Recently, Colasanti et al., combining both proteomic and immunological approaches, were able to identify Hcy-A1AT (Homocysteinylated alpha 1 antitrypsin) as a new antigenic target in seronegative RA (25).

However, while there is an effective combination of serological markers in the diagnosis of seropositive RA, a specific marker is not currently available for the diagnosis of seronegative arthritis. Also, for this reason, diagnosis of seronegative RA is more difficult and may be delayed.

The aim of this work was to identify possible markers of seronegative RA. To this aim, we have used a random peptide library approach, that we have previously successfully applied to identify novel autoantigen targets in other autoimmune diseases (26–28).



Material and Methods


Study Population

In this study, 50 patients affected by seronegative RA (13 males and 37 females, mean age: 65.7 ± 10.83 years) and 25 by seropositive RA (7 males and 18 females, mean age: 55.88 ± 12.15 years) were enrolled by the Rheumatology Unit of the Perugia University Hospital. A cohort of 30 seronegative RA (8 males and 22 females, mean age: 62.57 ± 18.26) and 30 seropositive RA (5 males and 25 females, mean age: 58.9 ± 11.45 years) was enrolled by the Unit of Autoimmune Diseases at the University Hospital of Verona, as validation group.

The diagnosis of RA was performed according to the 2010 American College of Rheumatology/European League Against Rheumatism classification criteria for RA (3). All the subjects were screened for both RF and ACPAs, which were absent in seronegative RA patients.

A further group of 30 patients affected by other immune-mediated diseases, such as systemic sclerosis (SSc) (29), spondyloarthritis (SA) (30) and psoriatic arthritis (PsA) (31) was also included in the study. Finally, 25 age- and sex-matched healthy donors (HD) were included as a control group.

Blood was collected and centrifuged at 3000xg for 10 min. All sera were aliquoted and frozen at -20°C until used.

Written informed consent was obtained from adult patients and healthy donors. The study was approved by the local Ethical Committee of the Azienda Ospedaliera Universitaria Integrata of Verona, Verona, Italy (protocol number: 1538, version number 3) and by Comitato Universitario di Bioetica of Perugia, Italy (identification code: 2013-012 approved 4-4-2013).



Peptide Library

The screening procedure of the FliTrx random dodecamer peptides library (FliTrx Panning Kit, Invitrogen, Carlsbad, CA, USA) has been described elsewhere by our group (26–28).

Briefly, a random peptides library was screened with pooled immunoglobulins (IgGs) obtained from the sera of 50 patients with seronegative RA, according to the manufacturer’s instructions. To remove the bacteria expressing peptides not related to the disease, a ‘pre-panning’ step with pooled IgGs obtained from 25 healthy donors was carried out,thereby allowing to discard non-specific peptides without the loss of disease-related data. Then we proceed with five sequential cycles of bio-panning. The enriched library was grown, and single colonies were selected, expanded and incubated with tryptophan to induce the expression of the fusion peptides. Bacteria were then lysed in sample buffer and tested by western blot procedures with the pooled IgG fraction from seronegative RA to identify positive clones. DNA was then extracted from these clones and sequenced. Peptide sequence was deduced from DNA sequence. A set of 17 out of 33 peptides was synthesized and used in an ELISA assay to test individual sera. The remaining 16 peptides were excluded due to a low amount of plasmid DNA isolation or because the DNA sequence did not yield a consensus peptide (e.g. DNA sequence contained stop codons).



Peptide Synthesis

All the five synthetic peptides, including RA-peptide (LAVLANLASRTL), BANK-1 peptide (DMILANLSIKKK), PYK2/FADK2 peptide (AKVLANLAHPPA), LIPRIN-1 peptide (ASVLANVAQAFE) and CTLA-4 peptide (HKAQLNLATRTW) were purchased from TIBMolbiol (Genoa, Italy).



Enzyme-Linked Immunosorbent Assays (ELISA)

The ELISA test for antibody binding to the synthetic peptides has already been described elsewhere (26–28, 32), and was carried out with minor modifications (see Supplementary Material and Methods).

All serum samples were diluted 1:100 in diluting buffer.

The absorbance value (O.D.) for each sample was calculated subtracting the O.D. plates with serum and no peptide to the O.D. plates with serum and peptide. O.D. values higher than the mean plus 3 standard deviations (S.D.) of O.D. value measured in control group were considered as positive (cutoff 0.079), as previously reported (32). The experiment has been carried out in duplicate (see Supplementary Material and Methods).



Binding of Affinity Purified Abs to the Peptides

Affinity purified peptide Abs were obtained from sera of 15 seronegative RA patients (see Supplementary Material and Methods).

Different dilutions ranging from 20 µg/mL to 1.25 µg/mL of affinity purified Abs were tested in a plate coated with RA-peptide. As internal negative control, affinity purified anti-irrelevant-peptide Abs were used at the same dilutions.

The same procedure was also used to assess the direct binding of the other purified Abs (anti-Pyk/Fadk2, anti-Bank-1, anti-Liprin-1, anti-CTLA-4 and anti-irrelevant peptide) to their specific peptides (using plates coated with Pyk/Fadk2, Bank-1, Liprin-1 and CTLA-4, respectively) and to test the ability of the purified Abs to cross-recognize the other peptides, at the same dilution conditions.

For inhibition test, we pre-incubated the purified anti-RA-peptide Abs (20 µg/mL) with increasing concentration of competitors (synthetic RA-peptide or irrelevant peptide: 12.5, 25, 50, 100, 200 µg/mL) for 1 hour at 37 °C. The mixtures were then transferred to the RA-peptide coated plate. The assay was performed as the direct binding test above described. Results were expressed as inhibition percentage.



Cell Culture

Normal Human Fibroblast-Like Synoviocytes (HFLS), Human Fibroblast-Like Synoviocytes: Rheumatoid Arthritis (HFLS-RA) and human synoviocytes complete growth medium were purchased from Cell applications (San Diego, CA, USA). Normal human dermal fibroblast (NHDF) and their growth media were purchased from Promocell Bioscience Alive (Heidelberg, Germany). Cells were cultured in standard conditions at 37°C in 5%CO2 and used between passages 3 and 6.

Human promyelocytic leukemia cell (HL-60) and Burkitt lymphoma cell (DAUDI) lines were purchased from ATCC (Manassas, VA, USA) and routinely maintained in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO), supplemented with 10% heat-inactivated fetal bovine serum (Sigma), 2 mM stable glutamine, 100U/ml penicillin and 100U/ml streptomycin (Sigma) in a humidified atmosphere with 5% CO2 at 37°C.



Isolation of B and T Lymphocytes From Healthy Subjects

Normal B or T lymphocytes were isolated from PBMCs after blood separation on Ficoll HyPaque Plus (GE Healthcare, Little Chalfont, UK) and purification by negative selection with EasySep™ Human B Cell isolation Kit or EasySep™ Human T Cell isolation Kit (Stemcell Technologies, Vancouver, BC, Canada). Purity of B or T lymphocyte preparations were evaluated by flow cytometry with anti-CD19 mAb and with anti-CD3 mAb (BD Biosciences, San Jose, CA, USA).



Immunoprecipitation

B, T and PBMCs or Synoviocytes (HFLS and HFLS-RA) were lysed in cold lysis buffer (0.5% Nonidet P-40, 10 mM TRIS [pH 7.4], 0.15 M sodium chloride, 5 mM magnesium chloride) and protease inhibitors (Sigma, Saint Louis, MO). Protein concentration of cell lysates was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL). All cell lysates were immunoprecipitated with anti-RA specific peptide antibodies coupled to protein A magnetic beads using SureBeads™ Protein A Magnetic Beads (BioRad Laboratories, Inc, Hercules, CA, United States) following manufacturer’s instructions for standard immunoprecipitation protocol. Purified target proteins (20 µg) were run in a 10% SDS-PAGE gel and transferred to nitrocellulose membrane (Amersham Bioscience, Piscataway, New Jersey, United States). Immunoblots were performed using the following primary antibodies: anti-RA specific peptide antibodies, mouse polyclonal antibodies directed against PYK2 (Novus Biologicals, Littleton, CO, USA), rabbit polyclonal antibodies directed against Liprin (Novus Biologicals Littleton, CO, USA) and rabbit polyclonal antibodies directed against Bank (Abgent, San Diego, CA, USA) followed by their specific peroxidase-linked secondary antibodies. Blots were then developed using chemiluminescent substrate (Amersham; GE Healthcare Life Sciences, Milan, Italy) and images were acquired by Image Quant Las 4000mini (GE Healthcare Life Sciences, Milan, Italy).



Statistical Analysis

All calculations were performed using the IBM SPSS 23.0 (IBM Inc., Armonk, NY) or GraphPad Prism 5 (GraphPad Software, San Diego, CA) statistical packages. Continuous variables are shown as mean values ± standard deviations. With the aim to compare O.D. values of patients with seronegative RA with those of i) patients with seropositive RA, ii) patients with immune-mediated diseases, or iii) healthy donors, a two-tailed non-parametric Mann-Whitney test was used. Analyses of receiver-operating characteristic (ROC) were carried out and ROC curves were plotted with area under the curve (AUC) as an indicator of the diagnostic value. Within the group of seronegative RA patients, more homogeneous and thus allowing the use of parametric tests, continuous variables having a skewed distribution (e.g. O.D., ESR, CRP) were ln-transformed and the statistical analyses were performed on ln-transformed values. However, for sake of clarity, also their results have been reported as mean values ± standard deviations. Differences of continuous variables between sample’s subgroups were analyzed by t-test, while correlations were assessed by Pearson’s analysis. Categorical variables are reported as relative proportions and were analyzed by chi-square test, with chi-square for linear trend when appropriate. A P value < 0.05 was considered as statistically significant.




Results


Clinical and Laboratory Features and Treatment of RA Patients

The main clinical features, biochemical characteristics and treatment of all seronegative RA patients included in the study are summarized in Table 1. Supplementary Table 1 shows the data related to patients with seropositive RA, used as control. The RA patients were predominantly female and the gender percentage in the two seronegative RA groups were equally balanced.


Table 1 | Clinical and laboratory features and treatment of seronegative rheumatoid arthritis (RA) patients from the Perugia (Pg) and Verona (Vr) cohorts.





Use of Random Peptide Library and ELISA Test

A dodecamer random peptide library was used to identify possible relevant autoantigens in seronegative RA. An IgG pool derived from the first cohort of 50 patients with seronegative RA was used to screen the peptide library, while a pool of IgGs from 25 healthy donors was used for the pre-screening step (see material and methods). Finally, a set of 17 putative peptides was used to evaluate the binding of individual patient’s sera

By using a direct ELISA test, we identified a peptide (RA-peptide: LAVLANLASRTL) that was recognized by individual serum IgG of 70% of patients with seronegative RA (35 out of 50; 9 men and 26 women) (Figure 1A). Such reactivity was not detected by the individual sera of 25 healthy subjects, using a O.D. cutoff of 0.079 (mean ± 3 s.d).




Figure 1 | Direct binding of individual patients’ and healthy donors’ sera to RA-peptide obtained from peptide library screening. (A) RA-peptide is recognized by serum IgG antibodies of seronegative RA patients (●), by serum IgG of seropositive RA patients (■), but not by serum IgG of healthy donors (▲). The results are expressed as absorbance (O.D.) at 405 nm. Results shown are the mean values of three independent experiments. Bar line represents the mean absorbance value and standard deviation for each group. The differences among the different groups of patients and the healthy donors were determined by non-parametric Mann-Whitney test. Statistical significance is defined as following: ***P < 0,0001, ns, not significant. (B) Receiver operating characteristic (ROC) analysis of O.D. value of serum from seronegative RA patients and healthy donors. AUC= area under the curve. (C) Binding of RA-peptide by serum IgG antibodies of the validation cohort of seronegative RA (●), seropositive RA (■), and of patients with SSc (○), with SA (▽) and with PsA (△). The results are expressed as absorbance (O.D.) at 405 nm. Lines indicate the mean absorbance value and standard deviation for each group. The non-parametric Mann-Whitney test was used to compare the different groups. ***P < 0,0001, ns, not significant. (D–F) Receiver operating characteristic (ROC) analysis of O.D. value of serum from seronegative RA patients and SSc or SA or PsA patients, respectively. RA, Rheumatoid arthritis; SSc, Systemic sclerosis; SA, Spondyloarthritis; PsA, Psoriatic arthritis.



We also analyzed the sera of 25 seropositive RA patients and found that 64% of them recognized the RA-peptide (16 out of 25; 6 men and 10 women) (Figure 1A). Statistically significant differences were found in the binding to RA-peptide between the seronegative RA patients’ and healthy donors’ sera (absorbance mean ± s.d.: 0.1676 ± 0.1308 vs 0.02972 ± 0.01638, p<0.0001) or between the seropositive RA and healthy donors (absorbance mean ± s.d: 0.1532 ± 0.1264 vs 0.02972 ± 0.01638, p<0.0001), but not between seronegative and seropositive patients (p>0.05).

The potential diagnostic value of anti-RA-peptide antibodies in either seronegative or seropositive RA patients was assessed by a receiver operating characteristic (ROC) curve. The area below the ROC curve (AUC) was 0.9244 [95% confidence interval (CI) = 0.8658 to 0.9830, p<0.0001] between anti-peptide Abs of seronegative RA patients and healthy donors (Figure 1B) and 0.8840 [95% confidence interval (CI) =0.7797 to 0.9883, p<0.0001] between anti-peptide Abs of seropositive RA patients and healthy donors (Supplementary Figure 1A). No significant difference was found in ROC curve between the seronegative and seropositive RA (p=0.5514) (Supplementary Figure 1B).

In order to validate the binding specificity of RA-peptide, a second study sample of seronegative RA patients (n=30) was analyzed, as well as a group of patients with other immune-mediated diseases,like SA, PsA, and SSc (n=30).

In the validation analysis 83.3% of subjects with seronegative RA (25 out of 30; 7 men and 18 women) and 66.7% of patients with seropositive RA (20 out of 30; 5 men and 15 women) had serum IgG antibodies able to recognize the RA-peptide (Figure 1C).

Five out of 30 (16.7%) patients with SSc, 12 out of 30 (40%) with SA and 10 out of 30 (33.3%) with PsA showed a low reactivity to RA-peptide. Only a SA patient had a strong value of absorbance. There were differences in the absorbance between the seronegative RA and SSc patients (0.1710 ± 0.09651 vs 0.0543 ± 0.03228, p<0.0001) or SA patients (0.0788 ± 0.05045, p<0.0001) or PsA patients (0.05997 ± 0.03771, p<0.0001), but not between seronegative and seropositive patients (0.1710 ± 0.09651 vs 0.1380 ± 0.09002, p>0.05) (Figure 1C). Differences were also observed by comparing seropositive RA patients with SSc/SA/PsA patients (p=0.0001, p=0.0089, p=0.0004, respectively).

In the ROC curve analysis, AUC was 0.9044 [95% confidence interval (CI) = 0.8239 to 0.9849, p<0.0001] when anti-peptide Abs of seronegative RA and SSc subjects were compared (Figure 1D); 0.8206 [95% confidence interval (CI) = 0.7102 to 0.9309, p<0.0001] between RA and SA (Figure 1E); 0.8850 [95% confidence interval (CI) =0.7984 to 0.9716, p<0.0001] between RA and PsA (Figure 1F).

Similarly to the first cohort analysis, ROC curves between seropositive RA and seronegative RA were not significant (Supplementary Figure 1C), while the comparison of seropositive RA with SSc/SA/PsA showed significant differences in AUC (Supplementary Figures 1D–F).

Notably, many patients with SSc, SA and PsA showed a slight positivity of anti-RA-peptide Abs with a cutoff of 0.079. Therefore, on the basis of ROC curve analysis, we decided to increase the cutoff value to an arbitrary threshold of 0.090. Such threshold allows to preserve the sensibility of the biomarker (only 2 subjects became negative at testing with the new threshold in seropositive (n=1) and seronegative (n=1) RA cohorts), while the specificity was improved [3 out of 30 (10%) patients with SSc, 5 out of 30 (16.7%) with SA and 5 out of 30 (16.7%) with PsA showed a reactivity to RA-peptide]. Therefore, 14 out of 27 previously positive patients with immune-mediated disease became negative using the new O.D. threshold level.

Then, we evaluated the diagnostic power of our test by assessing the sensitivity, specificity, positive predictive power (PPV), negative predictive power (NPV) and accuracy, by using the two different cutoffs (0.079 or 0.090) and by comparing to healthy donors both seronegative and seropositive RA patients (Tables 2A, B respectively).


Table 2 | Association of high level of anti-RA peptide Abs with diagnosis of RA.



From the data obtained by this analysis, we consider the arbitrary cutoff as a valid limit. Therefore, by pooling both cohorts of seronegative RA patients, we observed that 59 out of 80 (73.8%) sera were characterized by the presence of IgG antibodies against the RA-peptide, which were present in 35 out of 55 (63.6%) seropositive RA patients.



Associations of O.D. With Clinical and Laboratory Parameters and O.D. Quartile Distribution of RA Patients Taking or Not Corticosteroid Therapy

Within the group of seronegative RA patients there was no difference in O.D. values between females and males (0.182 ± 0.131 vs 0.131 ± 0.062, p=0.465) or between subjects with or without joint erosions (0.253 ± 0.183 vs 0.155 ± 0.099, p=0.151). There was no correlation between O.D. levels and age at enrollment, age at diagnosis, disease duration, ESR, CRP, DAS28, tender and swollen joint counts (Supplementary Table 2A). There was no difference in O.D. values among patients receiving different disease modifying anti-rheumatic drugs (Supplementary Table 2B), while treatment with corticosteroids was associated with lower O.D. levels (0.132 ± 0.095 vs 0.193 ± 0.127, p=0.028 by t-test).

Finally, we stratified the whole study sample according the O.D. quartile distribution. Considering the potential influence of corticosteroid therapy, these analyses were performed in subgroups of subjects taking or not corticosteroids (Figure 2). As expected, healthy donors were strictly prevalent in the lowest quartile while seropositive RA (RA+) or seronegative RA (RA-) patients were more frequent in the higher quartiles in both the subgroups. A progressive increase of prevalence of RA+/RA- patients by increasing O.D. values, from the lowest to the highest quartile, was particularly evident among subjects not taking corticosteroids (Figure 2A), while the trend – although significant – appeared milder in those taking corticosteroids (Figure 2B).




Figure 2 | Healthy donors and patients with seronegative or seropositive arthritis according to the quartile distribution of absorbance levels in patients who were not (A) or were treated with corticosteroid (B). RA seronegative (RA-) patients, RA seropositive (RA+) patients and healthy donors (HD). Quartile distribution was determined on the basis of the following threshold values: Q1 < 0.045; 0.045 ≤ Q2 ≤ 0.112 or Q2 0.045-0.112; 0.113≤ Q3 ≤ 0.197 or Q3 0.113-0.197; Q4 ≥ 0.198. Statistical p value was obtained by χ2 for linear trend.





Sequence Homology Between the Identified RA-Peptide and Human Proteins

The 12 amino acid sequence of RA-peptide obtained by the peptide library was compared with known human proteins in a protein data bank (Swiss-Prot database) using BLASTP program via the NCBI BLAST network service (https://blast.ncbi.nlm.nih.gov/). In the protein selection, we considered the extent of the homology by measuring the length of the homologous stretch and the number of matched amino acids (both identities and conservative substitutions). Through this approach it is possible to identify areas of homology between the RA-peptide and known human proteins We found that the RA-peptide shares homology with different self-antigens, such as: Protein-tyrosine kinase 2 beta (PYK2/FADK2), B cell scaffold protein with ankyrin repeats (BANK-1), Liprin-alpha 1 (LIPRIN-1), Cytotoxic T-lymphocyte protein 4 (CTLA-4) (Figure 3A).




Figure 3 | RA-peptide shares sequence homology with human self-proteins and anti-RA-peptide antibodies are cross-reactive. (A) Sequence homology between RA-peptide and autoantigens, analyzed by the basic local alignment search tool using the National Center for Biotechnology Information (NCBI) network service. Vertical line = identical amino acids; asterisk= conservative substitutions. (B) Direct binding of affinity purified anti-RA-peptide antibodies or anti-irrelevant peptide antibodies to RA synthetic peptide evaluated by ELISA assay. Data are plotted in a graph displaying absorbance (O.D.) at 405 nm on the vertical axis and antibody concentration expressed in μg/ml on horizontal axis. (C) Inhibition ELISA test: the binding of affinity-purified antibodies to RA-peptide was inhibited by RA synthetic peptide (■), but not by an irrelevant peptide (●). On vertical axis the inhibition percentage is reported, while on horizontal axis the inhibitor concentration (μg/ml) is shown. (D) Specific binding of cross-reactive IgG antibodies to peptides: affinity-purified antibodies against RA (blue line), Pyk/Fadk2 (red line), Bank-1 (green line), Liprin-1 (purple line), CTLA-4 (light blue line) and irrelevant (orange line) peptides were used in a direct binding assay with each one of the 5 synthetic peptides. Graph displays absorbance (O.D.) at 405 nm on vertical axis and antibody concentration μg/ml on horizontal axis.





Direct or Competitive Elisa Assays

Fifteen sera from seronegative RA patients were used to obtain specific IgG antibodies directed against the RA-peptide and against an irrelevant peptide. These affinity-purified anti-RA-peptide Abs were able to bind the RA-peptide in a direct ELISA test (Figure 3B), while the anti-irrelevant-peptide Abs did not have this ability. Furthermore, RA-peptide was able to inhibit direct binding of purified anti-RA-peptide Abs. Such inhibition was not present using the irrelevant control peptide (Figure 3C).

Antibodies directed against the other peptides were obtained from the same sera of 15 seronegative RA patients (see Supplementary Material and Methods). We investigated the ability of these affinity-purified IgG antibodies to bind to their specific peptides (RA, PYK2/FADK2, BANK-1, LIPRIN-1 and CTLA-4 peptide) and to cross-react with the other peptides in ELISA assays, using different concentrations of anti-peptide antibodies (from 20 to 1.25 μg/ml).

All the purified antibodies bind their specific peptide with high affinity and in a dose dependent manner, whereas antibodies against the irrelevant peptide do not show similar behavior (Figure 3D).

Anti-CTLA-4 peptide purified antibodies displayed a lower affinity binding to PYK2/FADK2, BANK-1 and LIPRIN-1 peptides, even when we used different concentrations of antibodies. Moreover, anti-CTLA-4 and anti-RA-peptide purified antibodies showed a similar binding to CTLA-4 peptide while the other Abs displayed a lower recognition of this peptide (Figure 3D). We supposed that these differences in affinity binding derive from the differences in the sequence homology, as shown in Figure 3A.

We check whether the serum samples from the validation cohort were able to cross-react with the other four peptides (arbitrary cutoff = 0.090)

In Figure 4A we showed the direct reactivity of RA patients’ sera to PYK2/FADK2, BANK-1, LIPRIN-1 and CTLA-4 peptides. In the cohort of seronegative RA patients, 23 out of 30 patients’ sera (76.7%) had IgG antibodies directed against the peptide PYK2/FADK2, while 20 out of 30 (66.7%) against the BANK-1 peptide. Interestingly, 80% of patients positively reacted with LIPRIN-1, that is the percentage of patients’ sera positive to RA-peptide. No difference between seronegative and seropositive patients (56.7%) was observed in CTLA-4 peptide recognition. In the 30 seropositive patients’ sera (validation cohort), IgG antibodies directed against PYK2/FADK2, BANK-1, LIPRIN-1 peptides were present in 19 (63.3%), 17 (56.7%) and 18 (60%) patients, respectively (Figure 4A). None of the 25 healthy donors, used as a control, had IgG antibodies directed against all these peptides.




Figure 4 | Peptides cross-reaction of RA patients’ sera and recognition of auto-antigens by purified anti-RA-peptide Abs. (A) Frequency of the direct binding of seronegative and seropositive patients’ sera to RA, Pyk/Fadk2, Bank-1, Liprin-1 and CTLA-4 peptides evaluated by ELISA assays. No binding was observed using serum IgG of healthy donors. The arbitrary cutoff of 0.090 was used. (B) Immunoblot analysis of cell lysates, after immunoprecipitation with affinity purified anti-RA-peptide antibodies detected with commercial antibodies: mouse polyclonal antibodies directed against PYK2 or rabbit polyclonal antibodies directed against BANK, or rabbit polyclonal antibodies directed against Liprin. PBMCs, T or B cells were obtained by a normal healthy donor; HL60 (Human promyelocytic leukemia) and DAUDI (Burkitt lymphoma cell) lines were used as controls; HLFS (Normal Human Fibroblast-Like Synoviocytes) and HLFS-RA (Human Fibroblast-Like Synoviocytes: Rheumatoid Arthritis) and NHDF (Normal human dermal fibroblast) were commercially obtained.





Recognition of Auto-Antigens by Anti-RA-Peptide Purified Antibodies

In order to investigate whether the affinity purified antibodies against the RA-peptide can recognize autoantigens, we performed western blot and immunoprecipitation analysis. By the data obtained from the direct binding of purified CTLA-4 Abs to the different peptides (Figure 3D) and from the direct binding of patients’ sera (Figure 4A), we excluded the CTLA-4 antigen.

First, we considered the protein-tyrosine kinase 2 beta (also known as PKB, PTK, PYK2, FADK2, FAK2, CAKB, CADTK, RAFTK), a non-receptor protein-tyrosine kinase implicated in many different cellular functions. Some authors reported that PYK2 exhibits the same domain organization and structural characteristics of FAK and they share a high degree of sequence similarity (48% amino acid identity and 65% similar at the protein level). However, the two proteins have differences in their C-terminal domains, which are probably implicated in their different regulation (33). For this reason, FAK and PYK2 are defined as a distinct family of non-receptor tyrosine kinases (34).

We identified two bands of approximately 125/150 kDa and 116 kDa corresponding to FAK and PYK2, respectively (Figure 4B), as reported also by other investigators (33, 35, 36).

We found the presence of FAK in PBMCs, but not in T or B cells or in HL60 or DAUDI cell lines. We found also a band at 125 kDa in normal human fibroblast-like synoviocytes and RA human fibroblast-like synoviocytes (HLFS and HLFS-RA, respectively), but we did not find it in normal dermal fibroblast (NHDF). These findings have been already reported by other authors (33, 37).

As regards PYK2, we did not find any band at 116 kDa in normal PBMCs, T or B cells (although some investigators reported that PYK2 band was slightly present in PBMCs from healthy donors (38)), while the expression was present in HLFS and HLFS-RA, and was absent in NHDF.

We then considered the BANK-1 protein, a cytoplasmic scaffold protein expressed in B but not in T cells or myeloid cell lines (39). The expected molecular weight of BANK-1 is around 85 kDa, but it may run at 97-105 kDa in SDS-PAGE.

We found a band approximately around 95/100 kDa only in PBMCs, B cells and DAUDI cell line, which was used as positive control. These data have been already described by other authors, who have used DAUDI as positive control (40). In our analysis, no bands were detected in the HLFS, HLFS-RA and in NHDF.

Finally, we evaluated the Liprin-alpha1, a subclass of liprins, which are cytosolic scaffold dimeric proteins, widely expressed and involved in cell motility. Liprin-alpha and beta usually homodimerize, but they can also form heterodimers or large molecular complexes interacting with other proteins, such as LAR (leukocyte common antigen-related) or integrins (41). We identified two bands of 55 kDa and 76 kDa,corresponding to homodimer and heterodimer of liprin-alpha1 protein, and a band between 110-130 kDa, corresponding to a heterodimer of liprin-alpha 1 with an unknown protein.

As shown in Figure 4B the homodimeric form was identified in PBMCs, B cells and DAUDI cell line, and it was present in synoviocytes but absent in dermal fibroblasts. The heterodimeric form was reveled in PBMCs, T and B cells, DAUDI cell line, and in HLFS, HLFS-RA and in NHDF. The higher molecular weight band was only present in HLFS, HLFS-RA and weakly detectable in NHDF. The presence of the high molecular weight band in fibroblasts has also been described by other authors (42, 43).




Discussion

Since the comprehension of pathogenesis of autoimmune diseases is crucial both for early diagnosis and treatment, the identification of novel autoantigens may play fundamental role.

The diagnosis of seropositive RA is based on the detection of serological markers such as rheumatoid factor (RF) and anti-citrullinated peptide antibodies (ACPAs) (15), which may be present years before the onset of the disease (2). ACPAs can be also detected in the serum of subjects with undifferentiated arthritis, who later on will develop RA (44, 45). On the other hand, seronegative RA does not have the diagnostic help of any laboratory biomarkers so far and its definition still remains a clinical challenge.

The random peptide library is a well-known and useful molecular biology tool for the identification of possible immunodominant peptides in autoimmune disorders (26–28). The screening of peptide library with pooled immunoglobulins from patients affected by an autoimmune disease leads firstly to the identification of immunodominant peptides acting as autoantigens. Secondly, it leads to the identification of antibodies able to bind such peptides and autoantigens, in the patients’ sera. Therefore, the presence of these auto-antibodies in patients’ sera may be helpful in the diagnosis of the disease and, if they are functionally active, they may provide new relevant information on the pathogenesis of the studied autoimmune disease (26–28).

In the present work, by using this approach in seronegative RA patients, we could identify a peptide, named RA-peptide, which is specifically recognized by both seronegative and seropositive RA patients’ sera (70.0% and 64.0%, respectively) but not by any sera from healthy donors. Such findings were confirmed in a second validation cohort of RA patients with similar results (83.3% and 66.7%, respectively).

In a second step, we verify whether the recognition of RA-peptide is truly specific for RA. To achieve this aim, we enrolled three other cohorts of patients affected by different immune-mediated diseases. We observed that, in these three groups many patients’ sera show an absorbance value close to the standard cutoff (means ± 3 s.d. of the healthy control group). The ROC curve and contingency table analyses induced us to apply a second arbitrary cutoff (0.090). Using this cutoff, we observed that 73.8% and 63.3% of all seronegative or seropositive RA patients’ sera, respectively, recognised the RA-peptide, while a greater number of patients with other immune-mediated diseases resulted negative.These data indicate that this RA-peptide sequence is recognized by the sera of patients affected by RA disease at high frequency, independent of RF and ACPAs positivity, but not by the sera obtained from healthy donors or from patients with other immune-mediated diseases, thereby suggesting that antibodies directed against this epitope are highly specific for RA.

Within the group of seronegative RA patients, we found no correlation of anti-RA-peptide Abs with disease activity or inflammatory markers. This apparent discrepancy may be consistent with the findings in the different context of seropositive RA, where some authors observed that many patients treated with disease-modifying agents showed a decrease in inflammation and pain but not in ACPA levels (46).

As regards corticosteroid therapy, by analysing the quartile distribution of anti-RA-peptide antibody levels among our RA patients, we observed that patients on corticosteroid therapy were mostly in the second and/or third quartiles, while those never treated with steroid were mostly in the fourth quartile. This observation suggests that corticosteroid therapy may lead to a reduction in the levels of anti-RA-peptide Abs in RA patients’ sera. Interestingly, in other autoimmune diseases we showed that corticosteroid therapy lowers the levels of Abs specifically in good responder patients (47).

However, even if corticosteroid therapy may lower Abs levels, it is worthy to note that such level remains higher than in healthy subjects, thus confirming that anti-RA-peptide Abs may be a biomarker for RA.

As above mentioned, RA-peptide shares sequence homology with proteins expressed by cells that are considered to be important in RA, such as Protein-tyrosine kinase 2 beta (PYK2/FADK2), B cell scaffold protein (BANK-1), Liprin-alpha 1 (LIPRIN-1), and Cytotoxic T-lymphocyte protein 4 (CTLA-4). For this reason, we wanted to evaluate whether affinity purified anti-RA-peptide Abs were also able to recognize these four proteins. To this aim, we selected four peptides (one of each protein) based on the sequence homology shared with RA-peptide. We then purified Abs from patients’ sera directed against each one of these peptides and test their ability to cross react. We observed that these affinity-purified Abs, not only were able to recognize the peptide used for the purification, but showed a dose-dependent cross reactivity with all the other peptides. On the contrary, the Abs purified against the irrelevant peptide were not able to bind any of the five peptides, even at high concentration. We also confirm that the sera of RA patients can positively react with all the peptides.

Notably, the identified four proteins are present in cells involved in RA pathogenesis, such as B and T lymphocytes, macrophage/monocytes, fibroblast-like synoviocytes, fibroblasts, osteoclasts and endothelial cells, thereby being consistent with a potential biological role in this immune-mediated disease.

Several studies on RA have described differences in B cell subsets distribution in both peripheral blood and bone marrow before and after B cell depletion treatments (48). No differences were found at peripheral blood level between healthy donors and RA patients. Moreover, B cell subpopulations showed the same distribution among seronegative-, seropositive- and non-RA patients both in peripheral blood and synovial fluid (49). A study by Michelutti et al. showed that specific B cell subsets are present in the synovium of both seronegative and seropositive RA patients. Moreover, a recruitment of immature B cells into synovial fluid from peripheral blood was observed and, according to authors’ hypothesis, a persistent inflammation may promote a B cell maturation directly in the joints (50).

Fibroblasts and related different subpopulations play a role in RA pathophysiology. Fibroblast-like synoviocytes (FLS) are aggressively proliferating in the joint synovium of RA patients and such proliferation leads to the invasion and destruction of adjacent cartilage (51, 52). Moreover, the inflammatory environment present in rheumatoid joints may trigger the proliferation of synovial fibroblasts (RA-SF) leading to an increase of the synovial pannus (53) with invasion of healthy cartilage (54, 55). We confirmed that the anti-RA-peptide Abs were able to recognize the three auto-antigens PYK2/FADK2, BANK-1 and LIPRIN-1, which are expressed in the above mentioned cell lines and may be involved in RA pathogenesis. We found that the anti-RA-peptide Abs are able to bind PYK2 and FAK proteins in PBMCs, HLFS, HLFS-RA cells (fibroblast-like synoviocytes).

PYK2 and FAK form a unique group of non-receptor tyrosine kinases. The expression of protein-tyrosine kinase 2 beta (Pyk2) is limited to epithelial cells, neurons, osteoclasts and hematopoietic cells (56, 57), while the focal adhesion kinase (FAK) is expressed in all tissues and, interestingly, in fibroblasts or synovial fibroblasts (37).

In vitro it has been shown that FAK plays a central role in arthritic synovial fibroblast invasion and cytokines production. In FAK-knockout mice, the FAK depletion does not reduce murine inflammatory arthritis (37). The authors suggest that FAK’s homologue, Pyk2, may counterbalance the absence of FAK in this mice model. Phosphorylation of Pyk2 can be induced by TNF-α in rheumatoid synovial fibroblasts and in rheumatoid synovial tissue, a large amount of phosphorylated Pyk2 has been found. For this reason, it is likely that these two homologous proteins may equally contribute to inflammatory arthritis. It has been shown that FAK is crucial for synovial fibroblast invasion while it is not for TNF-α-driven erosive arthritis. Because of the homology with FAK and because of Pyk2 phosphorylation is induced by TNF-α, Pyk2 may play a role in erosive arthritis. Even if further studies are needed to better clarify the role of Pyk2 in inflammatory arthritis, it is likely that both proteins are involved in the pathophysiology of RA (37).

We found that anti-RA-peptide Abs can bind Bank-1 protein in PBMCs, B cells and DAUDI cell line. Bank-1 is involved in the regulation of B cell responses, such as CD40-mediated Akt activation and can prevent an excessive B cell activation (39). It is associated with increased anti-nuclear Abs levels (58) and with many different autoimmune diseases, such as RA (59). In collagen-induced arthritis in mice, a decreased expression of Bank-1 facilitates B cell response, increasing antigen presentation and leading to the production of autoantibodies (60).

Finally, anti-RA-peptide Abs can recognize both the homodimeric and heterodimeric forms but also large molecular complexes of Liprin-alpha 1 protein in the extract of different cell types. The higher molecular weight band was identified in fibroblast-like synoviocytes (HLFS, HLFS-RA) and to a lower extent in dermal fibroblasts (NHDF), but it is not present in PBMCs, B, T, HL60 and DAUDI cells. Evident bands (homodimeric and heterodimeric forms) could be observed in DAUDI cells, a tumor B cell line, and in fibroblast-like synoviocytes. Liprin-alpha 1, as other members of the liprin family proteins, is involved in forming and maintaining the cellular cytosolic scaffold (41, 61, 62) and in the formation of adhesion foci. Notably, it is present in the cytoskeletal core of podosomes, essential elements for cell motility (63–65).

This study had some strength and limitations, which should be acknowledged. The random peptide library is a method that allows the screening of a huge number of different 12 amino acid peptides in a faster and easier way than a phage library. Those peptides are obtained by a random sequence in the flagellin of cultured E. Coli. When this method is used to search for unknown autoantibodies the criteria driving the choice of the patients’ sera to be used are crucial. The use of healthy donors’ sera as a prescreening step helps to eliminate from subsequent analysis those peptides that have shown some reactivity, although it may potentially lead to loss of data. Nonetheless, this can save time and decrease the number of screening steps required to finally recognize new etiopathological relevant epitopes. Our results show that RA peptide is recognized by the sera of seronegative RA patients. Speculatively, an ad hoc ELISA test can improve the diagnosis of this disease. However, more studies need to be done before such ELISA test could be considered as a validated tool. Larger cohorts of patients, possibly including different ethnicity, need to be investigated to check the specificity and accuracy of the test.



Conclusion

This study investigates potential candidate biomarkers of seronegative RA by peptide library screening. Here we show that RA-peptide is recognized by antibodies present in the sera of RA patients, particularly in the seronegative subjects.

RA-peptide shows similarity with four epitopes contained in four different proteins which may be involved in RA pathogenesis such as PYK2/FADK2, BANK-1, LIPRIN-1, and CTLA-4.

The anti-RA-peptide Abs are able to bind both the homologous epitopes and the full proteins. Therefore, we can consider the new identified autoantibodies as a specific biomarker of seronegative RA and RA-peptide could be used as a tool for the development of diagnostic assays for seronegative RA.
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Background

Rheumatoid arthritis (RA) refers to an autoimmune rheumatic disease that imposes a huge burden on patients and society. Early RA diagnosis is critical to preventing disease progression and selecting optimal therapeutic strategies more effectively. In the present study, the aim was at examining RA’s diagnostic signatures and the effect of immune cell infiltration in this pathology.



Methods

Gene Expression Omnibus (GEO) database provided three datasets of gene expressions. Firstly, this study adopted R software for identifying differentially expressed genes (DEGs) and conducting functional correlation analyses. Subsequently, we integrated bioinformatic analysis and machine-learning strategies for screening and determining RA’s diagnostic signatures and further verify by qRT-PCR. The diagnostic values were assessed through receiver operating characteristic (ROC) curves. Moreover, this study employed cell-type identification by estimating relative subsets of RNA transcript (CIBERSORT) website for assessing the inflammatory state of RA, and an investigation was conducted on the relationship of diagnostic signatures and infiltrating immune cells.



Results

On the whole, 54 robust DEGs received the recognition. Lymphocyte-specific protein 1 (LSP1), Granulysin (GNLY), and Mesenchymal homobox 2 (MEOX2) (AUC = 0.955) were regarded as RA’s diagnostic markers and showed their statistically significant difference by qRT-PCR. As indicated from the immune cell infiltration analysis, resting NK cells, neutrophils, activated NK cells, T cells CD8, memory B cells, and M0 macrophages may be involved in the development of RA. Additionally, all diagnostic signatures might be different degrees of correlation with immune cells.



Conclusions

In conclusion, LSP1, GNLY, and MEOX2 are likely to be available in terms of diagnosing and treating RA, and the infiltration of immune cells mentioned above may critically impact RA development and occurrence.





Keywords: rheumatoid arthritis, immune cells, diagnostic marker, bioinformatic analysis, machine-learning strategies



Introduction

Rheumatoid arthritis (RA) is recognized as a general chronic autoimmune connective tissue disease, which primarily covers the joints and eventually leads to chronic disability, joint destruction, and shortened life span (1–3). Rheumatoid arthritis affects 5 to 10 per 1,000 people (3). Ultimately, RA irreversibly damages joints, imposing a great adverse effect onto individual and society. Nevertheless, detection of RA at an early stage offers the opportunity for an effective treatment response, and this preclinical stage may be as short as a few months (4). At present, diagnosed rheumatoid factor and anticyclic citrullinated peptide antibody are serum biomarkers for the diagnosis of rheumatoid (5, 6). Yet early RA, particularly negative serum rheumatoid factor and anticyclic citrullinated antibodies, cannot easily be diagnosed for insufficient feasible biomarker. Therefore, finding novel and feasible biomarker is very important to early diagnose and treat RA.

Recently, increasing articles revealed that infiltration of immune cells critically impacts RA occurrence and progresses. For instance, RA exhibits a unique pattern of macrophage infiltration. The degree of macrophage infiltration in joint tissues and the level of monocyte-derived cytokines in serum show positive correlations to disease severity (7). CD8+ T cell exhibits anti-inflammation characteristic and is likely to contribute to the reduction of persistent autoimmune responses in rheumatoid joints (8, 9). B cells impact bone remodeling in RA (10). Nevertheless, the molecular system allowing different immune cells to impact RA occurrence and progresses should be clarified (11). For the mentioned reason, according to the aspect of immune systems, evaluating immune cells’ infiltration and ascertaining the distinctions within the infiltrating immune cells’ components are critical in elucidating RA molecular system and finding novel immunotherapeutic target. Cell-type identification by estimating relative subsets of RNA transcript (CIBERSORT) is a computational method for quantifying cell composition from tissue gene expression profiles obtained by RNA sequencing (12). Thus far, no studies have used CIBERSORT to analyze immune cell infiltration in whole blood of rheumatoid arthritis.

This study obtained RA microarray datasets in the GEO database to conduct investigations for differential expression gene. Besides, to screen and identify diagnostic markers of RA in depth, bioinformatics analysis, and machine-learning strategies were combined. Next, CIBERSORT was adopted for investigating the differences in whole-blood immune infiltrates in 22 immune cell subsets between RA and normal samples. Furthermore, the associations of diagnostic markers and infiltrating immune cells were investigated for gaining more insights into the molecular immune mechanisms involved in RA development.



Materials and Methods


Data Collection and Data Processing

Here, datasets received the search from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) with the keywords: “Arthritis, Rheumatoid” [MeSH Terms] OR “Arthritis, Rheumatoid” [All Fields] AND “Homo sapiens” [porgn: txid9606] AND “Expression profiling by array“ [All Fields]. The screening standards included the following: the microarray datasets referred to profiles of gene expressions with genome-wide of whole blood; the microarray datasets contained samples from RA and samples from healthy state; all included samples were not treated with drugs. Eventually, three datasets received the screening to achieve the in-depth investigation: GSE100191 (13), GSE17755 (14), and GSE93272 (15). The table of the clinical information for the samples of RA patients and healthy subjects is provided in Supplementary Table 1. According to the inclusion criteria, only RA and healthy samples were selected for further analysis, including 50 normal controls and 119 RA patients. Next, the present study conducted the data preprocessing based on RMA (16) (e.g., expression calculation, normalization, and background correction).



Differential Expression Analysis

The present study adopted LIMMA (http://www.bioconductor.org/packages/release/bioc/html/limma.html) package for identifying DEGs through the comparison of the expression datasets of GSE100191 and GSE17755, and the volcano plot was drawn to present the differential expression of DEGs. DEGs with P < 0.05 and |log2 FC| > 1 were considered statistically significant. Next, the DEGs were further identified based on the “RobustRankAggreg” package in R to obtain robust DEGs. This method of Robust Rank Aggregation (RRA) can minimize the deviation and error between multiple datasets (17).



Functional Correlation Analysis

For the exploration of the function and pathway of the identified feature gene, this study conducted the gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment investigations with the use of the “clusterProfiler” package (18). P <0.05 was considered to show the statistical significance. In order to more intuitively clarify the gene expression level of significantly enriched functional pathways, gene set enrichment analysis (GSEA) was performed in R software (19).



Screening and Verification of Diagnostic Markers

The four algorithms were adopted for screening of novel and key biomarkers for RA, including random forests (RF) (20, 21), least absolute shrinkage and selection operator (LASSO) logistic regression (22), support vector machine-recursive feature elimination (SVM-RFE) (23), and weighted gene co-expression network analysis (WGCNA) (24). This study adopted the random forest algorithm with R package “randomForest.” This study carried out LASSO logistic regression investigation with R package “glmnet,” and minimal lambda was considered optimal. This study conducted the featured gene selection with the RFE function within the caret package based on five-fold cross-validation. The SVM classifier was constructed using R package e1071 with five-fold cross-validation. WGCNA was performed by R package “WGCNA” (25). Then, this study selected the overlapping genes from the mentioned four classification models for further analysis. For the in-depth test of the efficacy of key biomarkers, the dataset of GSE93272 was combined with GSE100191 and GSE17755 as the validation set. It was assessed based on the investigation of receiver operating characteristic (ROC) curves (MedCalc software), and the area under the curve (AUC) was calculated for evaluating the predictive effect achieved by the algorithms. A two-sided P < 0.05 showed statistical significance.



Quantitative PCR Analysis

A total of 34 whole blood samples (including 16 RA without drug treatments and 18 control samples with healthy state) were collected from Fuzhou Second Hospital affiliated to Xiamen University. The Ethical Committee of Fuzhou Second Hospital affiliated to Xiamen University approved this study, and the respective patient provided informed consent in a written form. All whole blood samples were immediately frozen in liquid nitrogen after the collecting process and stored at −80°C. The extraction of total RNA was performed with the use of Trizol reagent (TAKARA, Dalian, China). With a miRNA First Strand cDNA Synthesis Kit (Sangon, China), the reverse transcription of total RNA and miRNAs was performed. Besides, this study adopted the MicroRNAs qPCR Kit (Sangon, China) for examining miRNA and mRNA expressions, with the following primers: GAPDH (forward: 5′-GACAGTCAGCCGCATCTTCT-3′, reverse: 5′-ACCAAATCCGTTGACTCCGA-3′), LSP1 (forward: 5′-CTGTTAGCTTGGGAAGAGG-3′, reverse: 5′-ATAGCCCCTCTCAGATAGTC-3′), MEOX2 (forward: 5′-ATACTAGGGGAGATTCTCGC-3′, reverse: 5′-TAGGACTTTGGAGGGCTTAG-3′), and GNLY (forward: 5′-TCTGGTCCTAACTCTACTGG-3′, reverse: 5′-CAATCCTAGACAGTGTAGGC-3′) synthesized by Sangon Biotech. GAPDH was then handled as an internal reference. The relative expression was calculated using the 2−ΔΔCT method. P values < 0.05 showed statistical significance.



Evaluation and Correlation Analysis of Infiltration-Related Immune Cells

The CIBERSORT website was used to filter 22 kinds of the immune cell matrix. According to P < 0.05, the immune cell infiltration matrix was obtained. The “ggplot2” package was used for PCA cluster investigation of the immune cell infiltration matrix. The present study adopted “corrplot” package for drawing the correlation heatmap for visualizing the correlation of 22 kinds of infiltrating immune cells. The “ggstatsplot” and “ggplot2” packages were adopted for analyzing the Spearman relationship between characteristic diagnostic markers and immune infiltrating cells and visualizing the result.




Results


Screening of DEGs in Different Datasets

Figure 1 illustrates a workflow of this study. There were 1,226 DEGs in GSE100191, including 207 upregulated and 1,019 downregulated genes (Supplementary Table 2 and Figure 2A). Meanwhile, 58 DEGs were screened from the GSE17755 datasets, including 33 upregulated and 25 downregulated genes (Supplementary Table 3 and Figure 2B). Next, 54 robust DEGs were screened in total with the RRA method (including 29 upregulated and 25 downregulated genes) (Supplementary Table 4).




Figure 1 | The flowchart of the analysis process.






Figure 2 | Volcano plots of DEGs distribution in GSE17755 (A) and GSE100191 (B). Orange represented a high expression of robust DEG, while blue represented a low expression of robust DEG.





Functional Enrichment Analyses

Based on the results of the present study, the significantly enriched biological processes included immune response, regulation of natural killer cell–mediated immunity, regulation of chronic inflammatory response, adaptive immune response, innate immune response, etc. (Figure 3A). Moreover, antigen processing and presentation, endocytosis, natural killer cell–mediated cytotoxicity, primary immunodeficiency, and oxidative phosphorylation were considered to be the most remarkably enriched pathways (Figure 3B), and GSEA results presented the enriched mainly pathways (Figure 3C). The above results suggest that the immune system is critical to RA.




Figure 3 | The results of functional enrichment analyses. (A) GO analyses results of DEGs; (B) Pathway analysis results of DEGs; (C) GSEA profiles depicting the five significant GSEA sets.





Screening and Verification of Diagnostic Markers

The present study adopted LASSO logistic regression algorithm to identify 16 key biomarkers from DEGs (Figures 4A, B). Sixteen genes were identified as key biomarkers from DEGs by the SVM-RFE algorithm (Figure 4C). Moreover, 15 genes were identified as vital biomarkers with RF algorithm (Figure 4D). When 0.92 acted as the correlation coefficient threshold, the soft-thresholding power was selected as 20 (Figures 5A, B). In accordance with WGCNA analysis, six remarkable co-expression modules were built. As indicated from the investigations of module-trait correlations, multiple modules were related to RA (Figure 5C), and the turquoise module was the most significant one, with 2,166 genes included in total (Figures 5D, E). LSP1, GNLY, and MEOX2 were overlapping genes by the four algorithms including one upregulated (MEOX2) and two downregulated (LSP1 and GNLY) genes (Figure 6A). The ROC curves of LSP1, GNLY, and MEOX2 revealed their probability as valuable biomarkers with AUCs of 0.967, 0.854, and 0. 923, respectively (Figure 6B), indicating that the three biological markers had a high accuracy of predictive value. The expression levels of the three biomarkers were examined by qRT-PCR in 34 whole blood samples. Three biomarkers (LSP1, GNLY, and MEOX2) were reported to be significantly dysregulated in RA compared with healthy samples. LSP1 and GNLY showed the significant downregulation, while MEOX2 showed a significant upregulation in RA (P<0.005) (Figures 6C–E), indicating that the results were reproducible and reliable.




Figure 4 | Screening of diagnostic markers via the comprehensive strategy. (A) Least absolute shrinkage and selection operator (LASSO) logistic regression algorithm to screen diagnostic markers; (B) Different colors represent different genes; (C, D) Based on support vector machine-recursive feature elimination (SVM-RFE) and random forest (RF) algorithm to screen biomarkers.






Figure 5 | WGCNA revealed gene co-expression networks in the whole peripheral blood of 169 RA patients. (A, B) Analysis of the scale-free fit index and the mean connectivity for various soft-thresholding powers; (C) Relationships of consensus modules with samples. It contains a set of highly linked genes. Each specified color represents a specific gene module; (D) Clustering dendrogram of differentially expressed genes related to RA; (E) The gene significance for RA in the turquoise module (one dot represents one gene in the turquoise module).






Figure 6 | (A) Venn diagram showed the intersection of diagnostic markers obtained by the four algorithms. (B) The ROC curve of the diagnostic efficacy verification after fitting three diagnostic markers to one variable. (C–E) The miRNA expressions of potential diagnostic markers were validated by qRT-PCR. ***P < 0.001.





Infiltration of Immune Cells Results

With the CIBERSORT algorithm, we first summarized the results obtained from 50 normal controls and 119 RA patients. By PCA, the proportions of immune cells from the whole blood of RA patients and normal controls displayed distinct group-bias clustering and individual differences (Figure 7A). As indicated from the correlation heatmap of the 22 types of immune cells, eosinophils and M0 macrophages, resting T cells CD4 memory and naive T cells CD4, T cells follicular helper and naive T cells CD4, and activated NK cells and resting NK cells displayed a significant negative correlation, respectively. M1 macrophages and monocytes, M1 macrophages and T cells CD8, resting mast cells and naive B cells, eosinophils and resting dendritic cells displayed significant positive correlations, respectively (Figure 7B). In comparison with normal samples, RA samples generally contained a higher proportion of resting NK cells, neutrophils, whereas the proportions of B cells memory, T cells CD8, activated NK cells, and M0 macrophages were relatively lower (P < 0.05) (Figure 7C).




Figure 7 | Evaluation and visualization of immune cell infiltration. (A) PCA cluster plot of immune cell infiltration between RA samples and control samples. (B) Heatmap of correlation in 22 types of immune cells. The size of the colored squares represents the strength of the correlation; red represents a positive correlation, and blue represents a negative correlation. Darker color implies stronger association. (C) Violin diagram of the proportion of 22 types of immune cells. The red marks represent the difference in infiltration between the two groups of samples.





Correlation Analysis Between Key Biomarkers and Infiltration-Related Immune Cells

Based on the results of correlation analysis, LSP1 displayed a positive correlation with memory B cells (r = 0.512, p = 0.011) and activated mast cells (r = 0.423, p = 0.024) and showed a negative correlation with activated dendritic cells (r = −0.382, p = 0.026) and activated T cells CD4 memory (r = −0.341, p = 0.037) (Figure 8A). GNLY showed a positive correlation with neutrophils (r = 0.321, p = 0.025) and showed a negative correlation with resting mast cells (r = −0.292, p = 0.012) and resting NK cells (r = 0.242, p = 0.026) (Figure 8B). MEOX2 showed a positive correlation with M2 macrophages (r = 0.382, p = 0.033) and activated T cells CD4 memory (r = 0.282, p = 0.045) and showed a negative correlation with monocytes (r = 0.202, p = 0.039) (Figure 8C).




Figure 8 | Correlation between diagnostic markers and infiltrating immune cells. (A) Correlation between LSP1 and infiltrating immune cells. (B) Correlation between GNLY and infiltrating immune cells. (C) Correlation between MEOX2 and infiltrating immune cells. The size of the dots represents the strength of the correlation between genes and immune cells; the larger the dots, the stronger the correlation, and the smaller the dots, the weaker the correlation. The color of the dots represents the p-value; the greener the color, the lower the p-value; and the red the color, the larger the p-value. P < 0.05 was considered statistically significant.






Discussion

RA primarily features chronic synovitis, systemic inflaming process, as well as the arrival of autoantibodies, leading to chronic inflammation, joint damage, and dysfunction of other vital organs. Moreover, according to existing articles, infiltration of immune cells noticeably impacts on RA’s occurrence and progresses (8, 26). Therefore, it is of profound significance to search for particular diagnosis marker and analyze the infiltration patterns pertaining to RA immune cells in terms of facilitating RA cases’ prognosis. Here, an attempt was made for finding diagnosis marker pertaining to RA and delving into the effect exerted by infiltration of immune cells within RA.

In our study, we identified 54 robust DEGs, covering 29 risen and 25 declined DEGs, by comparing genes expressed in RA and normal samples. Afterwards, the DEGs underwent the annotation based on function-related enrichment study. The mentioned genes displayed tight associations to immune responses and inflaming signals (e.g., immune responses, regulation of natural killer cell–mediated immunity, responses to singlet oxygen, regulation of chronic inflammatory response and adaptive immune response). KEGG channels undergoing the enriching process covered endocytosis, cytotoxicity under the mediation of natural killer cell, antigen-presenting process and processing, primary immunodeficiency, and oxidative phosphorylation. Based on GO and KEGG enrichment study, RA achieved robust immune activating process and immune cell involvements, largely causing RA synovial inflaming process, thereby inducing arthralgia and arthritis. Generally, arthralgia and arthritis refer to the major RA clinically related reflections (3).

The model of random forest (RF) refers to a non-parametric approach to achieve the classifying process under the supervision (21). RF covers decision tree respectively originating from data subdivided set. The present work conducted the training and analysis for one RF classifying model for identifying descriptors that could discriminate RA from general sample. LASSO logistic regression, one machine-learning algorithm, determined variables by searching for λ under the smallest probability of classification error (22). SVM Recursive Feature Elimination (SVM-RFE) refers to an approach for machine learning and achieves extensive applications to rank features and to select the significant ones for classification (23). WGCNA refers to an approach for investigating gene expressing modes within sample. Gene exhibiting consistent expressing modes underwent the clustering process, and the relations of the module with particular trait or phenotype can be determined (24). We integrated the four different algorithms, each of which had its own inherent characteristics. Finally, LSP1, GNLY, and MEOX2 were selected and were accurate for in-depth verifications here, which suggested that our prediction exhibited the feasibility by the integration strategy.

Lymphocyte-specific protein 1 (LSP1) is capable of encoding intracellular F-actin-binding protein (27), achieving the expressions within endothelial cell, macrophage, neutrophil, and lymphocyte and regulating neutrophils’ movement, fibrinogen matrix protein adhesion, and transendothelial migration (28). The F-actin-bound cytoskeleton protein LSP1 has been identified as a regulator of neutrophil chemotaxis during inflammation (29, 30). Hwang et al. reported that cases with RA had reduced LSP1 expression in peripheral blood T cell, but improved migration ability, indicating that defects in the LSP1 signaling pathway lowered T-cell activation threshold (cell migrating process) in RA cases (27). LSP1 regulates a variety of biological processes in immune cells. However, immune cell, largely comprising macrophage, T cell, and B cell, to be autoimmune disease, critically impacts the pathogenesis of RA. Granulysin (GNLY), a member of the saponin family, has a location within the cytotoxic granules pertaining to T cells and is released in response to antigen stimulation. GNLY is a cytotoxic granuloprotein secreted by cytotoxic T lymphocytes and natural killer cells (31, 32). Although many studies have evaluated serum GNLY as a biomarker in cases with solid or hematological malignancies (33, 34), few studies have reported serum GNLY concentrations in RA cases (35). Mesenchymal homobox 2 (MEOX2) encodes a member of a non-aggregated, divergent, tentacle-like homobox gene subfamily. The MEOX family includes two homologous domain proteins, MEOX1 and MEOX2, which have 95% sequence homology in the homologous domain and are required for the normal development of bone and muscle in mouse embryos (36). MEOX2 expression is inhibited by zinc finger binding protein (37), and the abnormal expression of zinc finger protein displays a tight relation with RA occurrence and progresses (38, 39). Accordingly, this work infers that MEOX2 is likely to critically impact RA progresses. Considering the above findings, LSP1, GNLY, and MEOX2 are likely to impact RA progresses and act as diagnosis markers, whereas a large number of clinically related articles are further required for the verification of the diagnosis significance for LSP1, GNLY, as well as MEOX2.

To more specifically examine effects exerted by infiltration of immune cell in RA, the present study applied CIBERSORT for assessing the immune infiltrating process within RA. The infiltration of resting NK cells and neutrophils increased, while the infiltration of B cell memory, T cell CD8, activated NK cells, and M0 macrophages decreased, probably showing associations with RA occurrence and progresses. It is well known that B cells are a vital part pertaining to human adaptive immunity, whereas these cells under RA become a possible factor in RA pathogenesis (40). Local synthesizing process for cytokine (e.g., IL-1α, IL-23, IL-12, IL-6, and TNF-α) under the induction from local autoreactive B cell was suggested to impact pathology-associated RA cells, triggering bone injury, inflammation, and immune disorder (41, 42). It is currently evidenced that CD4+ T helper cells impact the pathogenesis of RA largely via the secreting process for cytokine and chemokine. Type 1 T-helper cells achieve the significant activation within RA and secrete pro-inflammation cytokines (e.g., IFN-γ, IL-2, and TNF-α) (43). CD8+ T cells exhibit anti-inflammation characteristic and are likely to contribute to the reduction of ongoing autoimmune responses in rheumatoid joints (8). CD56+ NK cells were overexpressed and produced higher levels of IFN-γ in inflammatory joints compared with NK cell of peripheral blood (44). Nevertheless, NK cell’s exact mechanism continues to be unclear. Under normal conditions (45), most macrophages exist in the tissue in a resting state. However, in inflammatory joints, they conduct the regulation of the secreting process for pro-inflammatory cytokine and injury-associated enzyme under the relation to the inflaming response and afterwards trigger joint destructing process (45). Although this has been mentioned many times, further research into the molecular mechanisms and functions of immune cell infiltration in rheumatoid arthritis is urgently needed.

Based on the investigation of the correlations of immune cell and diagnostic signatures, LSP1 suggested a positive correlation with memory B cell and mast cell under the activation and negative correlations to activated dendritic cell and activated T cell CD4 memory. GNLY showed positive correlations to neutrophils and showed negative correlations to resting mast cell and resting NK cell. MEOX2 showed positive correlations to M2 macrophage and activated T cell CD4 memory and a negative correlation with monocytes. Interestingly, a study reported found that cases with RA achieved declining LSP1 expressing state within peripheral T cell with improved migratory ability, thereby demonstrating that defects within LSP1 signaling lead to the decline of T-cell activation threshold (46). Kulkarni et al. reported that LSP1 underwent the interacting process with the interferon-inducible protein inside dendritic cell for facilitating surface-bound HIV-1 endocytosis and early endosome forming processes (47). Granulysin refers to one protein in the granules of natural killer cell and human cytotoxic T lymphocyte, exhibiting cytolysis activity against tumor and microbe (32), whereas there is no information concerning the mechanisms involved in RA. Due to a relatively small amount of research, the sophisticated interacting processes of gene and immune cell should be investigated in depth based on the mentioned assumption.

New science approaches (e.g., RF, LASSO logistic regression, WGCNA, and SVM-RFE algorithm) were used for identifying RA diagnosis-related markers. Besides, CIBERSORT was used for investigating infiltration of immune cells. Nevertheless, this study is subject to some limits. The CIBERSORT investigation complies with confined genetic information probably deviating from cellular heterogeneity interacting process, disease-induced diseases, or phenotypic plastic property. Moreover, this study indicates a 2nd mining and investigation for existing datasets. Though the results of several existing studies show no consistency with the result of this analysis, whether the results here are reliable should receive in-depth verification by experiments with large samples.



Conclusions

In brief, this study reported that LSP1, GNLY, and MEOX2 refer to diagnostic markers of RA. This study also reported that resting NK cells, neutrophils, memory B cells, T cells CD8, activated NK cells, and M0 macrophages are likely to participate in the occurrence and progress of RA. In addition, LSP1 was significantly associated with memory B cells, activated mast cells, activated dendritic cells, activated T cells CD4 memory; GNLY was significantly associated with neutrophils, resting mast cells, resting NK cells; MEOX2 was significantly associated with M2 macrophages, activated T cells CD4 memory, monocytes. The mentioned immune cells are likely to critically impact RA development, and the in-depth exploration of the immune cells is likely to ascertain the targets in immunotherapy and help optimize immunomodulatory therapy for RA patient.
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To identify the targets recognized by anti-carbamylated protein antibodies (anti-CarP) in patients with early Rheumatoid Arthritis (RA), to study the cross-reactivity between anti-CarP and anti-citrullinated protein antibodies (ACPA) and to evaluate their prognostic value. 331 patients (184 RA and 147 other rheumatisms) from the Very Early Arthritis (VErA) French cohort were analyzed. We performed mass spectrometry analysis of RA sera displaying anti-CarP activity and epitope mapping of the carbamylated fibrinogen γ chain to identify immunodominant peptides. The specificity of these targets was studied using competition assays with the major antigens recognized by ACPA. The prognostic value of anti-carbamylated fibrinogen IgG antibodies (ACa-Fib IgG) was compared to that of anti-cyclic citrullinated peptide antibodies (anti-CCP) and anti-CarP using an in-house ELISA. Besides the α chain, the γ chain of fibrinogen, particularly one immunodominant epitope that has a specific reactivity, was identified as a circulating carbamylated target in sera. The prevalence of ACa-Fib was 37% at baseline and 10.9% for anti-CCP-negative RA. In anti-CCP-negative patients, ACa-Fib positivity was associated with a more inflammatory and erosive disease at baseline but not with rapid radiological progression, which remains strongly related to anti-CCP antibodies. Fibrinogen seems to be one of the antigens recognized in vivo by the anti-CarP response, particularly 2 epitopes of the γ chain, one of which is not cross reactive with ACPA. This specificity might be associated with a distinct clinical phenotype since ACa-Fib IgG were shown to be linked to systemic inflammation in very early RA but not to rapid radiological progression.




Keywords: very early rheumatoid arthritis, anti-carbamylated protein antibodies (anti-CarP), fibrinogen, ACPA, prognosis



Introduction

Anti-citrullinated protein antibodies (ACPA), the hallmark of rheumatoid arthritis (RA), are of both diagnostic and prognostic interest (1, 2). Besides citrulline, other post-translational modifications (PTMs) are currently being studied, including carbamylation. In 2011, Shi et al. detected anti-carbamylated protein antibodies (anti-CarP) in the serum of RA patients, 45% of IgG isotype and 43% of IgA isotype. These antibodies might display diagnostic value since, among ACPA-negative patients, 16% and 30% had anti-CarP antibodies of IgG and IgA isotype respectively (3). They also have a prognostic value since their presence signals a form of RA with more severe radiological damage (4). Carbamylated Fetal Calf Serum (FCS) is the substrate currently used for enzyme-linked immunosorbent assay (ELISA) tests, which represents the gold standard. However, FCS contains many antigenic targets that remain undetermined. To better understand the clinical interest of anti-CarP, it seems relevant to identify proteins that are spontaneously carbamylated in vivo. Among the antigens tested (vimentin, GRP78, albumin, etc.) (5–7), carbamylated fibrinogen was the most recognized by these antibodies (8, 9). Moreover, Jones et al. showed that the anti-carbamylated fibrinogen response primarily targeted the fibrinogen β-chain (10). Finally, some studies suggest that there is cross-reactivity between ACPA and anti-CarP (11, 12).

The primary objective of this study was to identify the targets recognized by anti-CarP in the in the serum of RA patients. Secondary objectives were to determine whether the anti-carbamylated fibrinogen (ACa-Fib) antibody response was specific and different to anti-cyclic citrullinated peptide (anti-CCP) antibody response, in other words, to study the cross-reactivity between ACa-Fib and anti-citrullinated fibrinogen antibodies, and to evaluate their prognostic value in the Very Early Arthritis (VErA) cohort.



Patients and Methods


Patients and Serum Samples

VErA is a multicenter cohort that prospectively included patients with early inflammatory rheumatism. The inclusion criteria were that participants were at least 18 years old and had at least 2 swollen joints for at least 4 weeks, which had been evolving for less than 6 months (median symptom duration of 4 months). Patients had to be corticosteroid and disease-modifying anti-rheumatic drug (DMARD) naïve. Patients with inflammatory back pain were excluded. A biological assessment and X-rays of the wrists, hands, and forefeet (and all other painful joints) were performed at inclusion and regular intervals. Patients were followed up every 6 months for 10 years. A total of 331 patients were included from 1998 to 2002, 184 patients with RA and 147 patients classified as having “other rheumatic diseases” (systemic lupus erythematosus, ANCA associated vasculitis, Gougerot Sjögren’s syndrome, systemic sclerosis, psoriatic arthritis, mixed connective tissue diseases, crystal-induced arthritis) or “undifferentiated rheumatic disease”. Sera used as controls (n=100) were obtained from a serum bank of healthy individuals at the Établissement Français du Sang (EFS). For the clinical part of the present study, only sera from the 184 RA patients meeting the ACR 2010 criteria (which were applied when available) were used (13). This study was approved by the Upper Normandy Ethics Committee (file: 95/138/HP).



Proteomic Analysis: Enzymatic Digestion of Proteins and Nano LC-MS/MS Analysis

To perform proteomic analysis from VErA sera samples known to be ACa-FCS-positive, protein concentration was determined using the standard Bradford method (Biorad). Enzymatic digestion of proteins in sera samples has been described previously (14). Identification of carbamylated peptides was performed with a classic setup of mass spectrometry analysis using a Q-exactive Plus (ThermoScientific) equipped with a nanoESI source, as described previously (15). All spectra obtained were exported in “raw” format to identify peptides and proteins with Proteome Discoverer 1.4 software (Thermo Scientific). Peak lists were searched using MASCOT search software (Matrix Science) against the human Swissprot database with the following parameters: one miss cleavage site allowed, carbamidomethylation on cysteine, oxidation on methionine, and carbamylation on lysine as variable modifications. The parent-ion and daughter-ion tolerances were 5ppm and 0.02Da respectively.

Proteomic data deposit on ProteomeXchange via the PRIDE database (Project accession: PXD028121).



Antigens and Carbamylation

Fetal calf serum (Sigma-Aldrich) and peptides of the γ chain of fibrinogen were incubated with potassium cyanate 1 M (Sigma-Aldrich) at 4 mg/mL and 2 to 4 mg/mL respectively during 12 hours at 37°C and dialyzed against water. Human fibrinogen, purified from human plasma (F3879, Sigma-Aldrich), was incubated with potassium cyanate 0.5 M for 3 days and dialyzed against water. Carbamylation of protein/peptide was determined by ELISA (OxiSelec Protein Carbamylation Sandwich ELISA Kit, Cell Biolabs).



Detection of Anti-CarP Antibodies of IgG Isotype

Detection of IgG autoantibodies recognizing carbamylated FCS (ACa-FCS), carbamylated fibrinogen (ACa-Fib), and carbamylated peptides of the γ chain of fibrinogen (ACa-Fib γ chain) was performed using home-made ELISA. Carbamylated and native proteins/peptides were coated at 10 µg/mL in carbonate-bicarbonate buffer on Nunc Maxisorp plates (Thermo Scientific) and incubated overnight at 4°C. For blocking, plates were incubated with PBS BSA 1% for 5 hours at 4°C. Sera from healthy controls (from Etablissement Français du Sang, EFS) or patients were diluted (1/50) in PBS BSA 1% Tween 0.05% and incubated overnight. Plates were incubated with biotinylated anti-human IgG (SouthernBiotech) diluted (1/3000) in PBS BSA 1% Tween 0.05% for 1h15 and HRP-conjugated streptavidin (1/25000) (Thermo Scientific) for 30 minutes at 4°C before the addition of tetramethylbenzidine substrate solution and STOP buffer (Sigma-Aldrich). Washing Washing with PBS Tween 0.05% was carried out between steps. The reactivity to native proteins/peptides was subtracted from that of the corresponding carbamylated protein/peptide. The absorbance was measured at 415 nm and converted to arbitrary units (AU): we performed a range with an anti-carbamylation (homocitrulline) monoclonal antibody (Cayman Chemical) (serial dilution at ½ with a first range point dilution at 1/2000) with the same protocol as previously described. The threshold of positivity was determined at 38.12 AU for ACa-FCS IgG (healthy controls (n=100) mean + 3 standard deviations) and 19.47 AU for ACa-Fib IgG (after performing a ROC curve using data obtained from healthy controls (n=100) and RA patients (n=184) of the VErA cohort).



Detection of Anti-CCP Antibodies

Detection of anti-CCP antibodies was performed using second generation commercially available kits (EuroImmun). Anti-CCP antibodies levels ≥ 10 arbitrary units (AU) were considered as positive.



Epitope Mapping of the γ Chain of Carbamylated Fibrinogen

Fifteen peptides of the γ chain of fibrinogen were synthesized by Eurogentec (27 amino acids overlapping on 3 amino acids, containing at least one lysine residue) and reconstituted according to the protocol described above (Table 1). ACa-Fib γ chain peptides were detected according to the previously described protocol. Sixteen positive sera of RA patients with ACa-Fib and 30 sera of healthy controls (EFS) were tested. The threshold of positivity was determined at 0.25 OD (Optical Density), which was the cut off used in other studies (3).


Table 1 | Native or carbamylated peptides of fibrinogen γ chain (27 mer-straddling 3 amino acids) containing at least one lysine.





Cross-Reactivity Assay With Immunodominant Peptides of  α and  β Chains of Citrullinated Fibrinogen

Patient sera positive for ACa-Fib γ chain peptides 5 (n=4) and 13 (n=3) were selected for the competition experiments. Carbamylated and native peptides 5 or 13 were coated as described above. Sera were diluted (1/50) in PBS BSA 1% Tween 0.05% and incubated for 2 hours with increasing concentrations (0, 0.1, 0.5, 1, 5 and 10 µg) of peptide 5, peptide 13, immunodominant peptide of citrullinated fibrinogen α chain (GV(cit)GP(cit)VVE(cit)HQSACKDSDWP) or β chain (PSL(cit)PAPPPISGGGY(cit)A(cit)PAK). These two peptides were synthesized by Eurogentec. Arginine residues were replaced by citrulline residues during the synthesis. The protocol for antibody detection is the same as described above.



Statistics

Prism7 (GraphPad) was used for statistical analysis. The statistical differences in antibody levels between healthy controls and patients were determined by one-way ANOVA and Tukey post-test.




Results


Titer, Prevalence, and Distribution of ACa-FCS and Anti-CCP Antibodies in Healthy Donors and the VErA Cohort

In the healthy population (n=100), the prevalence of ACa-FCS IgG antibodies was estimated at 1% while in RA and other rheumatism (OR) patients of the VErA cohort, it was calculated at 23.9% and 12.2% respectively. The distribution of ACa-FCS positivity according to anti-CCP status is summarized in Figures 1A, B.




Figure 1 | Titer, prevalence, and distribution of ACa-FCS and anti-CCP antibodies in the VErA cohort at baseline. (A) ELISA test for detection of ACa-Fib IgG based on RA status (n=184) and other rheumatism (OR) (n=147) and anti-CCP antibodies status in RA patients (n=184). (B) Distribution of anti-CCP antibodies and ACa-FCS in RA patients from the VErA cohort. Anti-CCP, anti-cyclic citrullinated peptide antibodies; ACa-FCS, anti-carbamylated fetal calf serum antibodies.





One of the Antigens Targeted In Vivo by the Anti-CarP Response in RA Is Located in the γ Chain of Fibrinogen

To attempt to identify the specific targets in vivo of the anti-CarP response, 15 sera of RA patients were selected according to the presence of ACa-FCS antibodies and the detection of carbamylated proteins in the sera. Then, they were analyzed using mass spectrometry. According to this approach, 2 chains of fibrinogen were identified, more precisely the α chain and the γ chain in 13 and 2 sera respectively of patients with very early RA (Figure 2A). For these 2 fibrinogen chains, the same peptide sequences, containing a carbamylated lysine residue, were found in these patients.




Figure 2 | Identification by MS/MS of carbamylated target of anti-CarP in situ and epitope mapping of the antibody response directed against the γ chain of carbamylated fibrinogen. (A) Identified peptides on the α chain (40% of coverage rate) and γ chain (65% of coverage rate) have a carbamyl residue on lysine. Filters used for identification are as follows: high peptide confidence; peptide rank 1 and a peptide score > 20. (B) ELISA test for detection of ACa-Fib γ chain IgG from RA patients with Aca-Fib IgG (n=16) and healthy donors (n=30), expressed as OD (Optical Density) at 450 nm. ACa-Fib γ chain, anti-carbamylated fibrinogen γ chain antibodies. The horizontal line corresponds to the threshold of positivity (OD ≥ 0.25) and each point represents a patient.





Epitope Mapping of Antibody Response Directed Against the γ Chain of Carbamylated Fibrinogen

We performed epitope mapping of the γ chain of carbamylated fibrinogen. We selected RA sera that were immunopositive for ACa-Fib IgG (n=54). Sera were tested by ELISA for reactivity towards the 15 linear peptides of the γ chain of fibrinogen, that were carbamylated in vitro. Among these 54 sera, 16 recognized at least one of the 15 peptides of the γ chain of carbamylated fibrinogen (data not shown). These 16 sera reacted with a restricted set of epitopes (Figure 2B). Interestingly, it seems that ACa-Fib IgG recognized mostly 2 peptides (peptides 5 and 13). Of the 16 RA patients, 7 and 8 specifically recognized peptides 5 and 13 respectively; 2 sera bound to the 2 peptides while 13 were directed against at least one of the two.



At Least a Part of the ACa-Fib response Does Not Overlap With the Anti-Citrullinated Fibrinogen Response

ACa-Fib response, in part, targeted peptides 5 and 13 of the γ chain of carbamylated fibrinogen. Based on inhibition tests with their corresponding peptides, we investigated whether there was cross-reactivity with the most representative immunodominant peptides of the anti-citrullinated response, as suggested in some studies (11). We analyzed the ability of peptides 5 and 13 of the γ chain of carbamylated fibrinogen to compete at increasing concentrations up to saturating concentrations of 10 µg/ml binding to themselves (positive control) using the sera of RA patients (n=4 and n=3 for peptide 5 and 13 respectively) who had a strong reactivity towards either of these 2 peptides (Figure 3A). Each peptide completely inhibited its binding to RA sera from a saturating concentration of 5µg/ml. The same competition experiment was performed with the immunodominant peptide of the citrullinated fibrinogen α chain (cit-Fib α chain peptide) (Figure 3B) and the citrullinated fibrinogen β chain (cit-Fib β chain peptide) (Figure 3C). There was cross-reactivity between peptide 5 of the γ chain of carbamylated fibrinogen and an α chain peptide of citrullinated fibrinogen. A saturating dose of 10 µg/ml of cit-Fib α chain peptide resulted in a strong inhibition of >30% of the 4 sera tested (Figure 3D). In contrast, a weak inhibition was observed for the cit-Fib α chain peptide on peptide 13 (Figure 3B). This weak inhibition represents a percentage of <25% for one of the 3 sera tested and <15% for the two other sera (Figure 3D). There was also cross-reactivity between γ chain peptide 5 of carbamylated fibrinogen and cit-Fib β chain peptide (Figure 3C), the binding of three out of four sera was inhibited at the saturating dose of 10 µg/ml. This degree of competition is important because all sera had at least a percentage inhibition of > 50% (Figure 3D). In contrast, concerning peptide 13, inhibition by the cit-Fib β chain peptide seems less important than for peptide 5 because the binding of the 3 sera tested was not completely inhibited at a concentration of 10 µg/ml (Figure 3C). Furthermore, for the serum of two patients, this inhibition was <50% and the other serum was not inhibited at all by the cit-Fib β chain peptide (Figure 3D). These data suggest that peptide 13 (which we will name Ca-Fibγ361-387) contains a specific epitope of the anti-carbamylated fibrinogen response that is able to lead to an immunization distinct from citrullination.




Figure 3 | Cross reactivity assay of carbamylated γ chain of fibrinogen peptides 5 and 13 with major epitopes of the anti-citrullinated fibrinogen response. (A) ELISA inhibition test of carbamylated γ chain of fibrinogen peptides 5 or 13 with their corresponding peptides at increasing concentrations (0, 0.1, 0.5, 1, 5 or 10 µg/mL). (B) ELISA inhibition test of carbamylated γ chain of fibrinogen peptides 5 or 13 with an immunodominant epitope of citrullinated fibrinogen α chain at increasing concentrations (0, 0.1, 0.5, 1, 5 or 10 µg/mL). (C) ELISA inhibition test of carbamylated γ chain of fibrinogen peptides 5 or 13 with an immunodominant epitope of citrullinated fibrinogen β chain at increasing concentrations (0, 0.1, 0.5, 1, 5 or 10 µg/mL). (D) Percentages of inhibition for each peptide. ELISA tests expressed as OD (Optical Density) at 450 nm. Sera highly positive for carbamylated γ chain of fibrinogen peptide 5: n=4; sera highly positive for carbamylated γ chain of fibrinogen peptide 13: n=3. ACa-Fib γ chain, anti-carbamylated fibrinogen γ chain antibodies.





Titer, Prevalence, and Distribution of ACa-Fib Antibodies in Healthy Donors and the VErA Cohort According to Anti-CCP and/or ACa-FCS Status

The α and γ chains of carbamylated fibrinogen might be two targets of the anti-CarP response in RA. Jones et al. showed that this response was also directed against the fibrinogen β chain. Thus, the 3 chains making up fibrinogen appear to comprise immunodominant epitopes of the anti-CarP response in RA. Thus, we developed an ELISA using the whole fibrinogen protein as a substrate to detect ACa-Fib IgG. While no ACa-Fib IgG antibodies were measured in the healthy population, our ELISA test revealed that patients classified as having RA and OR in the VErA cohort were ACa-Fib IgG-positive in a proportion of 29.3% and 8.2% respectively. Considering all RA in the cohort, 56.8% and 10.9% of patients were immunopositive for ACa-Fib IgG in anti-CCP-positive and anti-CCP-negative patients respectively (Figure 4A). The serological profiles for both populations of autoantibodies in the VErA cohort are illustrated in Figure 4B. Of all patients with very early RA, 53.3% were immunonegative for both anti-CCP antibodies and ACa-Fib, 6.5% were immunopositive for ACa-Fib, 17.4% were immunopositive for anti-CCP antibodies, and 22.8% were positive for both anti-CCP antibodies and ACa-Fib. Among anti-CCP negative patients, 10.9% of sera were ACa-Fib immunopositive. Although these profiles were close to those obtained with the ELISA test using carbamylated FCS as a substrate (Figure 1B), these findings were not strictly similar. The autoantibody profiles with ACa-FCS, ACa-Fib, and anti-CCP status in RA patients from the VErA cohort are shown in Figure 4C. Values are expressed in absolute numbers and percentages and represent the positivity of each autoantibody. Of the RA patients who were seronegative for anti-CCP antibodies at baseline (n=115), 11 and 12 patients had ACa-FCS and ACa-Fib IgG respectively. When carbamylated FCS was used as a substrate for the ELISA test, some epitopes of carbamylated fibrinogen were not recognized (n=8 patients in the cohort). Conversely, when carbamylated fibrinogen was used as a substrate for the ELISA test, other carbamylated targets within the FCS were not detected in 7 patients of the cohort.




Figure 4 | Titer, prevalence and distribution of ACa-Fib and anti-CCP antibodies in the VErA cohort at baseline and distribution according to the triple status ACa-Fib, ACa-FCS, and anti-CCP antibodies. (A) ELISA test for detection of ACa-Fib IgG based on RA status (n=184) and other rheumatism (n=147) and anti-CCP antibodies status in RA patients (n=184). (B) Distribution of anti-CCP antibodies and ACa-FCS in RA patients from the VErA cohort. (C) Distribution of immunological profile in RA patients considering triple status anti-CCP antibodies, ACa-Fib, ACa-FCS. Values are expressed in absolute numbers and percentages and represent the positivity of each auto-antibody. Anti-CCP, anti-cyclic citrullinated peptide antibodies; ACa-Fib, anti-carbamylated fibrinogen antibodies; ACa-FCS, anti-carbamylated fetal calf serum antibodies.





Clinical Interest of ACa-Fib Autoantibodies and Their Role in Prognostic Strategies in Relation to Anti-CCP Antibodies and ACa-FCS

To evaluate potential clinical interest in ACa-Fib IgG from 184 RA patients of the VErA cohort who met the 2010 ACR/EULAR criteria, three follow-up time-points were considered, i.e., baseline (M0), 6 months (M6), and 2 years (M24). The DAS (Disease Activity Score) 44 (index based on 44 joints and including levels of ESR) was calculated and its mean values are shown in Figure 5. In the early stages of RA, a small subgroup of patients with only ACa-Fib (n=12) was characterized by a significantly higher disease activity than that observed with other autoimmune profiles (Figure 5A). However, this link between ACa-Fib and DAS 44 was only observed prior to DMARD initiation. The DAS 44 is a composite index reflecting both joint activity and systemic inflammation. In this respect, we wondered whether the relationship between disease activity and ACa-Fib IgG positivity at baseline was due to systemic inflammation. This latter was determined by C reactive protein (CRP) levels (Figure 6). Once again, compared to ACa-FCS status, CRP values at the onset of RA were higher in the ACa-Fib-positive subgroup than those measured in the other subsets, notably characterized by single positivity of anti-CCP antibodies (p<0.001) (Figure 6A). Finally, no link between ACa-FCS and DAS44 was found at any time points (Figure 5B) and this also applied to CRP levels (Figure 6B). Compared to double negative patients, those who were immunopositive for anti-CCP antibodies and/or ACa-FCS antibodies had a significantly higher DAS 44 (Figure 5B). However, such a relationship was not found with CRP levels, which means that seropositivity of anti-CCP antibodies and/or ACa- FCS autoantibodies are related to disease articular activity rather than systemic inflammation. These data are consistent with those of Truchetet et al. (4).




Figure 5 | Evolution of disease activity of RA patients at baseline, 6 months, and 2 years according to anti-CCP antibodies and ACa-Fib status or ACa-FCS status. Disease Activity Score (DAS) 44 of RA patients according to (A) Anti-CCP/ACa-Fib status or (B) Anti-CCP/ACa-FCS status at baseline (M0), 6 months (M6), and 2 years (M24). Averages with SEM are shown. Groups compared using one-way ANOVA and Tukey post-test, *p-value<0.05, **p-value<0.01. Anti-CCP, anti-cyclic citrullinated peptide antibodies; ACa-Fib, anti-carbamylated fibrinogen antibodies; ACa-FCS, anti-carbamylated fetal calf serum antibodies.






Figure 6 | Evolution of systemic inflammation of RA patients at baseline and 6 months according to anti-CCP antibodies and ACa-Fib or ACa-FCS status. C reactive protein (CRP) levels of RA patients according to (A) Anti-CCP/ACa-Fib status or (B) Anti-CCP/ACa-FCS status at baseline (M0), 6 months (M6), and 2 years (M24). Averages with SEM are shown. Groups were compared using one-way ANOVA and Tukey post-test, *p-value<0.05, **p-value<0.01, ***p-value<0.001. Anti-CCP, anti-cyclic citrullinated peptide antibodies; ACa-Fib, anti-carbamylated fibrinogen antibodies; ACa-FCS, anti-carbamylated fetal calf serum antibodies.



Structural impairment of RA patients was assessed according to data on Van der Heijde modified Sharp scores that were collected at M0, M6, and M24, the erosive status at M0 and M24 and the degree of structural progression and more precisely rapid radiological progression defined by a 5-point change in the total Sharp score over the first year of evolution. As shown in Figure 7, all ACPA-positive subgroups, regardless of ACa-FCS and/or ACa-Fib status, had a higher proportion of erosive RA at M24 and were associated with rapid radiological progression. The small ACa-Fib-positive subgroup which had more inflammatory disease at RA onset showed a tendency to be not associated with rapid radiological progression.




Figure 7 | Evolution of structural parameters of RA patients according to anti-CCP antibodies and ACa-Fib or ACa-FCS status. (A) van der Heijde modified Sharp score at baseline (M0), 6 months (M6), and 2 years (M24) according to Anti-CCP/ACa-Fib status or Anti-CCP/ACa-FCS status. Averages with SEM are shown. Groups were compared using one-way ANOVA and Tukey post-test, *p-value<0.05. (B) Percentage of erosive RA at baseline (M0) and 2 years (M24) according to Anti-CCP/ACa-Fib status or Anti-CCP/ACa-FCS status. (C) Percentage of patients with rapid radiographic progression over a period of 12 months starting from M0 according to Anti-CCP/ACa-Fib status or Anti-CCP/ACa-FCS status. Anti-CCP, anti-cyclic citrullinated peptide antibodies; ACa-Fib, anti-carbamylated fibrinogen antibodies; ACa-FCS, anti-carbamylated fetal calf serum antibodies.






Discussion

The characteristics of the ACa-FCS profile obtained in our regional VErA cohort are comparable to those found in the French national cohort ESPOIR (Etude et Suivi des POlyarthrites Indifférenciées Récentes), which comprised 720 patients with the same inclusion criteria (4). Indeed, 36% and 32% of patients in these 2 cohorts, regardless of their RA or OR diagnosis, were immunopositive for ACa-FCS respectively, supporting the external validity of our results (Figure 1). When we consider ACa-Fib, their prevalence in VErA is 37%, whatever the patient’s status (RA or not), which is similar to ACa-FCS (targeting multiple, not clearly identified, antigens). This has reinforced the idea that fibrinogen is probably one of the main targets of the anti-CarP response in RA. When anti-CarP fine specificity is studied, Brink et al. have shown there was a clear increase of antibodies against fibrinogen (Fibß36-52) during the early stage of the disease compared to other PTMs (9).

We were able to directly demonstrate with mass spectrometry the presence of an in vivo carbamylated target by analysis of RA sera, known to be ACa-FCS-positive and to contain carbamylated proteins (Figure 2A). In addition to the α and β chains of fibrinogen that are already known as targets of citrullination and carbamylation in RA, we have identified a new target, the γ chain of fibrinogen, that contains 2 immunodominant peptides, peptide 5 and peptide 13 (Ca-Fibγ361-387) (Figure 2B). However, the fact that fibrinogen was detected in a carbamylated format in the circulation does not mean that the protein is complexed to autoantibodies since the anti-CarP response was shown to be of overall low avidity as compared to that of ACPA-IgG (16). Furthermore, our findings suggest that the pool of carbamylated antigens present in FCS does not include all epitopes of carbamylated fibrinogen and that other carbamylated proteins are targeted in this biological fluid. In this regard, another team has identified, using immunochemistry or mass spectrometry analysis, the presence of a large number of carbamylated proteins in synovial tissue and synovial fluid, that could be recognized by anti-CarP antibodies present in the sera of RA patients (17, 18).

The fact that the response to the γ chain is restricted to two main epitopes suggests that the amino acids surrounding homocitrulline play a key role in this recognition, as shown for ACPA that targets citrulline residues located in a particular amino acid environment (19). Nevertheless, among patients with ACa-Fib, a high proportion (38/54) did not recognize any of these peptides, suggesting that some epitopes may be conformational and/or that the other targets are located on the α and β chains of fibrinogen, as suggested previously (10).

We focused our study on the γ chain of fibrinogen which is a different target of citrullination (20). There are many data suggesting cross-reactivity between ACPAs and anti-CarP (21). In this regard, our competition experiments performed with the immunodominant peptides of the anti-citrullinated fibrinogen response have shown that only ACa-Fib that recognize peptide 13 of the γ chain (Ca-Fibγ361-387) has a specific reactivity distinct from anti-citrullinated fibrinogen (Figure 3). This finding could be explained by the fact that its sequence does not contain any arginine residue that could be the site of citrullination. This point is of particular relevance to better understand the profile of RA serum autoantibodies against the citrullinome and the homocitrullinome. In this regard, despite a lower reactivity of RA serum samples against homocitrullinated peptides using a high density peptide array to screen the entire proteome, Lo et al. showed that extensive anti-CarP antibody reactivity was seen in a restricted set (4/18) of RA samples (22). Although these RA sera also showed ACPA reactivity and did not constitute an anti-CarP-positive and ACPA-negative subgroup, it is important to remember that this study defined ACPA as a family of autoantibodies likely to recognize a larger panel of citrullinated peptides in which some of them are not targeted by anti-CCP antibodies, whose main antigen is citrullinated fibrinogen, including a large number of proteins that are not known to be associated with RA.

Even if we have discovered a new target, distinct from ACPA response, it is important to recall that multiple antigenic targets are recognized by ACPA, anti-CarP, and more recently by anti-acetylated protein antibodies with broad reactivity to various antigens (21, 23). Indeed, several investigations suggest that monoclonal ACPA antibodies can exhibit multireactivity that extends to other PTMs (carbamylation, acetylation) with a hierarchy of these reactivities comprising multireactivity restricted to citrulline, multireactivity to citrullinated and carbamylated antigens, and multireactivity that covers all 3 PTMs. For some of these clones, it has been demonstrated that the carbamylated protein or acetylation protein binding is of higher apparent affinity than citrullinated protein binding. Taken together, all these findings suggest that anti-CarP should be considered as a different entity to ACPA/anti-modified proteins antibodies profiles (24).

In the VErA cohort, we have identified a small subgroup of RA patients, who are anti-CCP-negative/ACa-Fib-positive and who have a higher disease activity at disease onset than patients who are immunopositive for anti-CCP antibodies (Figure 5A). Our data suggest that this relationship is rather due to systemic inflammation than to joint activity. Thus, ACa-Fib antibodies are possibly associated with initial systemic inflammation (Figure 6A). This link between ACa-Fib and CRP levels prior to DMARD initiation raises the question of a potential relationship with structural damage since systemic inflammation is often associated with a higher risk of radiological progression (25). Previous studies showed that the presence of ACa-FCS was associated with more severe radiological damage in RA, regardless of anti-CCP status but also in the subgroup of anti-CCP-negative/ACa-FCS-positive patients who displayed a significantly higher van der Heijde modified total Sharp score compared to anti-CCP-negative and ACa-FCS-negative patients (Figure 7). In addition, Ajeganova et al. tested the added value of ACa-FCS to ACPA and RF serological status in matrices predicting joint destruction. This did not make it possible to better rank the severity of radiological damage at 5 years compared to the information provided by ACPA alone (26). In our study, when patients were stratified according to autoantibody profile in relation to anti-CCP antibodies, ACa-FCS and ACa-Fib, rapid radiological progression was associated with the positivity of anti-CCP antibodies and not with the presence of anti-CarP (Figure 7).

To conclusion, in the specific subgroup of patients negative for ACPA for whom we lack biomarkers to predict the structural outcome, the presence of anti-CarP, more specifically in ACa-Fib-positive patients, might be related to a more benign form since it is not related to rapid radiological progression but is characterized by a more active disease at presentation. Due to the limited size of the different subgroups that were defined according to anti-CCP/anti-CarP profiles, this potential relationship between anti-ACa-Fib antibodies and initial systemic inflammation needs to be replicated in a larger cohort of very early arthritis prior to drawing robust conclusions.
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Background

The goal of this study was to identify potential predictive biomarkers for the therapeutic effect of infliximab (IFX) in Rheumatoid arthritis (RA) and explore the potential molecular mechanism of nonresponse to IFX treatment to achieve individualized treatment of RA.



Methods

Differential gene expression between IFX responders and nonresponders in the GSE58795 and GSE78068 datasets was identified. Coexpression analysis was used to identify the modules associated with nonresponse to IFX therapy for RA, and enrichment analysis was conducted on module genes. Least absolute shrink and selection operator (LASSO) regression was used to develop a gene signature for predicting the therapeutic effect of IFX in RA, and the area under the receiver operating characteristic curve (AUC) was used to evaluate the predictive value of the signature. Correlation analysis and single-sample gene set enrichment analysis (ssGSEA) were used to explore the potential role of the hub genes. Experimental validation was conducted in synovial tissue and RA fibroblast-like synoviocytes (RA-FLSs).



Results

A total of 46 common genes were obtained among the two datasets. The yellow-green module was identified as the key module associated with nonresponse to IFX therapy for RA. We identified a 25-gene signature in GSE78068, and the AUC for the signature was 0.831 in the internal validation set and 0.924 in the GSE58795 dataset(external validation set). Derlin-1 (DERL1) was identified as the hub gene and demonstrated to be involved in the immune response and autophagy regulation. DERL1 expression was increased in RA synovial tissue compared with OA synovial tissue, and DERL1-siRNA partially inhibited autophagosome formation in RA-FLSs.



Conclusion

The 25-gene signature may have potential predictive value for the therapeutic effect of IFX in RA at the beginning of IFX treatment, and autophagy may be involved in nonresponse to IFX treatment. In particular, DERL1 may be associated with the regulation of autophagy.
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Introduction

Rheumatoid arthritis (RA) is a common chronic autoimmune systemic inflammatory disease characterized by chronic inflammatory hyperplasia of the synovium (1). Persistent synovitis could lead to the destruction of joint structure, joint deformity, and loss of joint function (2). RA usually occurs in women around middle age or at the time of menopause, and it can also occur at any age (1). The ratio of males to females is 1:2 to 1:3 and the global average incidence of RA is approximately 0.3% ~ 1% (3). The pathological mechanism of RA is still unclear, and there is still no definitive cure for RA (1, 3).

Tumor necrosis factor-α (TNFα) is an important pathological inflammatory factor in RA that is closely related to synovial inflammation and joint destruction in RA. Clinical studies have shown that anti-TNFα biologic agents can significantly attenuate RA and delay the progression of RA (4). Currently, five anti- TNFα biologic agents are widely used for RA treatment: infliximab (IFX), etanercept (ETN), adalimumab (ADA), certolizumab pegol, and golimumab (5–8).IFX is a chimeric human/mouse monoclonal antibody, in which the Fc domain is of human origin and the Fab’ domain is of mouse origin (4). IFX can specifically bind to biologically active TNFα, inhibit its downstream signal transduction, and plays an anti-inflammatory and immune regulatory role (9). IFX is currently mainly applied to RA, psoriasis, ankylosing spondylitis, ulcerative colitis, Crohn’s disease, and other immune-inflammatory diseases (10). Studies have found that, in the early stage of RA, the combined use of IFX and methotrexate (MTX) can effectively inhibit synovial inflammation and reduce joint destruction, and its efficacy is greater than MTX therapy alone (11). In addition, IFX is also used in patients who do not respond to other anti-TNFα biologic agents, such as ADA or ETN (12). Therefore, IFX is particularly important for the control of RA, especially in the early stage. The introduction of IFX has been proven to be advantageous for many RA patients, but not all patients benefit from IFX treatment. Clinical application shows that there are still some patients who do not respond to IFX (13), and the patients have to increase the IFX dose, which leads to higher side effects and a larger economic burden. At present, the molecular mechanism of nonresponse to IFX treatment for RA is not fully understood. It has been found that the formation of anti-IFX antibodies is one of the causes of nonresponse to IFX treatment in patients with Crohn’s disease and RA (14–17). It is not clear who would benefit from IFX treatment before the treatment begins. Therefore, accurate prediction of IFX efficacy by biomarkers before treatment is helpful to achieve individualized treatment of RA.

Autophagy is a physiological process that is essential for cell growth, differentiation, development, survival and homeostasis (18). It is an adaptive cell response that allows the cell to survive bioenergetic stress such as nutrient deprivation or other stresses (19). It has been found that anti- TNFα biologic agents can induce apoptosis of peripheral blood lymphocytes, and the sensitivity to apoptosis induced by the agents varies widely among RA patients (20). Further research found that the difference in sensitivity to anti- TNFα agents may be related to autophagy state of peripheral blood mononuclear cells (PBMCs). Vomero et al. found that TNFα was able to induce autophagy in RA PBMCs and RA-FLSs in a dose-dependent manner, and PBMCs from patients with RA responsive to anti- TNFα biologic agents showed a reduced autophagy and an increased apoptotic activation (21). These studies suggest that autophagy may be a potential molecular mechanism of nonresponse to IFX therapy in RA.

To understand the early molecular changes and potential molecular mechanisms of nonresponse to IFX therapy in RA, we analyzed the expression profiles of RA patients treated with IFX from the Gene Expression Omnibus (GEO) database. We used common genes in different datasets to establish a least absolute shrink and selection operator (LASSO) model in the training set to develop a gene signature for predicting the therapeutic effect of IFX in RA treatment, and used receiver operating characteristic curve (ROC) to evaluate the predictive value of the model in both internal validation set and external validation set. Weighted gene coexpression network analysis (WGCNA) was used to identify modules associated with nonresponse to IFX therapy in RA, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of module genes were performed. The same genes in the LASSO model and the WGCNA modules were the hub genes of nonresponse to IFX therapy of RA. The bioinformatic analysis was followed by clinical validation. The goal of the present study was to identify predictive biomarkers of the therapeutic effect of IFX in RA treatment and explore the potential molecular mechanism, which was conducive to the individualized treatment of RA.



Materials and Methods


Human Tissue Collection and Cell Culture

A total of 9 OA and 9 RA patients’ synovial tissue samples were obtained, and all the patients fulfilled the American College of Rheumatology (ACR) criteria for OA or RA and provided informed consent. This study was approved by the human research ethics committee of Xi’an Hong Hui Hospital (Xi’an Hong Hui Hospital, Xi’an, China). RA fibroblast-like synoviocytes (RA-FLSs) were obtained according to the previous method with some modifications (22). Briefly, RA synovial tissue without adipose tissue and cartilage was washed in sterilized saline and diced thoroughly. Next, the tissue was incubated in trypsin (2.5 mg/mL) (Sigma Co, St. Louis, Missouri, USA) at 37°C for 30 minutes and then removed the trypsin solution. After that, the synovial tissue was then transferred into Type I collagenase solution (2 mg/mL) at 37°C for another 3 hours. The isolated cells were cultured in DMEM/F12 medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco Life Technologies, USA), 100 μg/mL streptomycin, and 100 units/mL penicillin at 37°C under 5% CO2. Following the above procedure, 3rd- to 8th- passage RA-FLSs were used for further experiments. The patients’ information is shown in Table 1.


Table 1 | Patient characteristics.





Data Sources

We collected data related to IFX treatment for RA from the GEO database. Two datasets were obtained, including the GSE58795 dataset and the GSE78068 dataset, and the gene expression data in both datasets were obtained from baseline whole blood. The GSE58795 dataset included 23 nonresponders and 36 responders, and the GSE78068 dataset included 98 nonresponders and 42 responders. Three datasets GSE77298, GSE55457, and GSE89408, which gene expression data were obtained from synovium, were selected as the validation sets to verify the expression of the hub genes. The GSE77298 dataset included 7 healthy control synovium and 16 RA synovium, the GSE55457 dataset included 10 healthy synovium and 13 RA synovium, and the GSE89408 dataset included 28 healthy synovium and 152 RA synovium. The information for selected datasets is presented in Table 2.


Table 2 | Information for selected datasets.





Identification of Differential Gene Expression

Differentially expressed genes (DEGs) between responders and nonresponders in the GSE58795 and GSE78068 datasets were identified using the ‘Limma’ R package (23), and the genes whose expression differences with a P value less than 0.05 were defined as DEGs. All the DEGs were visualized in volcano plots using the ‘ggplot2’ R package, and the common DEGs were visualized in two Venn diagrams using the ‘VennDiagram’ R package.



Gene Set Variation Analysis

Gene set variation analysis (GSVA) was carried out to identify the differences in the signaling pathways and biological processes between responders and nonresponders in the GSE78068 dataset using the ‘GSVA’ and the ‘Limma’ R packages (24).



Weighted Gene Coexpression Network Analysis

The top 10000 genes with the lowest P values in the GSE78068 dataset were used to identify the coexpression network using the ‘WGCNA’ R package (25). Briefly, after extracting the 10000 genes, the scale-free distribution topology matrix was calculated. The “pickSoflThreshold” function was used to select the optimal soft threshold power (the soft threshold power was set as 9 when the scale-free R2 threshold was 0.9 in the present study), and the Pearson correlation coefficient of each gene was calculated. The adjacency matrix was constructed using the weighted Pearson correlation coefficient, and then the adjacency matrix was transformed into a topological overlap matrix (TOM) to construct the hierarchical clustering tree. Different gene modules were identified based on the hierarchical clustering tree. The modules with a gene number greater than 30 were retained, and those with a similarity greater than 0.5 were merged. The modules that were highly correlated with nonresponse to IFX therapy in RA were identified as the key modules.



Function Enrichment Analysis

GO and KEGG analyses in the key module and the GSE78068 dataset were conducted using the ‘ClusterProfiler’ R package (26). The top three terms of biological processes (BP), components (CC), and molecular functions (MF) with adjusted p < 0.05 were visualized using the ‘Goplot’ R package (27), and all KEGG terms with adjusted p < 0.05 were visualized using the “ClueGO” plugin in Cytoscape software (28). Gene set enrichment analysis (GSEA) in the GSE78068 dataset was also conducted to explore the KEGG pathways associated with the hub genes using the ‘ClusterProfiler’ R package, and the results with adjusted p < 0.05 were considered statistically significant.



LASSO Regression

Those common DEGs in the same direction in the GSE58795 and GSE78068 datasets were used to construct a LASSO model using the ‘glmnet’ R package. In the GSE78068 dataset, 70% of samples were randomly selected as the training set, and the other 30% of samples were selected as the test set (internal validation set). The samples in the GSE58795 were selected as the validation set (external validation set). ROC curves were constructed to evaluate the predictive value of the key genes using the ‘pROC’ R package (29). The same genes in the LASSO model and the key modules identified by WGCNA were defined as hub genes.



Single-Sample Gene Set Enrichment Analysis (ssGSEA)

Autophagy-related genes were integrated from the GO_AUTOPHAGY gene set on the GSEA website (http://software.broadinstitute.org/gsea/index.jsp) and in the Human Autophagy Database (HADb, http://www.autophagy.lu/index.html) and used as marker genes of autophagy (30). The enrichment score of autophagy in the GSE78068 dataset was calculated using the ssGSEA function of the ‘GSVA’ R package. The differences of the autophagy score between responders and nonresponders in the GSE78068 dataset were analyzed using Student’s t-test, and the correlations between the autophagy score and the hub genes in nonresponders were also detected using Pearson’s correlation.



Oligonucleotides and Cell Transfection

DERL1-siRNA targeting human DERL1 and negative control siRNA were chemically synthesized by GenePharma (GenePharma, Shanghai, China). RA-FLSs were plated in 6-well plates at a density of 1.5× 105/well. Twenty-four hours after plating, siRNA (80 nM) or negative control siRNA (80 nM) was transfected into RA-FLSs using Lipofectamine 2000 Transfection Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer’s recommendations. The cells were cultured for another 48 hours (for protein) or 24 hours (for mRNA) and then used in the experiments. The siRNA sequence information is given in Supplementary Table 1.



RNA Extraction and Real-Time PCR

Total RNA was isolated from RA and OA synovial tissue and cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer’s protocol. Two micrograms of total RNA was used to synthesize cDNA using a Transcriptor cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA), followed by real-time PCR to detect mRNA expression using a SYBR Green System (Roche Diagnostics, Mannheim, Germany). β-actin expression was used as an endogenous control to normalize the target gene mRNA expression. The 2−ΔΔCT method was used to quantify the relative expression. The primer sequence information is listed in Supplementary Table 1.



Western Blotting

Twenty micrograms of protein sample was separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA). After blocking in 10% milk in Tris-buffered saline/Tween-20 (TBST) for 2 h at room temperature, the nitrocellulose membranes were incubated with the following primary antibodies overnight at 4°C: anti-LC3 monoclonal antibody (Sigma-Aldrich, St. Louis, MO, USA, 1: 1000), anti-P62 monoclonal antibody (Abcam, Cambridge, UK, 1:10000), anti-β-actin monoclonal antibody (Bioss, Beijing, China, 1:1000), and anti-DERL1 polyclonal antibody (Abcam, Cambridge, UK, 1:2000). The membranes were then incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies (BOSTER, Wuhan, China, 1:10000) for 2 h at room temperature, followed by expression detection with an electrochemiluminescence (ECL) system (Gene Gnome 5, Synoptics Ltd., UK).



Immunohistochemistry

After the RA and OA synovial tissue histologic slices were dewaxed, 3% H2O2 was used to inhibit endogenous peroxide, and microwave heating was used to retrieve antigen. The slices were blocked with 5% goat serum (Beyotime Institute of Biotechnology, Shanghai, China) for 30 minutes, and then incubated in DERL1 antibodies (1:200) overnight at 4°C, and 5% bovine serum albumin (BSA) was used as the negative control. The histologic slices were then incubated with a horseradish peroxidase-conjugated secondary antibody (BOSTER, Wuhan, China) for 30 minutes, followed by staining with 3,3’- diaminobenzidine (Beyotime Institute of Biotechnology, Shanghai, China) and mounting. Then, the DERL1-positive cells (brown cells) was examined using a microscope (Olympus, Tokyo, Japan).



Autophagic Flux Detection

RA-FLSs were plated in 6-well plates at a density of 1.5× 105/well. Twelve hours after plating, the RA-FLSs were transfected with DERL1-siRNA (80 nM) or negative control siRNA (80 nM) using Lipofectamine 2000 according to the manufacturer’s recommendations. Cells were then cultured for another 48 hours, and 0.1 μM of bafilomycin A1 (Baf-A1) (Sigma-Aldrich, St. Louis, MO, USA) or matched amounts of dimethyl sulfoxide (DMSO) were added to cell cultures for the last 4 hours, and then detected the expression of LC3B, P62 and DERL1 with western blotting.



mCherry-GFP-LC3B Adenovirus Transfection

RA-FLSs were plated in 12-well plates at a density of 5× 104/well. Twelve hours after plating, the mCherry-GFP-LC3B adenovirus (Beyotime Institute of Biotechnology, Shanghai, China) at 20 multiplicity of infection (MOI) was added to the cells according to the manufacturer’s protocol. Twenty-four hours after infection, the RA-FLSs were transfected with DERL1-siRNA (80 nM) or negative control siRNA (80 nM) using Lipofectamine 2000 according to the manufacturer’s recommendations. Cells were then cultured for another 48 hours, and 0.1 μM of bafilomycin A1 (Sigma-Aldrich, St. Louis, MO, USA) or matched amounts of dimethyl sulfoxide (DMSO) were added to cell cultures for the last 4 hours, and then photographed under a fluorescence microscope (Leica, Germany).



Statistical Analysis

The data of the experimental validation part are presented as the mean ± standard deviation (SD) or mean with 95% confidence interval (CI). If the data were normally distributed, Student’s T-test was used to analyze the differences between two groups, whereas the Mann-Whitney U test was used. GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA, USA) was used for data analysis, and P values less than 0.05 were considered statistically significant.




Results


Identification of Differentially Expressed Genes

The flowchart is shown in Figure 1. To identify the DEGs between responders and nonresponders treated with IFX in RA, we downloaded datasets related to IFX treatment for RA from the GEO database. A total of two datasets were obtained. In the GSE78068 dataset, there were 98 nonresponders and 42 responders, and a total of 1452 DEGs (p < 0.05) were identified (Figure 2A). In the GSE58795 dataset, there were 23 nonresponders and 36 responders, and a total of 3664 DEGs (p < 0.05) were identified (Figure 2B). Among these DEGs, 46 genes were common DEGs, including 28 concordant downregulated genes and 18 concordant upregulated genes(Figures 2C, D). The 46 common genes were chosen for subsequent analysis.




Figure 1 | Study design and flowchart. (A) The flowchart of construction of predictive model and identification of the hub genes. (B) The flowchart of experimental validation of the hub genes.






Figure 2 | Identification of differentially expressed genes (DEGs). (A) Volcano plot of DEGs between responders and nonresponders in IFX treatment for RA in the GSE78068 dataset. (B) Volcano plot of DEGs between responders and nonresponders in IFX treatment for RA in the GSE58795 dataset. (C) The Venn diagram of the concordant downregulated genes in the two datases. (D) The Venn diagram of the concordant upregulated genes in the two datases.



We also used GSVA to explore the different BP terms and KEGG pathways between responders and nonresponders in the GSE78068 dataset. Several different BP terms (P<0.05) relevant to immune and inflammatory responses and intracellular substance metabolism and transport were mainly enriched in nonresponders (Figure 3A, Supplementary Table 2). For the KEGG pathway, nonresponders were positively correlated with sulfur metabolism, complement and coagulation cascades, cytosolic and sensing pathways, adipocytokine signaling pathways, Toll-like receptor signaling pathways, receptor tyrosine kinase (ERBB) signaling pathways and so on (Figure 3B, Supplementary Table 3), which might be related to nonresponse to IFX therapy for RA.




Figure 3 | Exploration of the different biological processes terms and KEGG pathways using gene set variation analysis (GSVA). (A) Up- or down-regulated biological processes between responders and non-responders in IFX treatment for RA in the GSE78068 dataset quantified by GSVA. (B) Up- or down-regulated KEGG pathways between responders and non-responders in IFX treatment for RA in the GSE78068 dataset quantified by GSVA.





Identification of the Key Modules Associated With Nonresponse to IFX Therapy for RA

To identify the key modules associated with nonresponse to IFX therapy for RA in the GSE78068 dataset, we performed WGCNA. By setting the optimal soft power threshold for WGCNA as 9 and the cut height as 0.5, scale-free topology is preserved (Figure 4A). Twelve modules were identified (Figures 4B, C). The heat map of module–trait relationships showed that the yellow-green module was most associated with nonresponse to IFX therapy for RA (correlation coefficient = 0.21, p = 0.04), and there were 674 genes in the yellow-green module. The correlation between module membership (MM) in the yellow-green module and gene significance (GS) for nonresponders was also performed, and the results showed that the yellow-green module was highly correlated with nonresponders (correlation coefficient = 0.24, p = 2.8e–10, Figure 4D). We also performed GO function and KEGG pathway enrichment analysis with the genes in yellow-green module. The results showed that 147 BP, 47 CC, and eight MF GO terms were enriched, and the genes were mainly enriched in processes such as antigen processing and presentation of peptide antigen via MHC class I in BP, integral component of endoplasmic reticulum membrane in CC, and carbohydrate derivative transmembrane transporter activity in MF (Figure 4F). For KEGG pathway analysis, six pathways were enriched, and the genes of the six pathways and their connectivity are shown in Figure 4E.




Figure 4 | Identification of modules associated with nonresponse to IFX treatment in RA in GSE78068 dataset through weighted gene coexpression network analysis (WGCNA). (A) Correlation between scale free topology model fit and soft threshold power. (B) The cluster dendrogram showing the change of modules before and after merging, and different colors represent different modules. (C) Module-trait relationships. Each row represents a module and each column represents a clinical trait (responders and nonresponders). (D) Scatter plot of genes in the yellow-green module. (E) The network of KEGG pathway in the yellow-green module. (F) The GO analysis of the genes in yellow-green module.





Construction of the Prediction Model and Identification of the Hub Genes Associated With Nonresponse to IFX Therapy for RA

We constructed a LASSO model to identify the key genes associated with nonresponse to IFX therapy for RA. The samples in the GSE78068 dataset were randomly split into a training set (70%) and an internal validation set (30%). The 46 common genes identified above were used to construct a LASSO model in the training set. The LASSO results showed that when the lambda value was selected as lambda.min (0.0207), a total of 25 genes with nonzero coefficients were screened out (Figures 5A, B, Supplementary Table 4). The AUCs for the 25-gene signature were 0.967 and 0.831 in the training set and the internal validation set, respectively (Figures 5C, D). We also validated the signature using the external validation set and GSE58795 dataset, and the AUC was 0.924 (Figure 5E). The results showed that the 25-gene signature had good diagnostic ability.




Figure 5 | Construction of the prediction model and identification of the hub genes associated with nonresponse to IFX therapy for RA. (A) Cross-validation for the gene signature selection of optimal lambda value in least absolute shrink and selection operator (LASSO) model. (B) LASSO coefficient profiles of the 25 prediction genes. (C) The receiver operating characteristic (ROC) curves of the 25-gene signature in training set of GSE78068 dataset. (D) The ROC curves of the 25-gene signature in internal validation set of GSE78068 dataset. (E) The ROC curves of the 25-gene signature in external validation set of GSE58795 dataset. (F, G) Differential expression of DERL1 between responders and nonresponders in GSE78068 and GSE58795 datasets. Student’s-t test was used for the data analyses in (F). Student’s-t test with Welch’s correction was used for the data analyses in (G). *P < 0.05.



The common genes in the LASSO model and the yellow-green module identified by WGCNA were further screened. Interestingly, only one gene, DERL1, was screened out, so DERL1 was recognized as a hub gene for subsequent validation and analysis. The expression of DERL1 was increased in nonresponders in both the GSE78068 and GSE58795 datasets (Figures 5F, G).



Potential Functions of DERL1 in Nonresponse to IFX Therapy for RA

To gain further insight into the potential role of DRL1 in nonresponse to IFX therapy for RA, we first conducted a batch correlation analysis between DRL1 and other genes in nonresponders of the GSE78068 dataset. A total of 8366 genes (p < 0.05) were screened for subsequent gene enrichment analysis. GO and KEGG analyses were performed by the clusterProfiler package. BP was mainly enriched in neutrophil immune responses, such as neutrophil-mediated immunity, neutrophil activation involved in the immune response, and neutrophil activation. The cellular component (CC) results revealed that these genes were mainly enriched in the mitochondrial matrix, cell substrate adherens junctions, focal adhesion and so on. For the MF results, the genes were mainly involved in protein serine/threonine kinase activity, ubiquitin-like protein ligase binding, and transcription coactivator activity (Figure 6A). The KEGG analysis revealed that these genes were enriched in pathways mainly related to autophagy, lysosome, and B cell receptor signaling pathways (Figure 6B). Interestingly, both the BP and KEGG analysis results showed that these genes were associated with autophagy (Supplementary Table 5, Table 6), which indicated that there was a relationship between DERL1 and autophagy.




Figure 6 | Potential role of DERL1 in nonresponse to IFX therapy for RA. (A, B) The GO and KEGG analysis of the genes screened out through a batch correlation analysis between DERL1 and other genes in nonresponders of GSE78068 dataset. (C) Gene set enrichment analysis (GSEA) for comparing autophagy gene term between responders and nonresponders in GSE78068 dataset. (D) Differential autophagy score between responders and nonresponders in GSE78068 dataset. (E) Scatter plot of the relationship between DERL1 expression and autophagy score in nonresponders of GSE78068 dataset. Student’s-t test was used for the data analyses in (D). *P < 0.05.





Autophagy Might Play a Role in Nonresponse to IFX Therapy for RA

From the study above, DERL1 was identified as the key gene associated with nonresponse to IFX therapy for RA, and we also found that there was a potential role of DERL1 in autophagy. Based on these results, we speculated that autophagy might also play a role in nonresponse to IFX therapy for RA. To identify the difference of the autophagy-related BP between responders and nonresponders in the GSE78068 dataset, we performed GSEA. Autophagy-related genes were integrated from the GO_AUTOPHAGY gene set in the GSEA website and the Human Autophagy Database (HADb), and the GSEA results showed that autophagy-related genes were mainly enriched in nonresponders (Figure 6C). Moreover, we used the above autophagy-related genes to analyze the autophagy score of the GSE78068 dataset using the ssGSEA method, and the autophagy score was significantly increased in the nonresponders (Figure 6D). We also performed a correlation analysis between DERL1 expression and autophagy score. The scatter plot results revealed that DERL1 expression was positively correlated with the autophagy score (Figure 6E).



Experimental Validation of the Relationship Between DERL1 and Autophagy

Chronic inflammatory hyperplasia of the synovium was the most characteristic pathological change in RA. Studies have found that hyperplastic synoviocytes are mainly RA-FLSs, which play a key role in the pathological mechanism of RA. To further validate the expression of DERL1 in RA synovial tissue, we performed real-time PCR and immunohistochemistry. Compared with OA synovial tissue, DERL1 expression was increased in RA synovial tissue (Figures 7A, B). We also analyzed DERL1 expression in GSE77298, GSE55457, and GSE89408 dataset, and found that DERL1 expression was increased in RA synovial tissue compared with healthy synovial tissue (Figures 7C–E). Furthermore, we explored the effect of DERL1 on the autophagy of RA-FLSs. We used DERL1-siRNA to knockdown DERL1 expression and detected the autophagy-related proteins LC3B. After transfection with DERL1-siRNA, the expression of DERL1 and LC3B-II were decreased significantly (Figures 8A–C). The decrease in LC3-II reflects only the decrease of autophagosomes formed, no information about the autophagic flux is provided. Therefore, we transfected DERL1-siRNA in the presence and absence of the lysosomal inhibitor Baf-A1 to block the autophagic pathway at a late stage (31). The results showed that DERL1-siRNA inhibited autophagy formation in RA-FLSs, as demonstrated by an decreased amount of LC3B-II in the presence of Baf-A1 (Figure 8D). We also detected the expression of autophagic flux-related protein P62, but no significant changes were found (Supplementary Figure 1). The effect of DERL1-siRNA on autophagic flux was further assessed by using mCherry-GFP-LC3B adenovirus. Upon infection of mCherry-GFP-LC3B adenovirus, autophagosomes are labeled with orange or yellow signals, due to both GFP and mCherry fluorescence. However, once autophagosome and lysosome are fused, the autolysosomes will labeled with red puncta, due to GFP fluorescence will be rapidly quenched under low PH of lysosome. As shown in Figure 8E, there were fewer orange puncta in the DERL1-siRNA group than in the NC-siRNA group, indicating that there were fewer autophagosomes in the DERL1-siRNA group. When the autophagic flux was blocked by Baf-A1, more orange or yellow puncta were observed in both NC-siRNA and DERL1-siRNA group, and the number of orange or yellow puncta in NC-siRNA group was significantly higher than that in DERL1-siRNA group, indicating that DERL1-siRNA inhibited autophagosomes formation. Based on these results, we speculated that DERL1-siRNA partially inhibited the formation of autophagosomes in RA-FLSs.




Figure 7 | The expression of DERL1 in OA and RA synovial tissues. (A) The expression of DERL1 in RA and OA synovial tissue was detected with immunohistochemistry tests. (B) The mRNA of DERL1 in RA and OA synovial tissue was detected with real-time PCR. (C–E) The expression of DERL1 in GSE77298 dataset, GSE55457 dataset, and GSE89408 dataset. Student’s-t test with Welch’s correction was used for the data analyses in (B). Student’s-t test was used for the data analyses in (C, D). The Mann-Whitney test was used for the data analyses in (E). *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 8 | Experimental validation of the relationship between DERL1 and autophagy. (A) RA-FLS were transfected with NC-siRNA (80nM) and DERL1-siRNA(80nM) for 48h, the level of DERL1 and LC3B were detected by western blotting. (B, C) Relative densitometric analyses of DERL1 and LC3B in (A). (D) Autophagic flux was monitored in RA-FLSs after 48 hours of transfection with DERL1-siRNA or NC-siRNA in the presence or absence of 0.1 μM bafilomycin A1 (Baf-A1). (E) RA-FLSs infected with mCherry-GFP-LC3B adenovirus were transfected with DERL1-siRNA or NC-siRNA for 48 hours in the presence or absence of 0.1 μM Baf-A1, and the autophagic flux was assessed under fluorescence microscope. Student’s-t test with Welch’s correction was used for the data analyses in (B, C). **P < 0.01.






Discussion

Clinical studies have shown that IFX is particularly important for controlling the condition of RA, especially in the early stage. However, the clinical application has found that there are still some RA patients who do not respond to IFX, and the patients have to increase the dose or change the medication in the future. Who would benefit from IFX treatment is still unclear. Therefore, prediction of efficacy through biomarkers before IFX treatment for RA is helpful for individualized treatment of RA. In the present study, we identified a 25-gene signature using the LASSO model and AUCs, and the signature had good predictive ability in both the internal validation set and external validation set. Moreover, DERL1 was identified as the hub gene, which may be a biomarker to predict the efficacy of IFX in RA treatment. Functional analysis revealed that there was a close relationship between DERL1 and autophagy, and the autophagy score in nonresponders was also increased compared with that in responders to IFX treatment for RA. Finally, the experimental results validated that DERL1 was increased in RA synovial tissues compared with OA synovial tissues and that DERL1-siRNA partially inhibited autophagosomes formation in RA-FLSs.

GSVA is a gene set enrichment (GSE) method that can be used to detect the differences in pathway activity over a sample population in an unsupervised manner (24). In our study, we used GSVA to explore the different BP and KEGG pathways between responders and nonresponders and found that several BP terms associated with inflammation and immunity or intracellular substance metabolism and transport were highly expressed in nonresponders, such as macrophage inflammatory protein 1 alpha production, regulation of Toll-like receptor-7 signaling pathway, and regulation of endosome to plasma membrane protein transport. For the KEGG pathways, nonresponders were positively correlated with the Toll-like receptor signaling pathway and receptor tyrosine kinase (ERBB) signaling pathway. Consistent with Nakamura’s studies (32), they found that inflammasome genes were significantly upregulated with IFX in nonresponders.

Using WGCNA to identify disease-associated modules and explore functional pathways and candidate biomarkers has been proven to be an effective method (25). Twelve modules were identified in the present study, and the yellow-green module was identified as the model most associated with nonresponse to IFX therapy for RA. Consistent with the GSVA results, the enrichment results of the yellow-green module showed that the BP, CC, and MF terms were mainly associated with inflammation and immunity or intracellular substance metabolism and transport. Interestingly, the enriched KEGG pathways were inconsistent with the GSVA results.

We identified a 25-gene signature using a combination of the LASSO model and AUC in our study, and the AUC results suggested that the 25-gene signature was an effective model for the prediction of the efficacy of IFX in RA. Some of the 25 biomarkers, such as phospholipase B1 (PLB1) (33), discoidin receptor 2 (DDR2) (34), and psoriasis susceptibility 1 candidate 1(PSORS1C1) (35), have been identified as biomarkers and participate in the pathogenesis of RA. PSORS1C1 was also related to the efficacy of TNF-α inhibitors in RA treatment. Ciccacci et al. found that SNPs of PSORS1C1 were associated with a severe disease phenotype and response to TNF-α treatment in RA patients (36, 37).

We further identified the hub genes associated with nonresponse to IFX therapy for RA using a combination of the LASSO model and WGCNA and found that only DERL1 was screened out. DERL1, an endoplasmic reticulum (ER)-associated protein, mediates the elimination of misfolded proteins from the ER and retrotranslocation of proteins into the cytosol (38, 39). Studies have reported that the expression of DERL1 is increased in some diseases and it can reduce ER stress-induced apoptosis (40, 41). Dong et al. found that increased DERL1 was correlated with chemoradiotherapy resistance in esophageal squamous cell carcinoma, and the PI3K/AKT/Bcl-2 signaling pathway was involved in this process (42). Interestingly, different results were found in another study (43). Human breast cancer resistance protein (BCRP) could protect cells or tissues from xenobiotic-induced toxicity by facilitating the disposition of endogenous and exogenous harmful xenobiotics, and overexpression of BCRP reduced the intracellular concentration of anticancer drugs. Sugiyama et al. found that DERL1 was involved in the posttranslational regulation of BCRP and was a negative regulator of BCRP expression (43).

To further explore the role of DERL1 in RA, we conducted a batch correlation analysis and ssGSEA in the GSE78068 dataset. The results showed that autophagy-related genes were mainly enriched in nonresponders and that the autophagy score was significantly increased in the nonresponders, which indicated that autophagy might play a role in the nonresponse to IFX therapy for RA and that DERL1 might be involved in autophagy regulation in this process. Studies have found that enhanced autophagy may be associated with the development of drug resistance (44). Our previous study found that the levels of autophagy in RA synovial tissue were increased, MTX stimulated the autophagy response in RA-FLSs, and MTX-induced apoptosis of RA-FLSs was increased after inhibition of autophagy, which indicated that autophagy induction contributed to resistance to MTX treatment in RA-FLSs (45). Xu et al. found that DERL1 expression was elevated in most non-small lung cancer cell lines, and DERL1-siRNA blocked autophagic flux in A549 cells (46). Consistent with the above study, we found that the expression of DERL1 was increased in RA synovial tissue compared with OA synovial tissue. After transfection with DERL1-siRNA, we found that LC3-II expression was decreased, which may be a result of either reduction of autophagosomes formation or increase of autophagic degradation. Therefore, autophagic flux should be detected (31). We found that DERL1-siRNA decreased the expression of LC3-II in the presence of Baf-A1, a lysosomal protease inhibitor, which indicated that DERL1-siRNA might partially inhibit autophagosomes formation in RA-FLSs.

There are still some potential limitations that need to be taken into account when interpreting these findings. First, the two datasets in our study contain different populations of RA; patients in the GSE78068 dataset are Asian, and those in the GSE58795 dataset are European. Second, therapeutic outcomes were defined for the GSE78068 dataset at 6 months after initiation of IFX treatment and the GSE58795 dataset at 14 weeks, which may affect the interpretation of the results. Third, the two datasets were obtained from public databases, and the sample size was still insufficient. Further research is still needed to support our findings. Fourth, we only detected the expression of DERL1 in RA synovial tissue, and its expression in the peripheral blood of RA patients who do not respond to IFX therapy still needs to be detected. More importantly, all synovial tissues were obtained from RA patients who underwent arthroplasty, which means that all RA patients were in the advanced stage of RA. Last, the detailed role of DERL1 in the pathogenesis of nonresponse to IFX therapy for RA remains to be further verified in vivo and in vitro experiments.



Conclusion

In conclusion, our 25-gene signature may have potential predictive value for IFX therapy in RA at the beginning of IFX treatment. The results suggest that the autophagy level is increased in nonresponders, which may be involved in nonresponse to IFX therapy for RA. We screened DERL1 as the hub gene and observed that it was increased in both peripheral blood cells and RA synovial tissue. Moreover, DERL1 is involved in autophagy regulation, and DERL1-siRNA may partially inhibit autophagosomes formation in RA-FLSs. These findings deepen our understanding of the potential molecular mechanism of nonresponse to IFX therapy for RA and provide a direction for future research.
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Objective

The purpose of this study was to evaluate the efficacy of denosumab treatment in patients with rheumatoid arthritis (RA).



Methods

The Medline, Embase and Cochrane Library databases were searched for relevant clinical studies. Studies that assessed the efficacy of denosumab in patients with RA were identified. The primary endpoints were the percent changes in bone mineral density (BMD), and the changes in modified total Sharp score (mTSS), modified Sharp erosion score and joint space narrowing (JSN) score. Pooled analyses were calculated using random-effect models.



Results

After searching the literature and performing further detailed assessments, 10 studies with a total of 1758 patients were included in the quantitative analysis. Pooled analyses showed that denosumab treatment significantly increased the percent changes in lumbar spine BMD [mean difference (MD): 5.12, confidence intervals (CI): 4.15 to 6.09], total hip BMD (MD: 2.72, 95% CI: 1.80 to 3.64) and femoral neck BMD (MD: 2.20, 95% CI: 0.94 to 3.46) compared with controls. Moreover, denosumab treatment significantly decreased the changes in mTSS (MD: -0.63, 95% CI: -0.86 to -0.41) and modified Sharp erosion score (MD: -0.62, 95% CI: -0.88 to -0.35). Subgroup analysis indicated that denosumab was superior to bisphosphonates for the improvement of BMD and the mitigation of joint destruction.



Conclusion

Denosumab treatment was associated with increased BMD and alleviated progression of joint destruction in RA patients, even when compared with bisphosphonates.
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Introduction

Rheumatoid arthritis (RA) is a common autoimmune disease characterized by chronic inflammation of synovial joints, leading to the progression of joint destruction (1, 2). Multijoint destruction increases the risk of fractures in RA patients, and reduces the patient’s abilities of daily living and quality of life (3). Although there are various effective pharmacological therapies (such as conventional synthetic and biological disease-modifying anti-rheumatic drugs, DMARDs) that can abate joint inflammation and relieve joint destruction (2, 4), the joint-protective effect of these reagents is not complete. Additionally, infections and serious adverse events caused by the suppression of the immune system often occur (5, 6). Thus, the development of new therapies is essential for the treatment of RA.

Denosumab (AMG-162) is a fully human monoclonal antibody that specifically binds to human receptor activator of nuclear factor kappa B ligand (RANKL), resulting in decreased survival and activity of osteoclasts, thereby inhibiting bone resorption and bone loss (7, 8). It has been confirmed that denosumab is a highly effective and safe antiresorptive agent for the treatment of metastatic cancers and postmenopausal osteoporosis (9, 10). Several initial clinical trials have investigated the effect of denosumab treatment on patients with RA (11–14). The study by Kinoshita et al. showed that denosumab did not significantly suppress the progression of osteoporosis and the disease activity indices (12). Takeuchi et al. reported that denosumab significantly abated joint destruction and increased bone mineral density (BMD) compared with placebo (13). So et al. found that denosumab therapy was not associated with a significant improvement in erosion parameters at 12 months (14). Therefore, the findings of these studies regarding the efficacy of denosumab in RA remain to be further clarified.

In view of the discrepant findings of clinical studies, we conducted a systematic review and meta-analysis to evaluate the therapeutic effect of denosumab on BMD and joint destruction in patients with RA.



Materials and Methods


Search Methods and Sources

For identification of all published clinical studies that investigated the effects of denosumab on RA, we comprehensively searched the online published literature using the Medline, Embase and Cochrane Library databases (to October 7, 2021). The search strategy employed relevant keywords including the following: denosumab, AMG-162, RANKL inhibition and rheumatoid arthritis. The search scope was limited to English publications. To maximize the search for related studies, the reference lists of identified studies and systematic reviews were manually assessed. This study did not require ethics committee approval.



Selection Criteria

(i) Randomized controlled trials (RCTs), matched prospective or matched retrospective studies that compared the efficacy of denosumab with controls in patients with RA; (ii) average age of patients ≥ 18 years; and (iii) reported data on the assessment of at least one of desired clinical endpoints: change in bone mineral density (BMD) and joint destruction scores. We tried to contact the corresponding authors to acquire further information when necessary data were not reported in the published articles. Two researchers (H.Q. and Z.X.) independently conducted the literature search, research eligibility assessment and data extraction.



Quality Assessment

For the RCTs, we used the Cochrane Collaborative Risk of Bias tool (15) to assess the risk of bias in seven areas: allocation concealment; random sequence generation; blinding of research participants, outcome evaluators and medical service providers; incomplete outcome data; selective reports and other potential sources of bias. The quality of the included observational trials was assessed by the Newcastle–Ottawa Quality Assessment Scale (NOS) (16). Eight questions with nine possible points were included in the NOS scale. The data based on the comparability of the groups, the selection of populations, and the exposure/outcome of interest were judged using a star system. The RCTs and studies with NOS ≥ 7 were rated as being of good quality.



Data Extraction

In the process of preparing this manuscript, the data extraction and presentation followed the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA, Table S1) (17) and the PICOS (population, intervention, comparison, outcome, study design, Table S2) framework (18). Two reviewers (H.Q. and Z.X.) used predefined standardized protocols and a data collection instrument to independently extract data from the included trials. Disagreements were resolved by consensus or the opinion of a third independent reviewer (L.P.).



Outcome

The primary endpoints included percent changes from baseline in lumbar spine, total hip and femoral neck bone mineral density (BMD) and the changes from baseline in the modified total Sharp score (mTSS), the modified Sharp erosion score and the joint space narrowing (JSN) score. The mTSS has been used to evaluate the extent of bone erosions for 44 joints and JSN for 42 joints by scoring patient radiographs, with higher scores representing greater damage. This method was demonstrated to be sensitive enough to assess treatment effect over a short time for RA patients, including distal interphalangeal hand, wrist and feet joints (19). Secondary endpoints included American College of Rheumatology (ACR) 20/50/70 response (20), changes in the Health Assessment Questionnaire (HAQ; 0 = no difficulty; 3 = unable to do) (21), 28-joint count disease activity scores (DAS28) (22), serum C-telopeptide of type I collagen (CTX-I), serum N-propeptide of type I collagen (PINP), urine C-telopeptide of type II collagen (CTX-II)/creatinine and the incidence rates of serious adverse events.



Statistical Analysis

We performed statistical analyses using RevMan software package 5.3 and STATA software 13.0. The analyses of continuous variables used weighted mean differences (MD) with 95% confidence intervals (CI), while the analyses of dichotomous data used relative risk (RR) with 95% CI. The Q-statistic was used to assess the existence of significant heterogeneity, and the I2 statistic was used to assess the degree of observed heterogeneity. A random effects model was used to calculate the pooled analyses. To detect any publication bias in the primary endpoints, we examined in detail the asymmetry of the funnel plots and further assessed them using the Begg adjusted rank correlation test and the Egger regression asymmetry test. To explore the influence of diverse covariates on the overall effect of denosumab on the primary endpoints of the percent changes in BMD and the changes in mTSS, we further performed sensitivity, subgroup and meta-regression analyses. A P value < 0.05 was considered statistically significant.




Results


Search Results and Study Qualities

Our systematic electronic literature search initially identified 881 studies. After reviewing the titles and abstract, 801 (91%) studies were excluded (Figure 1). Of the remaining 52 studies, 42 were excluded after a particular assessment of the full text for the following reasons: single-arm trials (n=12), incorrect populations (n=9), reviews (n=7), duplicates (n=5), case reports (n=4), lack of interesting outcomes (n=4) or unmatched case-control studies (n=1). After rigorous evaluation, 10 studies (5 RCTs and 5 matched studies) with a total of 1758 patients met our eligibility criteria for quantitative analysis (11–14, 23–28).




Figure 1 | Flow chart of study selection.





Study Characteristics

The characteristics of the included studies were summarized in Table 1. Of these included patients, 1164 (66.2%) were women, with an average age of 59.6 years. The average disease duration was 6.2 years, and the average follow-up time was 13.0 months. In all studies, baseline characteristics were comparable between the denosumab group and the control group. Of these included studies, five studies were designed as RCTs (11, 13, 14, 23, 26), and 5 studies were designed as retrospective matched studies (12, 24, 25, 27, 28). Five studies compared denosumab with placebo (11, 13, 14, 23) or blank (24), whereas the remaining 5 studies compared denosumab with bisphosphonates (12, 25–28). Patients with RA were assigned to denosumab 60 mg every 6 months (Q6M) in 8 studies (11–14, 23–25, 28), 60 mg every 3 months (Q3M) in 2 studies (13, 23) and other doses in 3 studies (11, 23, 26). Detailed baseline data on the disease activity, severity and drug usage before the intervention were shown in Table S3. Except for one included study (27), all other studies were rated as being of good quality (Table S4).


Table 1 | Baseline characteristics of the included studies.





Percent Changes in BMD

Nine studies with a total of 1623 patients reported the endpoint of percent changes in BMD at the lumbar spine (11–14, 23, 25–28). Pooled analyses showed that the percent changes in lumbar spine BMD were significantly higher in the denosumab group than in the control group (MD: 4.28, 95% CI: 3.13 to 5.42, P < 0.001, Figure 2). There was significant heterogeneity observed between these studies (P = 0.002, I2 = 67%). Compared with placebo, denosumab significantly increased the percent changes in lumbar spine BMD (MD: 5.12, 95% CI: 4.15 to 6.09, P<0.001; I2 = 63%, P = 0.05, Figure 2A). Compared with bisphosphonates, denosumab still increased the percent changes in lumbar spine BMD (MD: 2.71, 95% CI: 0.42 to 4.99, P = 0.02; I2 = 42%, P = 0.14, Figure 2B).




Figure 2 | Forest plot for the effect of denosumab on the percent changes in lumbar spine BMD compared with placebo (A) and bisphosphonates (B).



Six studies with a total of 879 patients reported the endpoint of percent changes in BMD at the total hip (11, 14, 23, 25, 27, 28). Pooled analyses showed that the percent change in total hip BMD was significantly higher in the denosumab group than in the control group (MD: 2.72, 95% CI: 1.80 to 3.64, P < 0.001, Figure 3A). There was mild heterogeneity observed between these studies (P = 0.22, I2 = 28%). Compared with placebo, denosumab significantly increased the percent changes in total hip BMD (MD: 2.82, 95% CI: 1.49 to 4.14, P < 0.001; I2 = 53%, P = 0.12). Compared with bisphosphonates, denosumab was still associated with increased percent changes in total hip BMD (MD: 2.05, 95% CI: 0.38 to 3.71, P = 0.02; I2 = 0, P = 0.61).




Figure 3 | Forest plot for the effect of denosumab on the percent changes in total hip BMD (A) and femoral neck BMD (B).



Five studies with a total of 592 patients reported the endpoint of percent changes in BMD at the femoral neck (11, 12, 14, 27, 28). Pooled analyses showed that the percent change in femoral neck BMD was significantly higher in the denosumab group than in the control group (MD: 2.20, 95%CI: 0.94 to 3.46, P < 0.001, Figure 3B). No heterogeneity was observed between these studies (P = 0.60, I2 = 0%). Compared with bisphosphonates, denosumab was still associated with increased percent changes in BMD at the femoral neck (MD: 2.82, 95% CI: 0.99 to 4.64, P = 0.002; I2 = 0, P = 0.83).



Changes in the mTSS, the Erosion Score or the JSN Score

The data on these endpoints were available in seven studies with a total of 1559 patients (11, 13, 14, 23, 24, 27, 28). Pooled analyses found that, when compared with the control, denosumab treatment significantly decreased the changes in the mTSS (MD: -0.63, 95% CI: -0.86 to -0.41, P < 0.001; I2 = 0, P = 0.94, Figure 4A). Compared with placebo, denosumab significantly decreased the changes in the mTSS (MD: -0.66, 95%CI: -0.93 to -0.40, P < 0.001; I2 = 0, P = 0.88, Figure 4A). Compared with bisphosphonates, denosumab was still associated with significant reduction in the mTSS (MD: -0.54, 95%CI: -0.99 to -0.10, P = 0.02; I2 = 0, P = 0.58, Figure 4A).




Figure 4 | Forest plot for the effect of denosumab on the changes in mTSS (A), modified sharp erosion score (B) and modified sharp JSN score (C).



Denosumab treatment also significantly decreased the changes in the modified Sharp erosion score (MD: -0.62, 95% CI: -0.88 to -0.35, P < 0.001; I2 = 0, P = 0.95, Figure 4B). Compared with bisphosphonates, denosumab was still associated with significant reduction in the modified Sharp erosion score (MD: -0.57, 95% CI: -1.09 to -0.05, P = 0.03; I2 = 0, P = 0.70, Figure 4B). However, denosumab treatment was not associated with significant changes regarding the JSN score in either the placebo-controlled subgroup (MD: -0.04 95% CI: -0.22 to 0.14, P=0.65; I2 = 0, P = 0.91, Figure 4C) or the bisphosphonate-controlled subgroup (MD: -0.12, 95% CI: -0.44 to 0.20, P = 0.46; I2 = 58%, P = 0.12, Figure 4C).



Secondary Endpoints

Compared with the control, denosumab treatment did not significantly change the HAQ scores (MD: -0.08, 95% CI: -0.17 to 0.01, P = 0.09, Figure S1A), DAS28 scores (MD: -0.01, 95% CI: -0.05 to 0.02, P = 0.39; Figure S1B), ACR20 response (OR: 1.13, 95% CI: 0.87 to 1.47, P = 0.37, Figure S2A), ACR50 response (OR: 1.07, 95% CI: 0.67 to 1.73, P = 0.77, Figure S2B) and ACR70 response (OR: 1.02, 95%CI: 0.57 to 1.84, P = 0.94, Figure S2C). Pooled analyses showed that denosumab treatment substantially suppressed the markers of bone turnover serum CTX-I (MD: -50.69, 95% CI: -64.18 to -37.20, P < 0.001, Figure S3A), urine CTX-II/creatinine (MD: -38.59, 95% CI: -57.30 to -19.88, P < 0.001, Figure S3B) and PINP (MD: -39.77, 95% CI: -56.10 to -23.43, P < 0.001, Figure S3C). Of these included studies, six studies provided the data on adverse events (11, 13, 14, 23, 25, 28), and detailed information were shown in Table S5. Pooled analysis indicated that the incidence rates of serious adverse events between the denosumab and control groups were comparable (OR: 0.99, 95% CI: 0.63 to 1.55, P = 0.96; Figure S4).



Sensitivity, Subgroup and Meta-Regression Analyses

Sensitivity analysis (using the single-study-removed method) indicated good stability in the primary endpoints of percent changes from baseline in lumbar spine BMD and changes from baseline in the mTSS (Figure S5). In the subgroup analysis, denosumab treatment was still associated with increased percent changes in lumbar spine BMD and decreased changes in the mTSS, except for the case–control subgroup in lumbar spine BMD (Table 2). For the endpoint of percent changes in lumbar spine BMD, meta-regression indicated that the duration of RA was the major source of heterogeneity of denosumab treatment (P < 0.01, Table S6). This result indicated that the effect of denosumab on percent changes in lumbar spine BMD may be negatively correlated with the duration of RA (Figure 5). The sex, glucocorticoids use, baseline lumbar spine BMD, positive rheumatoid factor and denosumab dose were not significantly correlated with the major source of heterogeneity (Table S6).


Table 2 | Outcomes of subgroup analysis.






Figure 5 | Meta-regression analysis between the duration of RA and the effect of denosumab on the percent changes in lumbar spine BMD.





Publication Bias

For the primary endpoints of percent changes from the baseline in BMD and the changes in the mTSS, funnel plots of all included studies displayed symmetry, showing a low risk of publication bias (Figure S6). For Begg’s and Egger’s tests, potentially significant publication bias did not exist for each primary endpoint (Pbegg=0.13 and Pegger=0.14 for percent changes in BMD; Pbegg=0.25 and Pegger=0.12 for changes in the mTSS).




Discussion

To our knowledge, this is the first systematic review and pooled-analysis to analyze the efficacy of denosumab in patients with RA. On the grounds of the available published evidence, we found that denosumab treatment significantly increased lumbar spine, total hip and femoral neck BMD in RA patients. Denosumab treatment significantly decreased the changes in the mTSS and the modified Sharp erosion score. Although denosumab treatment did not significantly change the HAQ scores, DAS28 scores and ACR20/50/70 responses, it suppressed serum CTX-I, PINP and urine CTX-II/creatinine level. Additionally, denosumab treatment was not associated with an increased risk of serious adverse events.

Patients with RA have significantly increased risks of bone loss and fractures (29). In this study, we found that denosumab increased lumbar spine BMD by 5.12% (4.15 to 6.09) and total hip BMD by 2.82% (1.49 to 4.14) in RA patients compared with placebo. Takeuchi et al. reported that regardless of whether the patient was taking glucocorticoids or suffering from osteoporosis, an increase (5.47%) in lumbar spine BMD was observed during denosumab treatment in RA (13, 23), which was consistent with our findings. Patients with rheumatic diseases were at high risk of systemic bone loss and osteoporotic fractures and were suggested to be treated with bisphosphonates (30, 31). Our data indicated that denosumab appeared to have a better effect on increasing lumbar spine, total hip and femoral neck BMD than bisphosphonates, for a difference of 2.71%, 2.05% and 2.82% respectively. These discrepant effects between denosumab and bisphosphonates may be explained by their distributions and mechanisms of action. Although bisphosphonates have an antiresorption effect by acting on osteoclasts, denosumab directly targets the production of osteoclasts through its specific effect on the RANKL pathway (32).

Subgroup analysis indicated that denosumab treatment appeared to be more effective to increase lumbar spine BMD in RCTs than in observational studies. The probable reason was that most of these RCTs had a large sample size and were compared with placebo. Although meta-regression analysis indicated that the effect of denosumab on the percent change in lumbar spine BMD was negatively correlated with the duration of RA, we could not rule out the interaction between diverse variables, especially age and RA severity. Whether denosumab should be administered in the early stage of RA still needs further study. A statistically significant dose-response curve had not been observed in meta-regression analysis. The possible reason was that most of the RA patients included in our data administered denosumab with Q6M, while fewer patients administered denosumab with other dosage.

RA is a systemic autoimmune inflammatory disease, which leads to osteoporosis and joint destruction by activating osteoclasts (2, 33). The joint damage of RA is irreversible and is closely related to clinical outcomes (3, 34). Consequently, the prevention of joint destruction is vital to alleviate the progression of RA. Our data showed that denosumab treatment was associated with significantly smaller changes in the mTSS (-0.66, -0.93 to -0.40) and the modified Sharp erosion score (-0.63, -0.94 to -0.32) compared to placebo, which were consistent with the results (-0.70 to -0.54) of several previous single-arm studies (35, 36). Furthermore, when compared with bisphosphonates, the therapeutic effect of denosumab on joint destruction was not significantly weakened. Subgroup analysis showed that denosumab treatment effectively reduced the mTSS in different study designs (RCTs or observational studies), dosage (Q6M, Q3M or other) and disease duration. The study by So et al. found that significant radiological changes in the mTSS and the modified Sharp erosion score could not be detected in the RA patients treated with denosumab (14), which may be caused by the small sample size. Although denosumab suppressed joint margin erosion, it did not block the changes in JSN. This may be related to the mechanism of denosumab, suggesting that denosumab may have no inhibitory effect on cartilage destruction (13, 37).

For the changes in DAS28 scores, HAQ scores and any component of ACR response, no clinically meaningful differences were observed between the denosumab and control groups. These findings showed that denosumab might have no effect on the activity of RA disease, which was consistent with previous reports (28, 38). Additionally, the mean 13-month follow-up may be too short to achieve low disease activity or remission in patients with RA. More long-term studies need to further clarify the efficacy of denosumab on functional disability.

In the present study, we found that bone turnover markers (CTX-I and PINP) and cartilage markers (urine CTX-II/Cre) were suppressed by denosumab treatment. The suppression of urine CTX-II/Cre suggested the possibility that the use of denosumab to prevent bone destruction might lead to secondary inhibition of cartilage destruction. However, Takeuchi et al. and So et al. found that denosumab did not affect the cartilage turnover marker serum cartilage oligomeric protein (COMP) (13, 14), indicating that denosumab might have no anti-inflammatory effect on RA patients. Our data found that denosumab was not associated with increased risk of serious adverse events. However, recently, several studies reported that the rapid bone loss and the rebound fractures may occur when treatment is stopped (39, 40), which needs to be considered when choosing this agent.

Our study had several limitations: First, the mean 13-month follow-up might be too short to fully clarify the effect of denosumab on the healing of erosions and its effect on functional disability. Long-term follow up studies (for example, 5 years) are still needed. Second, five of these included studies were retrospective, which led to possible biases in our results. Although we tried to overcome this limitation by performing multiple-sensitivity, subgroup and meta-regression analyses, potential bias could still not be ruled out. Third, only five studies with a total of 356 patients compared the efficacy of denosumab with bisphosphonates. Whether denosumab treatment is superior to bisphosphonates in patients with RA requires confirmation in a larger RCT. Finally, the patients included in this study were mainly from Japan, and potential racial bias cannot be ruled out.

In conclusion, data from our meta-analysis indicated that denosumab treatment was associated with increased lumbar spine and total hip BMD in patients with RA. Denosumab treatment decreased the changes in the mTSS and the modified Sharp erosion score. Additionally, denosumab may be superior to bisphosphonates for the prevention of osteoporosis and bone erosion.
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Objective

To assess the kinetics of the humoral and cell-mediated responses after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination in rheumatoid arthritis (RA) patients treated with different immunosuppressive therapies.



Methods

Following vaccine completed schedule, health care workers (HCWs, n = 49) and RA patients (n = 35) were enrolled at 5 weeks (T1) and 6 months (T6) after the first dose of BNT162b2-mRNA vaccination. Serological response was assessed by quantifying anti-receptor-binding domain (RBD)-specific immunoglobulin G (IgG) and SARS-CoV-2 neutralizing antibodies, while cell-mediated response was assessed by a whole-blood test quantifying the interferon (IFN)-γ response to spike peptides. B-cell phenotype and IFN-γ-specific T-cell responses were evaluated by flow cytometry.



Results

After 6 months, anti-RBD antibodies were still detectable in 91.4% of RA patients, although we observed a significant reduction of the titer in patients under Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4)-Ig [median: 16.4 binding antibody units (BAU)/ml, interquartile range (IQR): 11.3–44.3, p < 0.0001] or tumor necrosis factor (TNF)-α inhibitors (median: 26.5 BAU/ml, IQR: 14.9–108.8, p = 0.0034) compared to controls (median: 152.7 BAU/ml, IQR: 89.3–260.3). All peripheral memory B-cell (MBC) subpopulations, in particular, the switched IgG+ MBCs (CD19+CD27+IgD-IgM-IgG+), were significantly reduced in RA subjects under CTLA-4-Ig compared to those in HCWs (p = 0.0012). In RA patients, a significantly reduced anti-RBD IgG titer was observed at T6 vs. T1, mainly in those treated with CTLA-4-Ig (p = 0.002), interleukin (IL)-6 inhibitors (p = 0.015), and disease-modifying antirheumatic drugs (DMARDs) ± corticosteroids (CCSs) (p = 0.015). In contrast, a weak nonsignificant reduction of the T-cell response was reported at T6 vs. T1. T-cell response was found in 65.7% of the RA patients at T6, with lower significant magnitude in patients under CTLA-4-Ig compared to HCWs (p < 0.0001). The SARS-CoV-2 IFN-γ-S-specific T-cell response was mainly detected in the CD4+ T-cell compartment.



Conclusions

In this study, in RA patients after 6 months from COVID-19 vaccination, we show the kinetics, waning, and impairment of the humoral and, to a less extent, of the T-cell response. Similarly, a reduction of the specific response was also observed in the controls. Therefore, based on these results, a booster dose of the vaccine is crucial to increase the specific immune response regardless of the immunosuppressive therapy.





Keywords: COVID-19, mRNA vaccine, rheumatoid arthritis, whole blood, T-cell response, antibody response, DMARD (disease-modifying antirheumatic drug), biological therapy



Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerges in 2019, causing the actual COronaVIrus Disease 2019 (COVID-19) pandemic. The clinical manifestations are wide from asymptomatic to mild infection of the upper respiratory tract until the severe respiratory failure that requires intensive care unit hospitalization (1–6).

A program of global vaccination is the most successful strategy to control the COVID-19 pandemic. Evidence is currently available about the efficacy of mRNA vaccines, such as BNT162b2 and mRNA-1273 vaccines, in eliciting strong antibody and cell-mediated immune responses in healthy subjects (7–9).

Recently, promising data, mainly at 1 month from the completion of the vaccine schedule, have demonstrated the immunogenicity and safety of BNT162b2 mRNA vaccine in rheumatoid arthritis (RA) patients (10–12).

Altogether, these studies show that the humoral response to BNT162b2 vaccine is immunogenic in the majority of RA patients, although the response is delayed and decreased compared to controls (10). In particular, we showed that RA patients have a lower quantitative immune response (both antibody- and T cell-specific responses) to BNT162b2 vaccine compared to a control group of health care workers (HCWs), even if the vaccine is qualitatively immunogenic for most RA patients (13).

Recently, it has been shown that the COVID-19 vaccine-induced immunity decreases over time (14–17), and these results promoted a booster vaccination to the population to restore the vaccine efficiency (14, 15). It is unclear if these results are confirmed in RA patients and whether the immune-modulating treatments are associated with an impairment of the B- or T-cell response to vaccine evaluated over time.

Therefore, the aim of the present prospective study was to evaluate the kinetics of both humoral and cell-mediated responses after 5 weeks (T1) and 6 months (T6) from the first dose of SARS-CoV-2 vaccination in RA patients treated with different immunosuppressive therapies who completed the vaccine schedule.



Methods


Study Population

HCWs were prospectively enrolled at the National Institute for Infectious Diseases (INMI) Lazzaro Spallanzani-IRCCS (Approval number 297/2021). Patients with a diagnosis of RA according to the 2010 criteria of the European League Against Rheumatism/American College of Rheumatology (EULAR/ACR) (18) were enrolled at Sant’Andrea University Hospital in Rome (Approval number 318/2021). Participants were recruited according to the following criteria: having received two doses of BNT162b2 mRNA vaccine and be longitudinally sampled after 5 weeks (T1) and 6 months (T6) from the first dose (Figure 1). The enrolled RA patients were under treatment with a biological drug with or without methotrexate (MTX) or other disease-modifying antirheumatic drugs (DMARDs; i.e., sulfasalazine and leflunomide), with only DMARDs, or low dosage of corticosteroids (CCSs) (prednisone <7.5 mg/day or equivalent). RA subjects treated with anti-CD20 or anti-Janus kinase (JAK) were excluded due to the small number of recruited individuals. Additional exclusion criterion was recent or remote SARS-CoV-2 infection. For the enrollment, both HCWs and RA patients signed a written informed consent.




Figure 1 | Timeline of the two-dose schedule of BNT162b2 mRNA vaccine and of the enrollment of rheumatoid arthritis (RA) and health care worker (HCW) individuals. All subjects received the second vaccine dose after 3 weeks from the first one. They were enrolled after 5 weeks (T1) and after 6 months from the first dose of vaccine (T6). At T1 and T6, blood samples were collected from all the participants.





Study Design

Demographic and clinical data were collected. We assessed the RA disease activity through the Disease Activity Score based on C-reactive protein (DAS28crp). Blood was collected in heparin tubes; the presence of any clinical adverse events was registered. RA patients were divided into four groups according to drug treatment: TNF-α inhibitors with or without DMARDs (hereafter referred to as TNF-α inhibitors), interleukin (IL)-6 inhibitors with or without DMARDs/CCSs (hereafter referred to as IL-6 inhibitors), CTLA-4-Ig with or without DMARDs/CCSs (hereafter referred to as CTLA-4-Ig), and DMARDs with or without CCSs (hereafter referred to as DMARDs). Moreover, within a week from blood collection, the lymphocyte count of the RA patients was performed. As previously described (19), the ongoing therapeutic regimen was modified during the vaccination period according to the ACR indications (18). In particular, MTX was interrupted for 1 week after the first and second doses, whereas abatacept (CTLA-4-Ig) was stopped 1 week before and after the first dose only.



Anti-SARS-CoV-2-Specific IgG Evaluation

The humoral response to vaccination was measured as previously reported (20). The assays detect both the anti-nucleoprotein-immunoglobulin G (Anti-N-IgG) and the anti-RBD-IgG (Architect® i2000sr Abbott Diagnostics, Chicago, IL, USA). Anti-N-IgG is indicated as index value (S/CO) that was considered positive if ≥1.4, while anti-RBD-IgG was expressed as binding antibody units (BAU)/ml and indicated as positive when ≥7.1.



Micro-Neutralization Assay

To evaluate the levels of neutralizing antibodies to SARS-CoV-2, a micro-neutralization assay (MNA) was performed as described (21) using the live SARS-CoV-2 virus (strain 2019-nCoV/Italy-INMI1; GISAID accession ID: EPI_ISL_412974). The assay evaluates the cytopathic effect (CPE) at 48 h post infection through the inhibition of Vero E6 cell infection by serum dilution curves. Microplates were observed by light microscope for the presence of CPE and, then stained with crystal violet solution containing 2% formaldehyde. Cell viability was measured by photometer at 595 nm (Synergy™ HTX Multi-Mode Microplate Reader, Agilent Biotek, Milan, Italy). Neutralization titer was expressed as the reciprocal of serum dilution (MNA90) and corresponds to the highest serum dilution that inhibited at least 90% of the CPE.



B-Cell Phenotype

B-cell evaluation was performed using the B-cell Tubes (22) according to the manufacturer’s procedure (BD Biosciences, San Jose, California (CA), USA) (see Supplementary Table S1 for antibodies and reagents). Briefly, freshly collected whole blood (300 µl) (HCWs, n = 7; RA, n = 13) was washed three times in a 15-ml tube with 10 ml of FACS Buffer (BD Biosciences, San Jose, USA) to eliminate the IgG present in the serum. Supernatant was removed carefully, and 200 µl of blood was transferred in the B-cell Tube, where lyophilized antibodies were present (CD45, CD19, CD24, CD27, CD38, IgD, IgM, IgG). Each tube was mixed gently for 3–5 s and then incubated for 20 min at room temperature (RT) in the dark. Afterward, 4 ml of BD Lysing solution (BD Biosciences, San Jose, USA) were added to lyse red blood cells for 15 min at RT. Finally, cells were spinned down for 5 min at 200 × g and resuspended in 300 µl of FACS Buffer. Samples were acquired on a BD Lyric cytometer (BD Biosciences, San Jose, USA), and FlowJo software (version 10.8.1, Tree Star) was used to analyze the data (see Supplementary Figure S1 for the gating strategy).



IFN-γ Whole-Blood Assay

To evaluate the specific IFN-γ-Spike (S)-specific T-cell response, a whole-blood platform was used (20, 23–29). We stimulated the whole blood with a pool of peptides that covered the SARS-CoV-2-S protein sequence (SARS-CoV-2 PepTivator® Prot_S1, Prot_S, and Prot_S+, cat. 130-127-048, cat. 130-126-701, and cat. 130-127-312, respectively, Miltenyi Biotec, Germany), consisting of 15-amino acid length with an 11-amino acid overlap.

Briefly, 600 µl of whole blood were in vitro stimulated for 24 h at 37°C (5% CO2) with SARS-CoV-2 PepTivator® Peptide Pools in a 48-well flat-bottom plate, as described (23). Whole blood was also stimulated with staphylococcal enterotoxin B (SEB) (Merck Life Science Cat. S4881) at 200 ng/ml as positive control. After 20–24 h, plasma was harvested and stored at -80°C until further use. The IFN-γ levels were quantified by an automatic ELISA (ELLA, protein simple, R&D Systems, Minneapolis, MN, USA, cat. SPCKB-PS-002574), and the values obtained were subtracted from the unstimulated control. The detection limit of the assay was 0.17 pg/ml. IFN-γ values ≥16 pg/ml were considered positive based on a cutoff found by Receiver Operating Characteristic (ROC) analysis comparing the response in COVID-19 patients vs. no-COVID individuals (article in preparation).

Samples used for the intracellular evaluation of the IFN-γ production were also costimulated with α-CD28 and α-CD49d monoclonal antibodies (BD Biosciences, San Jose, USA), as described below.



Functional Analysis by Intracellular Staining and Flow Cytometry

To assess if the T-cell subpopulations CD4 and CD8 mount a SARS-CoV-2-S-specific response, we analyzed the IFN-γ-S-specific T-cell frequency by flow cytometry. To this aim, cells from whole blood were stimulated with the spike peptide pool and then fixed before the flow cytometry analysis. Briefly, spike peptide pool (0.1 μg/ml) was used to stimulate whole blood from RA and HCWs for 24 h with α-CD28 together with α-CD49 (1 μg/ml each). After collecting plasma, whole blood was cultured for another 5 h in the presence of brefeldin A (1 μg/ml) (cat. B7450, Life Technologies, Monza, Italy) to inhibit cytokine secretion. Then, blood was harvested and stained with Fixable Viability stain 700 (BD Biosciences, San Jose, USA) for 10 min at RT protected from light. Red blood cells were lysed with BD Lysing Solution (BD Biosciences, San Jose, USA) 1X+ 4% of formaldehyde for 10 min at RT, then cells were washed with 1 ml of Phosphate Buffered Saline (PBS) and centrifuged at 600 × g for 5 min. Cells were fixed with 4% formaldehyde for 5 min, washed again with 1 ml of PBS, and centrifuged at 600 × g for 5 min. At the end of the procedure, cells were frozen in Fetal Calf Serum (FCS) + 10% Dimethyl Sulfoxide (DMSO) until further analysis (see Supplementary Table S1 for the complete list of reagents and stimuli used for flow cytometry analysis) (30, 31). Stimulated and fixed cells were thawed at 37°C, washed twice with PBS 1X at 600 × g for 5 min and transferred to a 96-well round plate (COSTAR, Sigma Aldrich, Milan, Italy) to proceed with the staining procedures. Here, 100 μl/sample of Perm/Wash 1X (BD Biosciences, San Jose, USA) were added for 10 min at RT to permeabilize cells. Subsequently, cells were washed in PBS 1X for 5 min at 600 × g. Then, cells were stained for the surface and intracellular markers, prepared in Brilliant Stain Buffer (BD Biosciences, San Jose, USA) (see Supplementary Table S1 for the complete list of antibodies and reagents). After 1 h at 4°C, samples were washed twice in Perm/Wash 1X (30, 31). Samples were acquired on a BD Lyric cytometer (BD Biosciences, San Jose, USA), and the analyses were performed with FlowJo software (version 10.8.1, Tree Star) and stratified according to the drug treatment (see Supplementary Figures S2A, B for the gating strategy). We considered as positive an IFN-γ-S-specific T-cell response if the percentage of the SARS-CoV-2 peptide-stimulated cells was at least 2-fold higher compared to that of the unstimulated control and if a minimum of 10 events were present within the cytokine gate (32).



Statistical Analysis

GraphPad software (GraphPad Prism 8 XML ProjecT) was used to analyze the results. The continuous variables IFN-γ levels and anti-RBD and MNA90 titers were reported as median and interquartile range (IQR), while categorical variables were stated as count and proportion. The following non-parametric statistical inference tests were used: the Kruskal–Wallis test for comparisons among groups; the Mann–Whitney U-test and Wilcoxon test for pairwise comparisons (for unpaired and paired data, respectively). Bonferroni correction was applied when appropriate. Categorical variables were analyzed by the chi-square test. Correlations between assays were evaluated by non-parametric Spearman’s rank test. A Spearman’s rho >0.7 indicated a high correlation, 0.7 > rho > 0.5 indicated a moderate one, and rho <0.5 indicated a low correlation. Two-tailed p-values were considered significant if <0.05, except for subgroup analyses of RA patients, where a Bonferroni correction was applied with a significant two-tailed p-value threshold of 0.0125 (α/4) or 0.025 for the B-cell analysis (α/2).




Results


Demographic and Clinical Characteristics of the Enrolled Subjects

We prospectively enrolled 84 vaccinated individuals: 35 RA patients and 49 HCWs. Significant differences were found for age (p < 0.0001) but not for sex or origin between the two groups (Table 1).


Table 1 | Demographical and clinical characteristics of the 84 enrolled subjects at T6.



The RA enrolled cohort was stratified according to the drug treatment: 5 patients were under TNF-α inhibitors, 8 were under IL-6 inhibitors, 11 were under CTLA-4-Ig, and 11 were under DMARDs only. At vaccination, the median treatment duration for TNF-α inhibitors was 3.3 years (IQR: 2.0–13.8), for IL-6 inhibitors 6.4 years (IQR: 5.3–9.8), for CTLA-4-Ig 6.3 years (IQR: 2.2–10.3), and for DMARDs 5.3 years (IQR: 2.6–8.3). Non-serious adverse events to vaccine were reported by either RA patients or HCWs, such as pain at the injection site, headache, or mild fever. Moreover, no serious adverse events (i.e., requiring hospitalization, resulting in death, or life threatening) were reported in vaccinated individuals.



Humoral Response Persists 6 Months After SARS-CoV-2 Vaccination in Health Care Workers and Rheumatoid Arthritis Patients

We evaluated the humoral response by assessing the anti-RBD IgG and neutralizing antibodies. All enrolled individuals were negative for anti-N antibodies, confirming that the cohort was naive for SARS-CoV-2 (data not shown). All HCWs (49, 100%) and most RA subjects (32/35, 91.4%) showed a detectable anti-RBD-IgG response after 6 months from vaccination (Figure 2A and Table 2). However, RA patients under TNF-α inhibitors and CTLA-4-Ig showed a significant lower anti-RBD IgG median titer compared to HCWs (p = 0.0034 and p < 0.0001, respectively) (Figure 2B). By contrast, we did not find significant differences for the anti-RBD antibody response in IL-6 inhibitors or DMARD-treated individuals (Table 2 and Figure 2B). We also evaluated the neutralization activity in the sera of all RA patients and in 42/49 HCWs (Figure 2C). We found that the majority of HCWs (37/42, 88%), but only 15/35 (42.8%) RA patients, showed detectable neutralizing antibodies. In particular, a neutralizing activity was present in 2/5 (40%) patients treated with TNF-α inhibitors, 5/8 (62.5%) patients under IL-6 inhibitors, 1/11 (9.1%) under CTLA-4-Ig, and 7/11 (63.6%) DMARD-treated patients. Moreover, a significant lower neutralizing titer was observed in patients treated with TNF-α inhibitors or CTLA-4-Ig compared to HCWs (p = 0.017 and p < 0.0001, respectively) (Figure 2D). A strong significant correlation was observed between the neutralizing antibody and anti-RBD IgG titers in both HCWs (rho = 0.700, p < 0.0001) and RA patients (rho = 0.870, p < 0.0001) (Figures 3A, B), while there was no correlation between the number of lymphocytes and the anti-RBD antibody titer (rho = -0.234, p = 0.198) (data not shown).




Figure 2 | Humoral response elicited by SARS-CoV-2 vaccination after 6 months in HCWs and RA patients. Evaluation of SARS-CoV-2-specific anti-RBD (A, B) and neutralizing (C, D) antibodies 6 months after vaccination in the total of HCWs (n = 49) and RA patients (n = 35) analyzed. (B, D) RA patients were divided according to drug treatment into four groups: TNF-α inhibitors (n = 5), IL-6 inhibitors with or without DMARD/CCS (n = 8), CTLA-4-Ig with or without DMARD/CCS (n = 11), and DMARD with or without CCS (n = 11). Anti-RBD (A, B) and neutralizing (C, D) antibodies were quantified in serum samples and expressed as binding antibody units (BAU)/ml and reciprocal of dilution (MNA90), respectively. Medians were indicated by red horizontal lines, and dashed lines represent the cutoff of each test (anti-RBD: 7.1 BAU/ml and MNA90: 8). Mann–Whitney U-test with Bonferroni correction (p ≤ 0.0125) was used for the statistical analysis. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; RBD, receptor-binding domain; HCWs, health care workers.




Table 2 | Serological and T-cell specific response at T6.






Figure 3 | Anti-RBD and neutralizing antibodies correlate with each other in both HCWs and RA patients. Correlation between anti-RBD-IgG titers and neutralizing antibodies in 42 HCWs (A) and 35 RA patients (B). Anti-RBD and neutralizing antibodies were quantified in serum samples and expressed as binding antibody units (BAU)/ml and reciprocal of dilution (MNA90), respectively. Dashed lines identify the cutoff of each test (anti-RBD: 7.1 BAU/ml and MNA90: 8). Statistical analyses were performed using Mann–Whitney U-test with Bonferroni correction (p ≤ 0.0125). Correlation between assays was assessed by non-parametric Spearman’s rank test, and p < 0.05 was considered significant. CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; RBD, receptor-binding domain; HCWs, health care workers.





Decay of the Antibody Response From T1 to T6 in Health Care Workers and Rheumatoid Arthritis Patients

To assess the decay of the humoral response to BNT162b2-mRNA vaccine, 42 (85.7%) HCWs and 29 (82.8%) RA patients were longitudinally sampled at T1 and T6. Among the RA patients, 5 subjects under treatment with TNF-α inhibitors, 7 under IL-6 inhibitors, 10 under CTLA-4-Ig, and 7 under DMARDs were followed up. The anti-RBD IgG titer was reduced at T6 compared to T1 in both HCWs (T1 median: 1,891 BAU/ml, IQR: 1,314–3,794 vs. T6 median: 149.4 BAU/ml, IQR: 82.35–226.8, p < 0.0001) (Figure 4A) and RA patients (T1 median: 784.7 BAU/ml, IQR: 448.8–2,006 vs. T6 median: 44.9 BAU/ml, IQR: 19.5–115.2, p < 0.0001) (Figure 4B). Among RA patients, a significantly reduced titer was observed mainly in those treated with IL-6 inhibitors (T1 median: 518.9 BAU/ml, IQR: 441.4–1,016 vs. T6 median: 53.5 BAU/ml, IQR: 32.1–101, p = 0.015), CTLA-4-Ig (T1 median: 507.3 BAU/ml, IQR: 212.3–986.9 vs. T6 median: 20.3 BAU/ml, IQR: 9.1–49, p = 0.002), and DMARDs ± CCSs (T1 median: 3,170 BAU/ml, IQR: 942.9–4,797 vs. T6 median: 129.3 BAU/ml, IQR: 44.9–244.7, p = 0.015) (Figure 4C). An almost significant decrease of the antibody titer was also observed in RA patients treated with TNF-α inhibitors (T1 median: 1,239 BAU/ml, IQR: 520.1–3,706 vs. T6 median: 26.5 BAU/ml, IQR: 14.9–108.8, p = 0.062).




Figure 4 | Kinetics of the humoral response induced by SARS-CoV-2 vaccination in HCWs and RA patients. Evaluation of the humoral response in 42 HCWs (A) and 29 RA patients (B) who were longitudinally sampled after 5 weeks (T1) and 6 months (T6) from the first vaccine dose. (C) RA patients were stratified based on the drug treatment: TNF-α inhibitors (n = 5), IL-6 inhibitors with or without DMARD/CCS (n = 7), CTLA-4-Ig with or without DMARD/CCS (n = 10), and DMARD with or without CCS (n = 7). Anti-RBD antibodies were quantified in serum samples and expressed as binding antibody units (BAU)/ml. Dashed lines indicate the cutoff of the test (anti-RBD: 7.1 BAU/ml). Statistical analysis was performed using Wilcoxon test, and p < 0.05 was considered significant. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; RBD, receptor-binding domain; HCWs, health care workers.





Memory B Cells Are Reduced in Rheumatoid Arthritis Patients Compared to Health Care Workers at T6

To assess the B-cell compartment of RA patients likely to explain the reduced antibody response at T6, we evaluated the B-cell subpopulation by flow cytometry. We did not observe significant differences between RA patients and HCWs in terms of percentage of total B cells, naïve B cells, transitional B cells, and plasma blasts (Supplementary Figures S3A–D).

Memory B cells (MBCs) (CD27+CD38-) were significantly reduced in subjects under CTLA-4-Ig compared to those in HCWs (CTLA-4-Ig median: 8.36%, IQR: 7.0–17.1 vs. HCW median: 29.4%, IQR: 20.9–32.6, p = 0.0012) (Figure 5A). In detail, a significant reduction in the unswitched MBCs (CD27+IgD+) (CTLA-4-Ig median: 3.6%, IQR: 1.1–5.8 vs. HCW median: 13.1%, IQR: 10.7–16.5, p = 0.014) (Figure 5B) and in the switched MBCs (CD27+IgD-) (CTLA-4-Ig median: 8.0%, IQR: 4.6–9.7 vs. HCW median: 14.7%, IQR: 11.0–19.2, p = 0.0033) was observed (Supplementary Figure S3E). Looking at the switched compartment (CD27+IgG+IgM- or CD27+IgG-IgM+ or CD27+IgG-IgM-), a significant reduction was observed in the IgG+ switched MBCs of only CTLA-4-Ig-treated patients compared to those of HCWs (CTLA-4-Ig median: 2.9%, IQR: 1.8–3.9 vs. HCW median: 8.0%, IQR: 3.7–8.9, p = 0.0093) (Figure 5C, left panel). We did not find significant differences comparing the results from the patients under TNF-α inhibitor-treated subjects with the results from the controls (Figures 5A–C and Supplementary Figures S3A–D). Regarding the B-cell subpopulations and memory cell compartment, we did not find significant differences analyzing the results from patients treated with IL-6 inhibitors or DMARDs compared to those from the HCWs (data not shown).




Figure 5 | Evaluation of memory B-cell phenotype of RA patients by flow cytometry. Frequency of memory B cells of HCWs (n = 7) and RA patients (n = 13) was evaluated by flow cytometry. Within RA patients, 5 subjects were treated with TNF-α inhibitors and 8 with CTLA-4-Ig. Frequency of (A) memory B cells (CD27+CD38-), subdivided also as (B) unswitched memory B cells (CD27+IgD+) and (C) switched memory B cells, is shown. Within the switched memory B cells, CD27+IgG+IgM-, CD27+IgG-IgM+, and CD27+IgG-IgM- cells were included. Values are reported as percentage of total CD19+CD45+ B cells. Each dot represents an individual, and the red horizontal line represents medians. Mann–Whitney U-test with Bonferroni correction (p ≤ 0.025) was used for the statistical analysis. RA, rheumatoid arthritis; HCWs, health care workers.





SARS-CoV-2-Spike-Specific T-Cell Response at T6 in Health Care Workers and Rheumatoid Arthritis

All HCWs, but one, showed an IFN-γ-S-specific response (48/49, 97.9%), whereas in RA patients a significantly different proportion of responders and a lower quantitative IFN-γ response was observed compared to controls (23/35, 65.7%, p < 0.0001) (Table 2 and Figure 6A). In particular, patients under CTLA-4-Ig showed the lowest number of responders (3/11, 27.3%) (Table 2) associated with significantly lower IFN-γ-S-specific levels compared to HCWs (p < 0.0001) (Figure 6B). Differently, no significant differences were found between the IFN-γ-S-specific response of RA subjects under TNF-α inhibitors, IL-6 inhibitors, or DMARDs compared to that of HCWs (p = 0.172, p = 0.197, and p = 0.022, respectively). Most RA patients showed a positive response to SEB stimulus, used as positive control. However, the magnitude of the response was significantly lower compared to that of HCWs (RA median: 3,163 pg/ml, IQR: 1,598–6,698 vs. HCW median: 6,172 pg/ml, IQR: 3,422–9,447, p = 0.0027) (Supplementary Figure S4A). In detail, patients under TNF-α inhibitors and DMARDs showed the lowest response to SEB stimulus (TNF-α median: 1,170 pg/ml, IQR: 889–4,380, p = 0.011 vs. DMARD median: 2,918 pg/ml, IQR: 1,598–4,301, p = 0.006) (Supplementary Figure S4B).




Figure 6 | T-cell response after SARS-CoV-2 vaccination in HCWs and RA patients. (A) Evaluation of IFN-γ-spike-specific T-cell response 6 months after vaccination in the total of HCWs (n = 49) and RA patients (n = 35). (B) RA patients were stratified based on drug treatment in four groups: TNF-α inhibitors (n = 5), IL-6 inhibitors with or without DMARD/CCS (n = 8), CTLA-4-Ig with or without DMARD/CCS (n = 11), and DMARD with or without CCS (n = 11). T-cell response to spike antigen was assessed by measuring IFN-γ levels in plasma harvested from stimulated whole-blood samples. The reported IFN-γ values were subtracted from the background. Dashed lines identify the cutoff of the test (spike: 16 pg/ml). The red horizontal lines indicate the median. Statistical analyses were performed using Mann–Whitney U-test with Bonferroni correction (p ≤ 0.0125). SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; HCWs, health care workers.



We then evaluated the correlation between the B- and T-cell arms of the immune response. No significant correlations between SARS-CoV-2 IFN-γ-S-specific response and neutralizing or anti-RBD antibody titer were observed in HCWs (rho = 0.102, p = 0.525 and rho = 0.078, p = 0.598, respectively) (Figures 7A, B). By contrast, moderate significant correlations were found in RA patients between the spike IFN-γ response and neutralizing antibodies (rho = 0.480, p = 0.0035) or anti-RBD antibodies (rho = 0.565, p = 0.0004) (Figures 7C, D). Overall, among RA patients, 14 were full responders (neutralizing activity, anti-RBD antibody and T-cell responses), 3 were not responders, and 18 were partial responders. Among these, 9 scored positive for both spike IFN-γ- and anti-RBD antibody responses, 8 for only anti-RBD antibodies, and 1 subject showed a neutralizing and anti-RBD antibody response (Figure 7E). There was no correlation between the number of lymphocytes and the IFN-γ-S-specific response (rho = 0.082, p = 0.654) (data not shown).




Figure 7 | Correlation between T-cell response and anti-RBD or neutralizing antibodies in HCWs and RA patients. Correlation between neutralizing antibodies and the IFN-γ-spike-specific T-cell response in HCWs (A) and RA subjects (C). Correlation between anti-RBD antibodies and the IFN-γ-spike-specific T-cell response in HCWs (B) and RA subjects (D). Anti-RBD and neutralizing antibodies were quantified in serum samples and expressed as binding antibody units (BAU)/ml and reciprocal of dilution (MNA90), respectively. T-cell response to spike antigen was assessed by measuring IFN-γ levels and reported after subtracting the background. Dashed lines identify the cutoff of each test (anti-RBD: 7.1 BAU/ml; MNA90: 8 and spike: 16 pg/ml). Correlation between assays was assessed by non-parametric Spearman’s rank test (p < 0.05). (E) Venn diagram shows positive results with anti-RBD IgG, neutralizing antibodies and IFN-γ T-cell response. RA, rheumatoid arthritis; RBD, receptor-binding domain; HCWs, health care workers.



Flow cytometry analysis revealed that, after 6 months from the first dose of mRNA vaccine, the IFN-γ-specific response is mainly detectable within the CD4+ T cells more than within the CD8+ T cell compartment, both in HCWs and in RA patients (Figures 8A, B). The CD4+ T-cell response was observed in 43% HCWs (3/7) and in 34% of the RA patients (11/32) (Figure 8A). No differences were observed also considering the magnitude of the response in both HCWs and RA patients (median CD4+IFN-γ+ HCWs: 0.001%, IQR 0.00–0.05 vs. median CD4+IFN-γ+ RA: 0.00%, IQR: 0.00–0.43, p = 0.5). By contrast, we did not detect a CD8+ IFN-γ response in none of the HCWs and only in 12.5% of the RA patients (4/32) (median CD8+IFN-γ+ HCWs: 0.00%, IQR 0.00–0.00 vs. median CD8+IFN-γ+ RA: 0.00%, IQR: 0.00–0.00, p = 0.5) (Figure 8B). However, both HCWs and RA patients showed an IFN-γ-specific response to the positive control (SEB), providing evidence of the not impaired cytokine production (Supplementary Figures S5A, B).




Figure 8 | Evaluation of IFN-γ-S-specific T-cell response by flow cytometry. Cells from whole blood from HCWs (n = 7) and RA patients (n = 32) were stimulated for 24 h with spike peptide pool, and the percentage of IFN-γ-specific T cells was assessed by flow cytometry. Graphs show the frequency of the (A) CD4+ and (B) CD8+ IFN-γ-specific T-cell response (after subtraction of the unstimulated sample) in HCWs and RA patients. Each dot is a different HCW or RA individual, and red lines indicate the median. Mann–Whitney U-test was performed for the statistical analysis, and the p-value ≤0.05 was considered significant. RA, rheumatoid arthritis; HCWs, health care workers.





Decay of the T Cell-Specific Response From T1 to T6

Afterward, we evaluated the kinetics of the cellular response comparing the results from the two time points, T1 and T6. In HCWs, a significant reduction of the magnitude of the SARS-CoV-2 IFN-γ-S-specific response was observed at T6 compared to T1 (T1 median: 282.7 pg/ml, IQR: 136.2–570.4 vs. T6 median: 194.3 pg/ml, IQR: 87.0–331.1, p = 0.0049) (Figure 9A). By contrast, no significant differences were reported in the entire RA patient cohort, in which the T-cell response remains more stable over time (T1 median: 39.4 pg/ml, IQR: 5.3–177 vs. T6 median: 51.8 pg/ml, IQR: 8.7–180, p = 0.717) (Figure 9B). Also stratifying RA patients according to the drug treatment, no significant differences were found: TNF-α inhibitors (T1 median: 89.6 pg/ml, IQR: 42.5–254.6 vs. T6 median: 83 pg/ml, IQR: 28–268, p > 0.999), IL-6 inhibitors (T1 median: 41.3 pg/ml, IQR: 19.5–80.5 vs. T6 median: 170 pg/ml, IQR: 30.6–258, p = 0.297), CTLA-4-Ig (T1 median: 7.42 pg/ml, IQR: 3.03–35.3 vs. T6 median: 7.10 pg/ml, IQR: 2.4–27.6, p = 0.160) and DMARDs±CCSs (T1 median: 130 pg/ml, IQR: 17.2–364 vs. T6 median: 91.0 pg/ml, IQR: 45.3–268, p = 0.578) (Figure 9C). A quantitatively increased T-cell response at T6 compared to T1 was found in 11/42 (26.2%) HCWs (median proportion of increase: 69.7%) and in 12/29 (41.4%) RA patients (median proportion of increase: 185%). A reduction of the quantitative T-cell response at T6 compared to T1 was found in 30/42 (71.4%) HCWs (median proportion of reduction: 61.6%) and in 16/29 (55.2%) RA patients (median proportion of reduction: 43.9%). No significant differences were found comparing these two groups (p = 0.2). One subject for each group maintained a stable T-cell response. Finally, among RA patients, 2 subjects initially negative at T1 scored positive at T6.




Figure 9 | Kinetics of the cell-mediated response induced by SARS-CoV-2 vaccination in HCWs and RA patients. Evaluation of the spike IFN-γ response in 42 HCWs (A) and 29 RA patients (B) who were longitudinally sampled after 5 weeks (T1) and 6 months (T6) from the first vaccine dose. (C) RA patients were stratified in four groups: TNF-α inhibitors (n = 5), IL-6 inhibitors with or without DMARD/CCS (n = 7), CTLA-4-Ig with or without DMARD/CCS (n = 10), and DMARD with or without CCS (n = 7). T-cell response to spike antigen was assessed by measuring IFN-γ levels in plasma harvested from stimulated whole-blood samples. IFN-γ values were reported as median after subtracting the background. Dashed lines indicate the cutoff (spike: 16 pg/ml). Statistical analysis was performed using the Wilcoxon test, and p < 0.05 was considered significant. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CCS, corticosteroid; DMARDs, disease-modifying antirheumatic drugs; RA, rheumatoid arthritis; HCWs, health care workers.






Discussion

Currently, vaccination is the most powerful tool to fight the COVID-19 pandemic in the general population and in particular in the fragile populations, such as RA patients. Although evidence is showing suboptimal humoral and cellular immune responses to COVID-19 vaccination in immunocompromised individuals (10, 20, 33, 34), there is a paucity of data regarding the over-time evaluation of both T- and B-cell responses in RA patients.

In this study, we describe the immune response to BNT162b2 vaccine in RA patients vaccinated following ACR indications (19). Accordingly, patients under MTX have interrupted the therapy 1 week after the first and the second dose of the vaccine, while patients under CTLA-4-Ig have interrupted the drug for 1 week before and after only the first dose. The results indicate that neutralizing and anti-RBD IgG titers after BNT162b2 vaccine significantly decrease over time in both HCWs and RA patients. Importantly, patients under TNF-α inhibitors and CTLA-4-Ig showed a significantly lower anti-RBD IgG median titer at T6 compared to HCWs, and this was associated with a reduction in the MBC compartment. Qualitative and quantitative IFN-γ responses were reduced in RA patients at T6 compared to the controls, as reported for the T1 (20). Among the RA patients, those under CTLA-4-Ig treatment were the most affected at T6. However, surprisingly, within the RA patients, we observed subjects who developed a T-cell-specific response at T6 (2/29) (initially scored negative at T1). Moreover, comparing the quantitative T-cell response at T6 vs. T1, we observed an increase of this response in 41.4% of RA patients compared to the 26.2% of HCWs. These results may indicate that the fragile population of RA has a delayed T cell-specific response. Further studies are needed to confirm it. Clinically, BNT162b2 vaccine showed a good safety profile during the 6-month follow-up without serious adverse events and disease relapses. Notably, none of the RA patients had a breakthrough infection.

Regarding the vaccine-induced humoral immunogenicity after 6 months from the completed vaccination, we found that the anti-RBD antibody response was still detectable in all HCWs and in the majority of RA patients, although the titer was significantly reduced in those under TNF-α inhibitors and CTLA-4-Ig compared to HCWs. Neutralizing antibodies scored positive in most HCWs (88%), whereas only 42.8% of RA patients showed a detectable neutralizing activity. Moreover, we found that the anti-RBD and neutralizing antibodies significantly correlated in RA patients and in HCWs. In RA subjects, a moderately significant correlation between the anti-RBD antibody titer and SARS-CoV-2 IFN-γ-S-specific T-cell response was found, highlighting the persistence of a good coordination between the two components of the immune system (35). In contrast, the strong correlation between humoral and T-cell response observed early after vaccination in HCWs (7) was lost over time probably due to the rapid induction of the cell response at T1 in the healthy population that leads to a fast decay over time. Conversely, RA patients mount a more delayed response that leads to a correlation with the antibody response still present at later time points.

Following vaccination, the immune system is activated and produces short-lived plasma cells together with transient structures called germinal centers (GCs), where antigen-activated B cells differentiate into MBCs and into high-affinity long-lived antibody-producing plasma cells. During recalls, MBCs differentiate into long-lived plasma cells or can enter again in the GC reaction, expanding more and differentiate into plasma cells, as the immunological memory protects individuals from reinfections (36–42). Our results show a significant reduction of total MBCs and switched MBC subpopulations in RA patients treated with the CTLA-4-Ig compared to controls; moreover, the frequency of plasma blasts was lower in both CTLA-4-Ig and TNF-α inhibitor-treated patients even if the difference was not significant.

The reduced antibody response to COVID-19 vaccine is likely due to the well-known effect of the CTLA-4-Ig and TNF-α inhibitors on the reduction of the frequency of MBCs in the human peripheral blood (43–45). TNF-α is essential for lymphoid microarchitecture, and an impairment in B-cell function has been reported in RA patients treated with anti-TNF-α agents (45, 46). On the other hand, abatacept (CTLA-4-Ig) by binding with high-affinity CD80/CD86 molecules can affect T costimulation signals expressed by the antigen-presenting cells (47). In this context, a reduction in the humoral immunogenicity to pneumococcal and influenza vaccine has been shown in CTLA-4-Ig-treated patients (48).

Correlates of protection against SARS-CoV-2 infection are not yet established, and, up to now, we evaluated B- and T-cell parameters altogether (49–51). Therefore, looking at the overall specific B- and T-cell responses, patients may be stratified as full responders (both humoral and cellular), not responders, or partial responders (only humoral or T-cell response). Based on this stratification, in our cohort of RA patients, we found that after 6 months from the first dose of SARS-CoV-2 vaccine, 14/35 (40%) RA patients were full responders, 18/35 (51.4%) were partial responders, and only 3 (8.6%) were not responders. Regarding the antibody response, the full responders present both a good anti-RBD antibody titer and a good neutralizing antibody activity, which is one of the best predictors of in vivo vaccine efficacy, although it has not been possible so far to obtain a commercial test suggestive of a good correlate of protection (52). Nevertheless, this stratification may help to prioritize the vaccine schedule for RA patients; indeed, the full responders may follow the vaccination schedule as for the healthy individuals. Differently, the partial and/or not responders are very likely to be at higher risk for COVID-19 despite the complete vaccination, underlining the need for a tailored strategy. Although data on the immunogenicity effect of a third booster dose in the immune‐mediated inflammatory disease patients are still lacking, an earlier administration could be hypothesized in not responders or partial responders, as already suggested by others (53).

Recently, we reported that the therapeutic strategy suggested by ACR (19) to interrupt MTX or CTLA-4-Ig (1 week before and after the first dose of the vaccine administration) reduced the negative impact on antibody production previously described (33, 34). Moreover, this strategy was beneficial also for those under CTLA-4-Ig, albeit with a significant lower antibody titer compared to HCWs. Importantly, this temporary therapy interruption did not affect the RA disease activity, as indicated by the stability of the DAS28crp parameter throughout the vaccination period.

In the effort of increasing the chances of complete protection, additional strategies may be explored such as a longer suspension of immunosuppressive agents during the vaccine administration, as well as the switch to drugs that have mechanisms of action with a reduced impact on vaccine immunogenicity (13). The use of a heterologous vaccination may help in enhancing the immune response, as recently reported by a systematic review in the general population, although the immunogenicity was higher in the population vaccinated with ChAdOx1-S followed by BNT162b2 rather than vice versa (54). In patients with a “not responder” or “partial responder“ profile, a further clinical option is the use of monoclonal antibodies against SARS-CoV-2-S glycoprotein as primary or secondary prophylaxis prior to or after any known SARS-CoV-2 exposure. Unpublished data from the “prevent” study are likely to support this indication, confirming robust efficacy and long-term prevention (55). Importantly, in parallel, on December 8, 2021, the Food and Drug Administration authorized the use of monoclonal antibodies for pre-exposure prevention of COVID-19 in high-risk population (56).

The main limitation of this study is the small size of the cohort, which may restrict its power, especially for the comparison of the effects of vaccination among the different RA treatments. However, it is important to underline that the enrolled patients are representative of the RA subjects under different immunosuppressive therapies, and that the patients were well characterized, both clinically and immunologically. Finally, the RA cohort and HCWs significantly differed in age, but we previously showed that the immune impairment is associated with the ongoing immunosuppressive therapies more than with the age (20). The main strength of the study is that, for the first time to our knowledge, we deeply characterized over time both humoral and cellular immune responses to BNT162b2 vaccine in RA patients, providing evidence of the kinetics, waning, and drug-induced impairment.

In conclusion, this study shows a significant reduction of the humoral response after 6 months of completed COVID-19 vaccination in both HCWs and RA patients regardless of the immunosuppressive therapy. Interestingly, the T-cell response was significantly decreased in HCWs, whereas it was mostly stable in RA patients. Considering the importance of a coordinated action of both humoral and cell-mediated responses to gain viral protection, our data support the execution of a booster dose of vaccine and a careful timeline of withdrawing some immunosuppressive agents to protect RA individuals from SARS-CoV-2 infection and hospitalization.
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Objectives

The relationship between infections or vaccine antigens and exacerbations or new onset of immune-mediated diseases (IMDs) has long been known. In this observational study, conducted during the COVID-19 pandemic, we evaluated the onset of clinical and laboratory immune manifestations related to COVID-19 or SARS-CoV-2 vaccination.



Methods

Four groups of patients were evaluated: A) 584 COVID-19 inpatients hospitalized from March 2020 to June 2020 and from November 2020 to May 2021; B) 135 outpatients with previous SARS-CoV-2 infection, assessed within 6 months of recovery; C) outpatients with IMDs in remission and flared after SARS-COV-2 infection; D) outpatients with symptoms of probable immune-mediated origin after SARS-CoV-2 vaccination.



Results

In cohort A we observed n. 28 (4.8%) arthralgia/myalgia, n. 2 (0.3%) arthritis, n. 3 (0.5%) pericarditis, n. 1 (0.2%) myocarditis, n. 11 (1.9%) thrombocytopenia or pancytopenia, and in the follow up cohort B we identified 9 (6.7%) cases of newly diagnosed IMDs after the recovery from COVID-19. In all cases, serological alterations were not observed.

In cohort C we observed n.5 flares of pre-existing IMD after SARS-COV2 infection, and in the cohort D n. 13 IMD temporally close with SARS-CoV-2 vaccination in 8 healthy subjects (with clinical classifiable IMD-like presentation) and in 5 patients affected by an anamnestic IMD. Also in these latter cases, except in 2 healthy subjects, there were not found serological alterations specific of a classifiable IMD.



Conclusions

This study suggests that the interplay between SARS-CoV-2 and the host may induce complex immune-mediated reactions, probably induced by the anti-spike antibodies, in healthy people and IMD patients without specific serological autoimmunity. Moreover, our data suggest that the anti-SARS-CoV-2 antibodies generated by the vaccination may cause in healthy subjects’ clinical manifestations similar to well-definite IMDs. These findings support the hypothesis that SARS-Cov2 infection in COVID-19 induce an innate and adaptive immune response that may be both responsible of the symptoms correlated with the occurrence of the IMDs described in our study. And, in this context, the IMDs observed in healthy people in close temporal correlation with the vaccination suggest that the anti-Spike antibodies may play a key role in the induction of an abnormal and deregulated immune response.
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Introduction

Relationships between viral infections, vaccine antigens and new onset or exacerbation of Immune-Mediated Diseases (IMDs) have been studied and acknowledged from long time.

Usually, this phenomenon has been attributed to cross-reactivity, where the neutralizing antibodies produced secondary to an antigenic stimulus (viral or vaccine-induced) react towards the body’s self-tissues. Systemic Lupus Erythematosus, Rheumatoid Arthritis, Autoimmune Thrombocytopenia, Multiple Sclerosis, Guillain-Barré Syndrome, and other demyelinating neuropathies can be listed among the most important IMDs associated with autoimmune cross-reactivity mechanisms (1–3).

The pathogen SARS-CoV-2 is no exempt from this mechanism. Since the beginning of the COVID-19 pandemic, SARS-CoV-2 ability to induce auto-antibodies production and IMDs clinical manifestations has been observed in multiple studies, both in vitro and in vivo (4). Consequences secondary to severe SARS-CoV-2 infection are partly attributable to immune-mediated mechanisms of organ damage too (5, 6).

Furthermore, new and previously unknown autoimmune diseases have been described as a complication of SARS-CoV-2 infection, like the Multisystem Inflammatory Syndrome in Children (MIS-C) (7).

The neutralizing antibodies produced by the human body against SARS-CoV-2 are for the vast majority directed against the Spike protein, responsible for the interaction between the virus and ACE-2 receptor on human respiratory cells. Specifically, the site responsible for binding to the ACE-2 receptor is the Receptor Binding Domain (RBD) region of the Spike protein. Consequently, this region is the target of over 90% of neutralizing antibodies. Vaccines are also based on this mechanism, taking advantage of the production of antibodies against the RBD region (8).

Considering the above, the possibility that anti-Spike antibodies could potentially cross-react and cause autoimmune reactions is at least intriguing.

Besides, patients with IMDs, or with familial or genetic predisposition to autoimmunity, have shown greater susceptibility than the general population to manifest COVID-19 related autoimmune reactions (9).

Furthermore, currently few studies adequately investigated the correlation between vaccination and the development of IMDs or the induction of a flare of a pre-existing disease (10–12). Considering the possible role of anti-Spike antibodies in autoimmune manifestations related to SARS-CoV-2 infection, it is worth hypothesizing that even the vaccine-induced antibodies may seldom cross-react, triggering immunological manifestations (13).

If this hypothesis is confirmed, it should lead to a more careful evaluation of the risks and benefits of vaccination in young patients with a predisposition to develop autoimmune reactions.



Materials and Methods


Patients

Four groups of patients were evaluated in an observational retrospective analysis as follows:

A) patients affected by COVID-19, and B) patients recovered from COVID-19, in outpatient follow up; C) patients affected by flare of IMDs after COVID-19; and D) flare of IMDs or onset of IMD after vaccination anti-SARS-CoV-2.

The primary objective of this single-center retrospective study, conducted during the COVID-19 pandemic, is to assess the onset of clinical and laboratory immune manifestations related to SARS-CoV-2 infection or vaccination.

The primary endpoint of the study was the occurrence or flare of IMDs:

a) in patients affected by acute COVID-19;

b) in patients recovered and in outpatient follow up after COVID-19;

c) in patients affected by anamnestic IMD after infection by SARS-Cov2;

d) in close temporal correlation with anti-SARS-Cov2 vaccination in patients affected by an anamnestic IMD or healthy subjects.

Secondary endpoints of the study were:

▪ clinical characterization,

▪ laboratory findings, and

▪ clinical outcomes after the therapy,

of the IMDs occurring in the groups listed above.

A schematic representation of the study and the patients’ clinical characteristics are shown in Figure 1 and Table 2, respectively.




Figure 1 | Schematic representation of the study and patients’ groups. In the flow chart are represented the composition of the patients’ cohorts/groups, inclusion/exclusion criteria in the study and brief presentations of the clinical outcomes. All the patients who suffered of IMDs symptoms after the vaccination had been vaccinated with two boost doses of the vaccines listed in the Table 6. For more details, see the Materials and Methods section.




Table 1 | Descriptive characteristics of the patients hospitalized for COVID-19.




Table 2 | Immune-Mediated Diseases (IMDs) diagnosed in patients hospitalized for COVID-19.



In the cohort A we enrolled 584 patients with moderate to severe COVID-19 disease, hospitalized in the “COV-4” ward of the hospital “Ospedali Riuniti di Ancona” (AOU), Ancona, Italy, from March 2020 to June 2020 and from November 2020 to May 2021 (Table 1).

Inclusion criteria were the following: a) age>18 years (yrs); b) acute infection by SARS-Cov2 detected with at least two nasopharyngeal swabs and by real-time reverse transcription polymerase chain reaction method.

Exclusion criteria were the following: absence of the inclusion criteria; trauma; neoplastic diseases; non-organ specific connective tissue diseases.

The clinical spectrum of the patients hospitalized for COVID-19 was achieved following the National Institute of Health of the United States of America (NIH) COVID-19 treatment guidelines as follows: a) Moderate Illness: Individuals who show evidence of lower respiratory disease during clinical assessment or imaging and who have an oxygen saturation (SpO2) ≥94% on room air at sea level; b) Severe Illness: Individuals who have SpO2 <94% on room air at sea level, a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) <300 mm Hg, a respiratory rate >30 breaths/min, or lung infiltrates >50%; c) Critical Illness: Individuals who have respiratory failure, septic shock, and/or multiple organ dysfunction (14).

All the patients were assessed with clinical examinations and laboratory test daily and with High-resolution computed tomography (HRCT) in the emergency department and during the hospitalization, depending on the clinical evolution.

In the cohort B we evaluated 135 outpatients from cohort A discharged out of the hospital and evaluated within 6 months of the recovery by COVID-19.

Inclusion criteria in the cohort B were the following: a) age>18 yrs; b) absence of SARS-Cov2 detected with at least two nasopharyngeal swabs and by real-time reverse transcription polymerase chain reaction method; c) absence of any respiratory symptom and fever for at least one week.

The follow up examinations were scheduled at 3 and 6 months from the discharge and included clinical examinations, laboratory test and HRCT. The scheduled follow up was anticipated in case of the occurrence of any clinical symptom.

The outcome of interest in cohort A and B was the onset of: a) symptoms of rheumatic diseases (arthralgias-myalgias) in absence of fever; b) articular pain and/or joint swelling; c) chest pain and pericarditis/myocarditis confirmed by laboratory test (elevation of erythrocyte sedimentation rate, ESR; C-reactive protein, CRP; creatin-kinase, CK; high-sensitivity troponin, hs-Tpn, electrocardiographic recording, and ultrasound-doppler echocardiography; d) clinical signs of involvement of the central and/or peripheral nervous system; e) hematological alterations, not reported in the clinical history.

The cohorts C and D were constituted by two group of patients evaluated for IMDs symptoms among the whole cohort of 1710 outpatients evaluated in our rheumatologic clinic for rheumatologic symptoms from March 2020 to November 2021.

The cohort C was constituted by patients affected by IMD (among the 849 IMD patients in our center currently in follow up for at least 2 years) and satisfying the following inclusion in criteria: a) age >18 yrs; b) IMD in stable remission for at least 6 months.

The cohort D was constituted by subjects reporting IMD symptoms or patients affected by flare of IMDs in temporal close correlation with vaccine administration.

The inclusion criteria in cohort D were the following: a) age>18 yrs; b) IMD in stable remission for at least 6 months OR healthy subjects without IMD symptoms before the vaccination; c) absence SARS-Cov2 detected with at least two nasopharyngeal swabs and by real-time reverse transcription polymerase chain reaction method; d) SARS-COV2 vaccination, less than 6 weeks before the onset of the following symptoms: arthralgias-myalgias; articular pain and/or joint swelling; chest pain; dermal lesions or signs of skin inflammation; clinical signs of involvement of the central and/or peripheral nervous system.

The outcome of interest in cohorts C and D was occurrence of IMD flare or the development of new signs/symptoms of IMD. Data were collected by consulting inpatient and outpatient medical records.

The diagnosis of SARS-Cov2 acute infection in all the patients included in the study was made with at least two nasopharyngeal swabs and by real-time reverse transcription polymerase chain reaction method.

The diagnosis of IMDs was carried out by an experienced team of physicians through history, physical examination, and laboratory tests (see the following section).

Immune-Mediated Diseases (IMDs) were considered all the diseases that involve an immune response that is inappropriate or excessive, and is caused, signified, or accompanied by dysregulation of the immune system, with/without the presence of disease-specific autoantibodies (15, 16).

Given that the most common post-infectious or post-vaccinal rheumatological IMD is Reactive Arthritis, and considering that, according to the American College of Rheumatology Diagnostic Criteria (1999), it must occur within 6 weeks of the infectious trigger, we considered relevant only immunological manifestations occurred within 6 weeks from infection or vaccination.



Laboratory Tests

Apart from clinical manifestations, we also collected data regarding routine laboratory tests including complete blood count, alanine transferase (ALT), aspartate transferase (AST), creatinine, uric acid, erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP), as available.

If available, we also recorded results of anti-nuclear antibodies (ANAs), anti-cytoplasmic ANCA (c-ANCA) and anti-perinuclear ANCA (p-ANCA) antibodies, rheumatoid factor and anti-citrullinated peptides antibodies (ACPAs), and anti-Ro, anti-La, anti-double strand DNA and anti-Sm autoantibodies.

Any other relevant laboratory or instrumental investigation that had been required for the diagnosis was also recorded.



Ethical Approval and Data Analysis

The study was carried out in compliance with the Declaration of Helsinki on ethical principles for medical research. Formal approval by the local Ethics Committee (Comitato Etico Regionale delle Marche) was waived due to the retrospective nature of the study.

All data were transferred to an electronic database and analyzed descriptively using the common analysis methods.

Categorical data were summarized using absolute frequencies and percentages, while continuous data were summarized using mean ± SD. Comparisons between groups were assessed by means of t test for independent samples or Chi square test, as appropriate. A p < 0.05 was considered significant.




Results


New Diagnosis of IMDs in Cohort A

New-onset IMDs were observed in a large group of patients affected by COVID-19 and hospitalized in a COVID ward (cohort A).

Among 584 patients non previously diagnosed with IMDs, 17 (2.9%) received a diagnosis of IMD (9 females, 52.9%; 8 males, 47.1%; mean age 60.23) (Table 2).

These reactions were further subclassified as n. 2 (0.3%) peripheral arthritis, n. 3 (0.5%) pericarditis, n. 1 (0.2%) myocarditis (severe), n. 11 (1.9%) thrombocytopenia and/or pancytopenia (Tables 2, 3).


Table 3 | Immune-Mediated Diseases (IMDs) diagnosed in patients hospitalized for COVID-19.



Clinical manifestations were mostly acute and observed during hospitalization, with a mean delay of symptom onset of 11 +/- 4 days. Other confounding factors such as joint trauma, additional concomitant infectious triggers or neoplasms were excluded.

Twenty-eight (4.8%) COVID-19 patients of the cohort A reported non-specific musculoskeletal symptoms (myalgia and arthralgia) but did not fulfill criteria for a defined IMD.

These newly reported IMDs were mostly mild to moderate in severity and resolved within 2-4 weeks with restitutio ab integrum after corticosteroids therapy, except for one case of severe myocarditis and one case of severe thrombocytopenia.

In all the patients, ESR and CRP were elevated but the autoantibodies that were tested resulted negative.



New Diagnosis of IMDs in Cohort B

Cohort B was constituted by outpatient patients of the cohort A in follow-up after the discharge from the COVID ward, evaluated for suspected IMD occurring within 6 weeks from COVID-19.

Eight patients (5.93%) reported symptoms suspect for IMDs. The following diagnoses were made: n. 4 (3.0%) peripheral arthritis, n. 1 (0.7%) polyneuropathy, n. 1 (0.7%) vasculitis, n. 1 (0.7%) myocarditis, n. 1 (0.7%) myositis (Table 4).


Table 4 | Immune-Mediated Diseases (IMDs) diagnosed in outpatients previously hospitalized for COVID-19 and in follow up.



The events were mostly mild-to-moderate and were successfully treated with low-dose corticosteroids, non-steroid anti-inflammatory drugs (NSAID), methotrexate and gabapentin (Table 4).

All the cases described occurred with a mean delay of days 8.9 ± 12 from the discharge from the hospital.



Flare or Onset of New IMDs After SARS-CoV-2 Infection or Vaccination

The flare of an anamnestic IMD or the onset of a new one was evaluated among the whole cohort of 1710 outpatients evaluated in our rheumatologic clinic (n. 849 IMDs in follow up and n. 861 new outpatients evaluated for rheumatologic symptoms).

In the cohort C we evaluated those patients with a pre-existing diagnosis of an immuno-mediated disease and reporting symptoms of the IMDs after SARS-COV-2 infection.

Among this group, 5 patients (all females, mean age 56.8), corresponding to the 0,58% out of the 849 outpatients in follow up in our rheumatologic clinic, reported flares of the IMDs already known but in stable remission of the disease before the SARS-COV2 infection (Table 5). The flares presented as follows: acute arthritis of the left knee in n. 1 psoriatic arthritis (PsA); diarrhea and arthritis of the knee or of the right wrist in n. 2 spondyloarthritis associated to inflammatory bowel disease (SpA/IBD), respectively; inflammatory back pain in n. 1 ankylosing spondylitis (AS); and symmetric polyarthritis of the small joints of the hands in n. 1 rheumatoid arthritis (RA). All the patients were successfully treated adding corticosteroid to the ongoing therapy (Table 5).


Table 5 | Immune-Mediated Diseases (IMDs) flared after COVID-19.



In the cohort D we evaluated n. 13 outpatients with a newly diagnosed or flared IMD in close temporal correlation with SARS-CoV-2 mRNA vaccine administration (Table 6). Before the onset of the symptoms, all the patients had received two boost doses of the vaccines types listed in Table 6.


Table 6 | Immune-Mediated Diseases (IMDs) after vaccination anti-SARS-COV-2.



There were observed n. 8 new IMDs, corresponding to the 0.93% among the cohort of 861 outpatients evaluated for new rheumatologic symptoms. These patients showed a heterogeneous clinical spectrum (Table 6), including two clinical severe presentations: one patient had autoimmune encephalitis with pericarditis and another one dermatomyositis, with the involvement of the peripheral nervous system (Figure 2).




Figure 2 | Dermatomyositis-like clinical presentation closely correlated with anti-SARS-2 vaccination. The figure shows a representative case of a dermatomyositis-like clinical presentation in a patient after SARS-COV2 vaccination.



In the other patients, n. 4 patients presented a RA-like disease, characterized by symmetric polyarthritis of the wrists and of the small joints of the hands (Figure 3), n. 1 had a mild vasculitis of the small vessels of the hands’ fingers, and n. 1 was diagnosed with polymyalgia rheumatica (Table 6).




Figure 3 | Rheumatoid arthritis-like clinical presentation closely correlated with anti-SARS-2 vaccination. The figure shows a representative case of a rheumatoid arthritis-like clinical presentation in a patient after SARS-COV2 vaccination. Panel (A) From left to right: acute phase of the disease, a particular of the right hand, and clinical examination after 4 weeks of corticosteroid therapy. Panel (B) Ultrasound doppler examination of the 3rd metacarpal-phalangeal joint of the right hand (from left to right): Grayscale US, Joint capsule (arrow) of MCF III dilated by synovial proliferation (open arrow) grade III (gs) according to OMERACT criteria. Below are shown the surfaces of metacarpal bone (arrowhead) and proximal phalanx (open arrowhead); Power Doppler Same scan of Figure 1 with PD showing severly active synovitis (arrow) of grade III (pd) according to OMERACT criteria With PD signal becames evident an associated paratenonitis of third digit extensor tendons (open arrows).



In this cohort, serum autoantibodies were found only in the 2 patients: case n. 4 with autoimmune encephalitis (ANA 1/320) and case n. 6 with dermatomyositis (anti-SSA-Ro-antiMDA5, 1/640).

Vaccination induced a flare of an underlying IMD in 5 patients, corresponding to the 0,58% out of the 849 IMDs in follow up in our clinic, as follows: a flare of psoriasis in one patient with PsA; arthritis of the right knee or of the left wrist in two patients with PsA, respectively; enthesitis of the left Achille’s tendon in one patient with axial-PsA; and symmetric polyarthritis of the small joints of the hands in one patient with RA.

All the patients of the cohort D were successfully treated with corticosteroids, or plus colchicine or mycophenolate mofetil (case n. 4 and n. 6, respectively), or corticosteroids added to the ongoing therapy with a bDMARD in the 2 patients (cases n. 7 and 8) already affected by an IMD (Table 6).




Discussion

Acute coronavirus disease 2019 (COVID-19) pandemic caused by SARS-CoV-2 is characterized by variable clinical presentations, ranging from asymptomatic infection to fatal respiratory failure. Recently, it has become apparent that an exaggerated immune response plays an important role in the pathogenesis of COVID-19, but the intersection of COVID-19 and autoimmunity still needs to be fully elucidated (17).

In fact, it appears that a preexisting autoimmunity may influence, often deleteriously, the course of COVID-19 in certain individuals and, meanwhile, in other patients the virus may contribute to a de novo breakdown in immune tolerance, triggering pathogenic immune-mediated clinical manifestations reminiscent of those seen in autoimmune diseases such as antiphospholipid syndrome, inflammatory arthritis, and systemic lupus erythematosus (SLE) (18). In addition, there are numerous case reports of patients developing classifiable autoimmune diseases, such as rheumatoid arthritis, psoriatic arthritis, and type 1 diabetes concomitantly or immediately following SARS-CoV-2 infection (19–22).

As suggested for other viruses (23), the widespread interaction of Coronaviruses with our defense system can trigger autoimmune diseases favored by a molecular similarity between viral and human peptides. Their sporadic transcription and recombination generate a wide number of epitopes that may contribute to elicit autoimmunity trough molecular mimicry, bystander activation, epitope spreading and cytokine storm (24).

In our work, we described a series of cases of IMDs occurring after COVID-19 in a large cohort of patients. We also described a series of cases of well characterized IMDs temporally correlated with anti-SARS-CoV-2 vaccination.

In patients hospitalized for COVID-19, the most observed severe IMDs were diseases of cardiological interest (as pericarditis and myocarditis) and hematological alterations (thrombocytopenia). In the latter case, to improve diagnostic specificity, we considered only cases with platelet counts <100,000/mmc, with a rapid response to steroid therapy and without alternative explanation. According to previous reports (25), thrombocytopenia has been described as an autoimmune manifestation in COVID-19 although without anti-platelet antibodies, likewise in our patients.

In most cases, the hospitalized COVID-19 patients complained mild IMDs symptoms (arthralgia/myalgia) without patent clinical manifestations, whereas a real acute arthritis occurred only in a small percentage of cases.

A subgroup of patients previously affected by COVID-19 and subsequent IMDs were followed-up in the outpatient clinic. Interestingly, these patients reported mainly joint manifestations, more commonly acute exacerbation of seronegative spondyloarthritis (SpA). Acute flares of SpA after COVID-19 have been recently reported by other studies (26).

It is worth noting that all patients described above, although the clinical manifestations of IMDs after COVID-19 closely resembled those of the classifiable disease, did not show the presence of common autoantibodies associated with autoimmune diseases (i.e. SLE or RA), which might have supported the hypothesis of an autoantibody-mediated pathogenesis of the IMDs.

Indeed, we should underline that in these IMDs, putatively correlated with SARS-COV-2 infection, we have not been able to identify, so far, a “disease-tissue”-specific antibody, but it cannot be excluded that in the next future there will be published studies reporting tissue-specific antibodies induced by the SARS-Cov-2 virus.

Moreover, it could be hypothesized that the innate immunity may play an important role in the development of the IMDs in the first phases of the COVID-19 and, subsequently, another important pathogenetic role could be played by the adaptive immunity, namely by the production of the anti-SARS-Cov2 antibodies.

The latter hypothesis, in our study, is supported by the occurrence of the IMDs in close temporal correlation with anti-SARS-Cov2 vaccination and a role of the anti-SARS-COV2 spike antibodies or SARS-COV2-recognizing T cells in triggering a prolonged immune-mediated inflammation in these patients might be postulated.

From this point of view, we additionally reported thirteen cases of new IMDs and five flares of pre-existing IMD that we observed in close temporal correlation with SARS-CoV-2 vaccination with a mRNA vaccine.

The possibility that vaccinations could induce a flare of an underlying rheumatic disease is still controversial and vaccines are generally considered to be safe (27).

In our study, the incidence of these IMD putatively correlated with vaccines administration is low, but we should consider that our study has some limitations as well.

The study has been not designed to estimate the incidence and prevalence of IMD onset after COVID-19 or vaccination, but it is a real-life observational study conducted in a single tertiary referral center during a pandemic. Thus, the estimates could be affected by selection bias and the retrospective data collection and analysis.

In a large epidemiological study conducted in 5493 patients with RA, the propensity-scored weighted Poisson regression showed no significant association between arthritis flare and COVID-19 vaccination (28).

Conversely, in two different web-based surveys evaluating systemic rheumatic disease flare incidence post-SARS-CoV-2 vaccine, one study showed about 11.5% of patients and the other n. 66 patients who reported a worsening of the underlying disease closely correlated with the first and/or second dose of different vaccines (10, 29).

The most important finding of the latter case series, like in other reports (11–13), is that all the new IMDs or their exacerbations were mostly mild-to-moderate and, importantly, a short course of corticosteroids was sufficient to control disease manifestations in most cases.

Moreover, although the clinical manifestations were similar to those of the canonical IMDs, we found that conventional or disease-defining serological markers were usually absent.

These considerations open two important questions: how should these vaccine-induced IMDs be managed and for how long? What is their natural history?

These findings in vaccinated subjects potentially support the hypothesis that anti-spike antibodies elicited by vaccination and, likewise, those elicited by COVID-19 (15–19), may participate in triggering downstream signaling pathways common to those encountered in several immune-mediated disorders (13, 30, 31).

Considering the massive campaign of vaccination against SARS-CoV-2, the incidence of vaccine-associated IMDs seems however quite low (https://vaccine-safety-training.org).

In conclusion, this study shows that immunity against SARS-CoV-2 has the potential to stimulate heterogeneous immune-mediated reactions without specific serological autoimmunity. Our findings support the need to investigate on the role that anti-Spike antibodies may play in such cases and, most importantly, reinforce the current understanding that COVID-19 clinical manifestations are often sustained by the host immune system but not by SARS-CoV-2 itself (17, 18). The true incidence of IMDs, both as flares and as new onset manifestations, remains to be established. Larger epidemiological studies should be promoted globally to monitor these potential post-vaccination IMDs and to evaluate their real incidence and clinical significance.
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Introduction

Immunocompromised patients with B-cell depletion agents are at risk for persistence and/or severe SARS-COV-2 infection. We describe a case series of 21 COVID-19 patients under B cell depletion therapy, mostly treated with a combined therapy based on intravenous remdesevir (RDV) and steroid associated with SARS-CoV-2 monoclonal antibodies against Spike glycoprotein and/or hyper-immune convalescent plasma.



Methods

This is a single-center longitudinal study. We retrospectively enrolled a total number of 21 B-cell depleted consecutive hospitalized patients with COVID-19 at the Lazzaro Spallanzani National Institute for Infectious Diseases, Rome, Italy, from November 2020 to December 2021. Demographic characteristics, medical history, clinical presentation, treatment, adverse drug reactions, and clinical and virological outcome were collected for all patients. In a subgroup, we explore immune T cells activation, T cells specific anti-SARS-COV-2 response, and neutralizing antibodies.



Results

Twenty-one inpatients with B-cell depletion and SARS-COV-2 infection were enrolled. A median of 1 B cells/mm3 was detected. Eighteen patients presented hypogammaglobulinemia. All patients presented interstitial pneumonia treated with intravenous RDV and steroids. Sixteen patients were treated with monoclonal antibodies against SARS-CoV-2 Spike protein, four patients were treated with SARS-CoV-2 hyper-immune convalescent plasma infusion, and three patients received both treatments. A variable kinetic of T cell activation returning to normal levels at Day 30 after immunotherapy infusion was observed. All treated patients recovered.



Conclusion

In COVID-19 immunosuppressed subjects, it is mandatory to establish a prompt, effective, and combined multi-target therapy including oxygen, antiviral, steroid, and antibody-based therapeutics, tailored to the patient’s clinical needs.
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Introduction

Immunocompromised patients with autoimmune, onco-hematologic, and/or neurologic disorders, with B cell depletion and negative serologic evidence against SARS-CoV-2 after both natural infection and/or SARS-CoV-2 vaccination are at higher risk of severe and/or prolonged COVID-19.

Among these patients anti-CD20 antibody-based B cell-depleting strategies such as rituximab are widely used (1). Upon antigen exposure, B cells can form memory cells or differentiate into plasmablasts and plasma cells. Memory B cells are precursors to antibody-secreting cells, and in addition they can function as professional antigen presenting cells, especially in the context of interactions with T cells that recognize the same antigenic target (2). Treatment with rituximab results in complete B cell-depletion within 72 h from administration, with an estimated recovery timing in 6-9 months after the completion of therapy, and with a return to normal levels observed after 9-12 months (3). These long-lasting therapies are associated with an increased risk of infections such as tuberculosis, hepatitis B virus, herpes virus reactivation, and SARS-CoV-2 infection (4).

The ongoing pandemic is a serious issue for patients treated with anti-CD20 monoclonal or similar biological agents with a COVID-19 mortality rate as high as 60% (5). Indeed, immunocompromised patients could have clinical and virological evidence of persistent SARS-CoV-2 infection of more than 21 days’ duration and/or more than 2 episodes of acute respiratory syndrome (6, 7). In this setting, it is important to identify and approach these patients from different perspectives in terms of clinical, diagnostic, and therapeutic options. In the last months, scientific evidence on clinical approaches based on passive immunotherapy has been successfully reported (8). Passive immunotherapy such as hyperimmune convalescent plasma and/or monoclonal antibodies (MoAbs) against SARS-CoV-2 infection represent a source of exogenous specific antibodies in immunocompromised patients with primary or secondary humoral disorders (9–11). To date, there are no available robust data to provide evidence-based protocols on the management of immunosuppressed patients. Here, we describe a case series of 21 COVID-19 patients, under B cell depletion therapy, of whom 20 successfully treated with SARS-CoV-2 MoAbs against Spike glycoprotein and/or hyper-immune convalescent plasma.



Methods

In this single-center cross-sectional study, we retrospectively enrolled a total number of 21 immunosuppressed patients consecutively hospitalized with prolonged or relapsing COVID-19 (with >21 days’ duration and/or >2 episodes of clinical illness) at the Lazzaro Spallanzani National Institute for Infectious Diseases, Rome, Italy (INMI Spallanzani), from November 2020 to December 2021. Demographic characteristics, medical history, clinical presentation, treatment, adverse drug reactions, and clinical outcome (survival/death) at Day 28 post-treatment were collected for all patients from the clinical record.

In a subgroup of 11 patients the expression of CD38 activation marker on CD4 and CD8 T cells was evaluated by flow cytometry at baseline (T0), after 3 (T3), 7 (T7), 14 (T14), and 30 days (T30) of MoAbs and hyperimmune convalescent plasma. The following gating strategy was used to identify T cells population: CD4+ and CD8+ T cells were identified in CD3+ T cells, gated in SSC-A/CD45+ cells, and within SSC-H/SSC-A in FSC singlets gate.

Spike- and Nucleocapside-specific T cells were quantified by IFN-γ Elispot assay, following the kit’s instruction. Positive control peripheral blood mononuclear cells (PBMCs) were stimulated with phytohemagglutinin (PHA) (data not shown). As a negative control, the spontaneous interferon (IFN)-γ release by unstimulated PBMC was quantified.

Real-time reverse transcription polymerase chain reaction (RT-PCR) was performed according to the laboratory workflow using different platforms: DiaSorin Simplexa® COVID-19 Direct platform, Abbott m2000 RealTime System, and the Cobas® SARS-CoV-2 Test on the fully automated cobas® 6800 Systems. Viral characterization was performed on nasopharyngeal swab (NPS) samples collected, when possible, by Next-Generation Sequencing (NGS) on Ion Torrent Platform using Ion AmpliSeq SARS-CoV-2 Research Panel, following the manufacturer’s instructions

SARS-COV-2 serology was performed by an enzyme-linked immunosorbent assay (ELISA) detecting anti-SARS-CoV-2 IgG, IgM, and IgA (ENZY-WELL SARS-CoV-2 ELISA on SkyLab platform; DIESSE), or by two chemiluminescence microparticle assays (CMIA) detecting anti-nucleoprotein (anti-N) IgG and anti-Spike/RBD IgG (ARCHITECT SARS-CoV-2 IgG, and ARCHITECT SARS-CoV-2 IgG II Quantitative, on ARCHITECT® i2000sr; Abbott Laboratories, Wiesbaden, Germany, respectively). According to the manufacturer’s instructions, index values S/CO ≥ 1.1 are considered positive for ELISA, while for the two CMIA, Index >1.4 and Binding Antibody Units (BAU)/mL ≥7.1 are considered positive for anti-N and anti-Spike/RBD IgG, respectively.

Neutralizing antibodies were assessed by micro-neutralization assay (MNA) using live SARS-CoV-2. Briefly, seven twofold serial dilutions (starting dilution 1:10) of heat-inactivated serum samples (56°C for 30 min) were titrated in duplicate, mixed with 100 TCID50 SARS-CoV-2 and incubated at 37°C for 30 min. Subsequently, virus-serum mixtures were added to sub-confluent Vero E6 cells seeded in 96-well microplates and incubated at 37°C, 5% CO2. After 48 h, microplates were observed by light microscope for the presence of cytopathic effect (CPE). Neutralization titers were expressed as the reciprocal of the highest serum dilution inhibiting at least 90% (MNA90) of CPE.



Results

From November 2020 to December 2021, 21 patients with B-cells depletion and SARS-COV-2 infection were enrolled: 12 men with a median age of 65 (InterQuartile Range – IQR, 54-71.5) years old. Tables 1, 2 show patients’ clinical and laboratory features (data are reported in chronological order of admission). Among 21 patients, 15 patients had a hematological disorder, 2 patients had a multiple sclerosis, and 4 patients had an autoimmune disease (2 Wegener granulomatosis, 1 psoriatic arthritis, and 1 rheumatoid arthritis). All study population had a history of immunosuppression (median of 1 B cells/mm3, IQR 0-2 cells): 16 patients for a previous treatment with anti-CD20 agents, 2 patients for a previous treatment with anti-CD38 agents, and 2 for previous standard chemotherapy. Residual hypogammaglobulinemia was observed in 18 patients. Of them, 7 subjects were COVID-19 vaccinated. Viral characterization was performed on nasopharyngeal swab samples collected from 4 of the 21 patients. Two patients tested positive for the Alpha variant, 1 patient for a B.1.177.33 lineage (GV clade) and a B.1.177 lineage (BGV), respectively.


Table 1 | Study population in chronological order of admission: clinical features.




Table 2 | Immunological features in the study population.



Nine patients had a prolonged COVID-19 infection; the remaining 12 patients had a primary infection. All patients presented interstitial pneumonia treated with intravenous remdesivir (RDV) and steroids. Sixteen patients were treated with MoAbs against SARS-CoV-2 Spike glycoprotein (casirivimab/imdevimab in 14 cases and bamlanivimab/etesevimab in 2 cases), 4 patients were treated with SARS-CoV-2 hyper-immune convalescent plasma infusion (1:320 neutralizing Abs against SARS-CoV-2 Spike glycoprotein), and 3 patients received both treatments. One patient died, he refused both treatments. The median time to hospitalization from the first positive nasopharyngeal swab was 11 (IQR 6.25-59) days, the median SARS-CoV-2 viral shedding was 57.5 (IQR, 36.5-90) days, and the median length of hospitalization was 30 days (IQR 16.25-42.5). Stratifying patients according to treatment, a decreasing trend of length of stay (LS), and time to negative SARS-CoV-2 molecular NPS in MoAbs vs. hyperimmune convalescent plasma treated patients was observed (28.6 vs. 39 days for LS and 50.3 vs. 75.2 days for negative NPS, respectively). Oxygen supports varied according to patient clinical severity but no differences in terms of antiviral and MoAb therapies and of clinical outcome were reported. CD4 and CD8 T cell activation (CD38+) was evaluated in 11 patients: 7 patients were treated with MoAbs, 3 patients with plasma, and 1 patient with both regimens. A variable kinetic of T cell activation returning to normal levels at Day 30 after immunotherapy infusion was shown. Interestingly, in the patient sequentially treated first, with plasma infusion and then with MoAb therapy, a significant early reduction of T cell activation was reported. Therefore, all patients showed a positive Spike-specific T cell response that reached a peak between Day 7 and 14 after treatment and then slowed down. In contrast, the patient treated with both therapeutics had a delayed specific T cell response after MoAb infusion only (Figure 1).




Figure 1 | Impact of hyperimmune convalescent plasma (A) anti-SARS-CoV-2 monoclonal antiboby (B) and hyperimmune convalescent plasma plus anti-SARS-CoV-2 monoclonal antibody (C) therapy on immune parameters and specific T cell response in peripheral blood before and after treatment.





Discussion

Patients receiving B-cell lymphocyte depletion agents have been shown to be particularly vulnerable to COVID-19, having four times higher odds of COVID-19-related case fatality rate compared with patients on other immunosuppressive medication (12). Indeed, this group of patients usually has a prolonged viral clearance in the respiratory tract with more than 21 days duration, several episodes of acute respiratory infectious syndrome and no SARS-CoV-2 Spike glycoprotein or N protein seroconversion even at Day 20 from symptom onset (7, 12–15). Here, we described the clinical, virological, and immunological pictures of 20 patients with B-cell depletion and SARS-CoV-2 pneumonia ranging from mild to severe, of them 9 had a prolonged infection.

All subjects were treated with intravenous RDV plus systemic corticosteroid associated with passive immunotherapy with SARS-CoV-2 MoAbs and/or hyperimmune convalescent plasma. This therapeutic approach was adopted in all patients even in those with primary SARS-COV-2 infection because of the higher risk of prolonged or severe COVID-19. Although RDV and MoAb use is recommended in COVID-19 patients in the early phase of SARS-CoV-2 infection, RDV was administered after Day 10 in 65% of cases, and MoAbs after Day 7 in 80% of cases (16).

Randomized controlled clinical trials on hyperimmune convalescent plasma have shown controversial results but clinical benefit has been recently demonstrated when used early within 72 h from symptoms’ onset and with high titers of neutralizing antibodies (17). Nevertheless, in our cohort of immune suppressed patients undergoing anti-CD20 biological agents, antivirals and passive immunotherapy have been used later than in the early phase of the infection as they have been studied, suggesting an additional clinical benefit of this combination strategy even in reducing long lasting viral replication. The use of systemic steroids was balanced in all patients, regardless of their immunosuppressed status. In the subgroup of patients with immunological data, T cells activation levels returned to normal levels at Day 30 from immunotherapy, and it was more frequently observed in MoAb-treated than in plasma-treated patients. In one patient first treated with plasma, T cell activation was reduced after MoAb infusion only. Despite the limit of the small sample size of our cohort, a decreasing trend of both length of stay and time to negative molecular NPS in MoAb-treated vs. plasma-treated patients was observed.

Passive immunotherapy (convalescent plasma and/or MoAbs) against SARS-CoV-2 infection represents a main therapeutic option as a source of exogenous specific antibodies in immunocompromised patients with primary or secondary humoral disorders (18). Although to date there is no therapeutic consensus in immunocompromised patients, anecdotal case series of clinical success with combined anti SARS-COV-2 therapy (10, 11) are consistent with our preliminary data. Passive immunotherapy associated with remdesivir, systemic steroid, and oxygen therapy is a successful and safe strategy in our immunosuppressed COVID-19 cohort in terms of reducing viral load, immunoactivation, and case fatality.

Rapid viral clearance, shorter duration of hospitalization, and full recovery were observed in patients treated in 2021 compared to 2020 when this therapeutic approach was early adopted as a combined drug strategy immediately after hospital admission to prevent SARS-COV-2 persistence.

Limitations to MoAb use are related to its limited availability, currently almost exclusive of patients from high-income countries, to its high cost, to the time required for regulatory approval for routine clinical use, and to drug procurement difficulties during Covid-19 epidemic peaks. Finally, susceptibility to MoAb therapies may be reduced because of changes in circulating variants of concern (19).

A likely alternative to MoAb is the hyperimmune convalescent plasma, which is available in low- and middle-income countries without patent restrictions and at relatively low cost. Hyperimmune convalescent plasma provides a diverse mixture of antibodies with different specificities and functions and should be less vulnerable to the emergence of antibody resistance and viral variants (19). Finally, underlying medical conditions (onco-hematologic malignancies, neurologic and autoimmune disorders), disease activity status, and concomitant/previous treatments that affect immune cell distribution and function are all factors to be considered in the choice of specific treatment for selected categories of COVID-19 patients. In COVID-19 immunosuppressed subjects, it is mandatory to establish a prompt, effective, safe, and combined multi-target therapy including oxygen, antiviral, and steroid and antibody-based therapeutics, tailored to the patient’s clinical needs.
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Efficient protection against coronavirus disease 2019 (COVID-19) has been achieved by immunization with mRNA-based vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). However, efficient immune responses against this novel virus by vaccination are accompanied by a wide variety of side effects. Indeed, flares or new-onset of autoimmune disorders have been reported soon after the COVID-19 vaccination. Although pro-inflammatory cytokine responses play pathogenic roles in the development of autoimmunity, cytokines charactering COVID-19 vaccination-related autoimmune responses have been poorly understood. Given that mRNA derived from COVID-19 vaccine is a potent inducer for pro-inflammatory cytokine responses, these cytokines might mediate autoimmune responses after COVID-19 vaccination. Here we report a case with new-onset rheumatoid arthritis (RA) following COVID-19 vaccination. Serum concentrations not only of arthrogenic cytokines, interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), but also of type I interferon (IFN) were elevated at the active phase in this case. Induction of remission by methotrexate and tocilizumab was accompanied by a marked reduction in serum concentrations of type I IFN, IL-6, and TNF-α. These results suggest that production of type I IFN, IL-6, and TNF-α induced by COVID-19 vaccination might be involved in this case with new-onset RA.
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Introduction

Coronavirus disease 2019 (COVID-19) sometimes causes autoimmunity (1). Molecular mimicry has been considered to be involved in the development of autoimmunity due to cross-reactivity of a COVID-19 spike protein to human antigens (1). Given that BNT162b2 (BioNTech-Pfizer) is a mRNA-based vaccine expressing the spike protein, it is possible that BNT162b2 vaccination can be a trigger for the development of autoimmunity (2–4). In fact, new-onset or flares of autoimmune disorders including rheumatoid arthritis (RA), adult-onset Still’s disease, inflammatory bowel diseases, and anti-neutrophil cytoplasmic antibody-associated vasculitis have been observed soon after the COVID-19 vaccination (5–9). Immunopathogenesis underlying COVID-19 vaccination-related autoimmunity has not been fully understood. In this regard, sensing of double-stranded and single-stranded RNA derived from the mRNA-based vaccine by toll-like receptors (TLRs), retinoic acid inducible gene-I (RIG-I), and melanoma differentiation-associated gene 5 (MDA5) can be potent triggers for production of type I interferons (IFN-I) and pro-inflammatory mediators (2–4). Therefore, it is likely that excessive production of IFN-I and pro-inflammatory cytokines is involved in the development of autoimmune responses associated with COVID-19 vaccination. However, cytokines causing autoimmunity have not been identified in such cases. Here, we report a case with new-onset RA following COVID-19 vaccination. In this case, serum and synovial fluid concentrations of interleukin (IL)-6, tumor necrosis factor-α (TNF-α), and IFN-I were elevated, suggesting that pro-inflammatory cytokine responses triggered by COVID-19 vaccination might be involved in the development of de novo RA.



Case Report

A 53-year-old healthy Japanese man received BNT162b2 vaccination twice. His grandmother had RA. Successful immunization was verified by a marked elevation of anti-COVID-19-specific Ab titer (510 U/mL, normal range <15). Four weeks after the final vaccination, his left knee joint became swollen and painful. Soon after, he noticed bilateral omalgia and morning stiffness. Blood examination revealed marked leukocytosis (white blood cell, WBC count; 14,600/μL, normal range; 4,000~9,000) and elevated levels of C-reactive protein (CRP 8.45 mg/dL, normal range; 0~0.60). WBC counts and CRP levels were normal before the second vaccination (Figure 1A). His serum levels of anti-cyclic citrullinated peptide antibody and rheumatoid factor were 1,200 U/mL (normal range; 0~4.4) and 51 U/mL (normal range; 0~15), respectively. Magnetic resonance imaging showed diffuse knee effusion. Based on these typical symptoms and serological analyses, he was diagnosed as RA.

Initial treatment with methotrexate (MTX, 3 mg/day) with an escalating dose schedule (1 mg/2 weeks) and prednisolone (5 mg/day) failed to induce remission. PSL was switch to subcutaneous injection of etanercept (50 mg/week), which was again unsuccessful for the induction of remission. MTX (6 mg/day) in combination with subcutaneous injection of tocilizumab (162 mg/week) normalized serum concentration of CRP and WBC count (Figure 1A). Around one month after the injection of tocilizumab, induction of remission was achieved and bilateral omalgia, swollen of the left knee, and morning stiffness disappeared at this time point. He was treated with MTX and tocilizumab (162 mg/every two weeks) and maintained complete remission for more than ten months without adverse events.



Methods

Concentrations of IFN-α, IFN-β, IL-6, and TNF-α were measured using enzyme-linked immunosorbent assay kits from R&D systems. Serum samples were obtained at the active and remitted phases whereas joint fluid samples were taken at the active phase.



Results

One major question arising from this case is whether BNT162b2 vaccination promoted the development of RA. Pro-inflammatory cytokines such as IL-6 and TNF-α underlie the immuno-pathogenesis of RA whereas the IFN-I responses are not so prominent in RA (10). mRNA derived from BNT162b2 can cause strong IFN-I responses through sensing by TLRs, RIG-I, and MDA5 (2–4). Therefore, it is possible that not only IL-6 and TNF-α but also IFN-I is involved in the development of RA in this case. As expected, serum concentrations of TNF-α and IL-6 were markedly reduced after treatment with MTX and tocilizumab (Figure 1B). Interestingly, serum concentrations of IFN-α and IFN-β were also high before the treatment and declined at the remission phase (Figure 1B). In addition, synovial fluid obtained from the left knee before the treatment contained high levels of IFN-I as well as IL-6. Thus, this new-onset RA after BNT162b2 vaccination was characterized by IFN-I as well as IL-6 and TNF-α.




Figure 1 | Clinical course of a patient with rheumatoid arthritis exhibiting systemic pro-inflammatory cytokine responses. (A) Clinical course. The first vaccination day was defined as Day 0. WBC, white blood cell; CRP, C-reactive protein; MTX, methotrexate; PSL, prednisolone; ETN, etanercept; TCZ, tocilizumab. (B) Serum concentrations of cytokines at the active (Day 53) and remitted (Day 172) phases. Serum concentrations of IL-6, TNF-α, IFN-α, and IFN-β at the active and remitted phases are shown. Synovial fluids were obtained at the active phase alone. N.D., not done.





Discussion

Although mRNA-based COVID-19 vaccines are very effective for the protection against SARS-CoV-2 infection, the induction of efficient immune responses is concomitant with a wide variety of side effects (2–4). New-onset or exacerbation of autoimmune disorders has been reported in patients soon after COVID-19 vaccination (5–9). Given that pro-inflammatory cytokine responses play crucial roles in the development of autoimmune disorders, it is likely that COVID-19 vaccination can be a trigger for production of pro-inflammatory cytokines. Different from conventional vaccines, mRNA-based COVID-19 vaccines do not contain adjuvants with potent immuno-stimulatory functions (2–4). In this regards, recognition of mRNAs derived from COVID-19 vaccine by TLRs, RIG-I, and MDA5 may induce pro-inflammatory cytokines, including IFN-I (2–4). However, molecular mechanisms accounting for the development of autoimmunity following COVID-19 vaccination have not been fully understood. Here we show a case of de novo RA following COVID-19 vaccination and characterized by systemic pro-inflammatory cytokine responses including IFN-I, IL-6, and TNF-α. Although new-onset or exacerbation of autoimmune disorders have been reported in patients soon after COVID-19 vaccination (5–9), little information was available regarding pro-inflammatory cytokine responses in such cases.

Although IL-6 and TNF-α are well-established arthrogenic cytokines, roles of IFN-I have been poorly defined. The IFN-I signature is less conspicuous in RA than in the other IFN-I-dependent autoimmunity such as systemic lupus erythematosus (11–13). Thus, this case was atypical in that IFN-I responses as well as prototypical pro-inflammatory cytokine responses were parallel to disease activities. In this regard, we speculate that BNT162b2 vaccination could be a trigger for RA development. This notion is supported by the fact that mRNA derived from BNT162b2 is a potent inducer of IFN-I responses through activation of TLRs, RIG-I, and MDA5 (2, 3). Consistent with high concentrations of IFN-I in the synovial fluid of this case, Lande et al. confirmed the presence of IFN-I in the synovial fluid of patients with RA (14). Taken together, this case suggests that initial IFN-I responses induced by BNT162b2 vaccination might trigger arthrogenic cytokine responses accounting for the development of typical RA via induction of IL-6 and TNF-α. This idea is fully supported by the fact that IFN-I can function as upstream cytokines with the ability to induce production of prototypical inflammatory cytokines such as IL-6 and TNF-α (15). However, we cannot exclude the possibility that the timing of RA development with regard to vaccination was coincidental. Moreover, this patient was successfully treated by the blockade of IL-6, which suggests predominant roles of this cytokine. Future studies performing large-scale epidemiological analyses in new-onset or flare RA patients following COVID-19 vaccination are required to establish its link. It would be intriguing to examine whether IFN-I as well as arthrogenic cytokine (IL-6 and TNF-α) responses are elevated in COVID-19 vaccination-associated RA.
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Background

Pyruvate kinase M2 (PKM2) is an enzyme that regulates the final process of glycolysis and exists in tetrameric and dimeric forms. The dimeric form of PKM2, also known as tumour M2-PK, increases when aerobic glycolysis is augmented, a feature observed in rheumatoid arthritis (RA). We investigated whether plasma tumour M2-PK is elevated in patients with RA and whether its levels correlate with disease activity.



Methods

Plasma levels of tumour M2-PK were measured for patients with RA (n=151), those with osteoarthritis (OA) (n=37), and controls (n=37). We evaluated the association between plasma tumour M2-PK and continuous variables using Pearson’s correlation analysis, and multivariate logistic regression analysis to determine the association between plasma tumour M2-PK and disease activity status. Knee synovial tissue blocks from patients with RA and OA were subjected to real-time quantitative PCR (qPCR) using two different primers for PKM2 and tumour M2-PK immunohistochemical (IHC) staining.



Results

The tumour M2-PK level significantly correlated with the disease activity score in 28 joints (DAS28)-erythrocyte sedimentation rate (ESR) (r=0.546, p<0.001) and DAS28-C-reactive protein (CRP) (r=0.589, p<0.001). Moreover, repeat testing of tumour M2-PK levels in 20 patients revealed a significant decline in tumour M2-PK levels after reduction in inflammation (p<0.001). Area under the receiver operating characteristic curve (AUROC) analysis demonstrated that upon incorporation of tumour M2-PK, ESR, and CRP, the area under the curve was 0.962 for distinguishing moderate/high from remission/low disease activity. Adjusted logistic regression also revealed that a tumour M2-PK >43.9 U/mL (OR 3.672, p=0.042) independently predicted moderate/high disease activity status. Furthermore, tumour M2-PK levels in patients with RA were significantly higher than in those with OA and controls (all p<0.001). However, no differences were found in PKM2 expression in RA and OA synovial tissues as assessed by qPCR, and IHC analysis revealed negligible tumour M2-PK expression in the synovial tissues.



Conclusion

Circulating plasma tumour M2-PK levels may be a clinically useful indicator for evaluating disease activity and RA diagnosis.





Keywords: tumour M2-pyruvate kinase, rheumatoid arthritis, disease activity, predictor, biomarker



Introduction

Pyruvate kinase (PK) regulates the final step of glycolysis and is responsible for the production of adenosine triphosphate, a crucial source of energy for maintaining cellular activity (1). In mammals, PK is encoded by two genes, PKLR and PKM, and four different isoenzymes (M1, M2, L, and R) are known to exist (2). Among these enzymes, isoenzyme M2 (PKM2) is overexpressed in tumour, embryonic, and actively proliferating cells. PKM2 exists in tetrameric and dimeric forms; the tetrameric form of PKM2 exhibits high affinity for its substrate, phosphoenolpyruvate (PEP), possessing a high activity under physiological PEP concentrations. Therefore, the tetrameric form of PKM2 plays a key role in efficiently converting glucose into pyruvate for glucose utilisation. On the other hand, the dimeric form of PKM2 has a low affinity for PEP, and thus, usually remains inactive under physiological conditions (3).

In tumour cells, intermediate products in the early stages of the glycolytic pathway are metabolised through alternative mechanisms to obtain energy to synthesise nucleic acids, phospholipids, and amino acids, which are important components required for cellular function (4). During this process, PKM2 is converted into a dimeric form as a consequence of post-translational modifications by various tumour proteins; thus, the dimeric form of PKM2 is called tumour M2-PK (5, 6). Previous studies have shown that tumour M2-PK increases in the peripheral circulation of patients with various types of cancers (7). In particular, there is evidence indicating that tumour M2-PK is directly related to tumorigenesis, and its inhibition could have therapeutically beneficial effects against cancers (8). The incorporation of blood tests for tumour M2-PK and conventional tumour markers has been suggested to improve the detection of certain types of cancers (9, 10). Furthermore, the clinical utility of assessing tumour M2-PK level is not only for diagnosis, but it may also serve as a prognostic indicator for determining treatment response, predicting survival, and disease recurrence (11–13). The precise cause of the increase in the dimeric form of PKM2 in tumour cells is still unclear. However, unlike normal cells, it is presumed that this phenomenon could be related to a unique feature of tumour cells, which generate energy by aerobic glycolysis instead of oxidative phosphorylation (14).

Rheumatoid arthritis (RA) is an autoimmune disease characterised by inflammation of the synovial membrane. Uncontrolled chronic inflammation is responsible for the development of irreversible joint deformities (15). In RA, the inflamed synovium contains fibroblast-like synoviocytes (FLSs) and inflammatory cells such as lymphocytes, neutrophils, and macrophages (16). The accumulation and activation of these cells results in the formation of a pannus, which displays a tumour-like phenotype of excessive inflammatory cell accumulation and angiogenesis (17). In fact, a shift toward glycolysis, a characteristic property of cancer cells, has also been identified in FLS from patients with RA and in the synovial tissue of experimental RA (18–20). Therefore, it could be hypothesised that tumour M2-PK, which increases with higher energy requirement, is increased in patients with RA. Based on these shared features, this study was designed to evaluate whether plasma tumour M2-PK level is i) associated with disease activity and blood levels of acute phase reactants such as ESR and CRP, which are the most widely used in clinical care, and ii) higher in patients with RA than in those with osteoarthritis (OA) and controls.



Materials and methods


Patients with RA, osteoarthritis, and controls

Plasma samples were collected from 151 patients with RA who had undergone routine laboratory tests in the Department of Rheumatology, Severance Hospital between March 2016 and December 2017. For sample handling, blood collected in EDTA tubes were immediately centrifuged and subsequently stored in a -70°C freezer for enzyme-linked immunosorbent assay (ELISA) experiments. The patients included met the 2010 American College of Rheumatology/European League Against Rheumatism classification criteria for RA (21), and none of the patients had malignancies (either solid or haematologic) or active infections at the time of blood collection. Tumour M2-PK levels in the plasma of 37 patients with OA and 37 controls were compared with those of patients with RA. This study was approved by the Severance Hospital’s Institutional Review Board (4-2017-0761), and the study was conducted keeping with the principles of the 1964 Helsinki Declaration and comparable ethical standards.



Patient and laboratory data

Patient and laboratory data were acquired on the date of obtaining plasma samples from the patients. Patient demographics included age, sex, seropositivity (rheumatoid factor and/or anti-cyclic citrullinated peptide positivity), the presence of interstitial lung disease (ILD), and disease duration. Disease activity measures included the following disease activity scores: disease activity score in 28 joints (DAS28)-erythrocyte sedimentation rate (DAS28-ESR) and DAS28-C-reactive protein (DAS28-CRP) (22, 23); investigated medications that were used for the treatment of RA were glucocorticoids, conventional synthetic (cs) disease-modifying anti-rheumatic drugs (DMARDs) (methotrexate, leflunomide, sulfasalazine, hydroxychloroquine, and tacrolimus), and biologic DMARDs (bDMARDs) (etanercept, adalimumab, golimumab, infliximab, abatacept, and tocilizumab) (24, 25). Laboratory data included white blood cell, platelet, neutrophil, and lymphocyte counts; erythrocyte sedimentation rate (ESR); and C-reactive protein (CRP), alkaline phosphatase (ALP), aspartate aminotransferase, and alanine aminotransferase levels. Those who were newly diagnosed as RA and was treatment naïve were defined as having new-onset disease, and patients with DAS28-ESR ≥ 3.2 were considered to have moderate/high disease activity, as previously described (26). We defined patients with DAS28-ESR < 3.2 as having remission/low disease activity.



ELISA for assessment of tumour M2-PK, TNF-α, and IL-6 levels in patients with RA

A commercial ELISA kit (ScheBo Biotech AG, Giessen, Germany) was used to measure plasma M2-PK levels in stored patient samples. In addition, TNF-α (R&D Systems, Minneapolis, MN, USA) and IL-6 (R&D Systems) were evaluated in identical patient samples. The relevant experimental procedures were performed in accordance with the manufacturer’s instructions.

Serial plasma samples of 20 patients with RA who had moderate/high disease activity initially and had remission/low disease activity at follow-up, with a time interval of more than three months, were used to assess changes of tumour M2-PK following the reduction of disease activity.



Polymerase chain reaction and immunohistochemistry

Total RNA was extracted from 10 knee synovial tissue blocks from patients with RA and OA undergoing total knee replacement surgery using Trizol reagent. Next, a reverse transcription kit (TaKaRa Bio Inc., Kusatsu, Japan) was used for cDNA synthesis, and real-time quantitative PCR (qRT-PCR) analysis was performed using TB Green qPCR Mix (TaKaRa Bio Inc., Kusatsu, Japan) according to the manufacturer’s protocol. We used two different primer sequences of PKM2 for qRT-PCR: (i) forward: 5’-GGAGCGAGATCCCTCCAAAAT-3’, reverse 5’-GGCTGTTGTCATACTTCTCATGG-3’; and ii) forward: 5’-CCACTTGCAATTATTTGAGGAA-3’, reverse 5’-GTGAGCAGACCTGCCAGACT-3). GAPDH was selected as a housekeeping gene (forward: 5’-GGACTGAGGCTCCCACCTTT-3’ and reverse: 5’-CCTGCAGCGTACTCCCCACA-3’). The relative PKM2 mRNA expression was calculated using the 2−ΔΔCT method and normalised to that of GAPDH.

Identical tissue samples were subjected to immunohistochemical (IHC) staining using a commercial antibody against tumour M2-PK (MyBioSource Inc., San Diego, CA, USA). Formalin-fixed, paraffin-embedded tissue sections were de-paraffinised and rehydrated, and immunohistochemistry was performed according to the manufacturer’s instructions.



Isolation and culture of FLS from synovial fluid

Synovial fluid was obtained from patients with rheumatoid arthritis (n=3) having knee joint swelling by joint aspiration, and was diluted in PBS (1:9), centrifuged at 1500 rpm for 10 minutes. After removing the supernatant, cell pellet was resuspended to complete Dulbecco’s modified Eagle’s medium (DMEM) (10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin), placed in T25 flask, and incubated in 5% CO2 incubator at 37°C. When cell confluency was reached 80~90%, adherent cells were separated, neutralized in complete DMEM, and was spin-downed. Cell pellet was then resuspended for the next passage expansion. The media used for cell culture was changed every 3-4 days (27), and cells in the passage of 3-5 were used for all experiments. Cells used for the experiments were confirmed as FLS by flow cytometry, which was determined as positive for fibroblast marker of CD44 and CD90 and negative for macrophage marker of CD14 (all from BD Biosciences, San Diego, CA, USA) (28–30).



Stimulation of FLS and cytokine measurement

A total of 1.5×105 cells/well were seeded in a six-well plate, and was cultured with complete DMEM provided with TNF-α, IL-1β (100unit) (Peprotech, Cranbury, NJ, USA), and a PKM2 activator TEPP-46 (10μM) (Cayman Chemical, Ann Arbor, MI, USA) for 72 hours. TEPP‐46 induces the tetramerization of PKM2 and inhibits glycolysis and inflammation (31, 32). Following the end of the culture, the supernatant was collected in 15mL tube and was centrifuged at 1500 rpm for 5 minutes. Cytokines were measured using commercial enzyme-linked immunosorbent assay kits of TNF-α, IL-1β, IFN-γ (Abcam, Cambridge, UK), and IL-6 (Boditech, Chuncheon, South Korea) in the supernatant by duplicate experiments, which was performed according to the manufacturer’s instructions.



Statistical analysis

Continuous data are shown as medians (interquartile ranges) and categorical variables as numbers (percentages). Pearson’s correlation analysis was conducted for the analysis of the association between tumour M2-PK levels and continuous variables. Statistical differences between continuous variables were assessed using the Mann–Whitney U test or student’s t-test for two groups or by the Kruskal–Wallis test or Analysis of Variance when the groups were more than three, as indicated. Longitudinal changes in plasma tumour M2-PK levels were estimated by a Wilcoxon signed rank test, and derivation of the optimal cut-off of ESR, CRP, and tumour M2-PK was performed using the receiver operating characteristic (ROC) curve analysis. Statistically significant variables in the univariate analysis were subsequently included in the multivariate logistic regression analysis for predicting moderate/high disease activity by applying a forward method. In all statistical analyses, a two-tailed p-value of <0.05 was regarded as significant. Statistical analyses were performed using the MedCalc statistical software version 20.009 (MedCalc Software, Ostend, Belgium).




Results


Baseline patient characteristics

The characteristics of the patients are shown in Table 1. The median age of the patients was 57.0 of which 118 (78.1%) were women. Patients with seropositive RA accounted for 92.1% of the patients, and ILD was present in 11 patients (7.3%). The median disease duration, DAS28-ESR, and DAS28-CRP level were 61.7 months, 3.2, and 2.3, respectively. For the treatment of patients, 76 (50.3%) patients were undergoing treatment with glucocorticoids, whereas 115 and 56 patients were undergoing treatment with csDMARDs (76.2%) and bDMARDs (37.1%), respectively. The median ESR and CRP values were 36.0 mm/hr and 2.5 mg/L, respectively; the median TNF-α, IL-6, and tumour M2-PK levels were 10.7, 9.1, and 42.9 U/mL, respectively.


Table 1 | Baseline characteristics of patients with RA.





Association between tumour M2-PK and disease activity or laboratory data

The tumour M2-PK level was significantly associated with the disease activity measures, DAS28-ESR (r=0.546, 95% confidence interval [CI] 0.423–0.649, p<0.001) and DAS28-CRP (r=0.589, 95% CI 0.474–0.684, p<0.001). In addition, the associations between tumour M2-PK and IL-6, ESR, and CRP were significant; however, there was no association between it and TNF-α (Figure 1). Similarly, in patients undergoing DMARD treatment (n=121), a significant relationship was observed between tumour M2-PK level and DAS28-ESR (r=0.539, 95% CI 0.399–0.655, p<0.001) and DAS28-CRP (r=0.590, 95% CI 0.460–0.695, p<0.001) (Supplementary Table 1).




Figure 1 | Correlation between tumour M2-PK level and disease activity, TNF-α, IL-6, ESR, and CRP level. Tumour M2-PK levels significantly correlated with disease activity and laboratory results of IL-6, ESR, and CRP, but did not show a correlation with TNF-α. Pearson’s correlation analysis was performed to elucidate the relationship between tumour M2-PK levels and continuous variables. Tumour M2-PK, dimeric form of pyruvate kinase M2; TNF, tumour necrosis factor; IL, interleukin; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; DAS28: disease activity score in 28 joints.



Furthermore, repeat testing of tumour M2-PK levels in 20 patients with decreased disease activity revealed a significant decline in tumour M2-PK levels after the reduction in inflammation (p<0.001) (Figure 2).




Figure 2 | Serial testing of tumour M2-PK level after reduction in disease activity. Tumour M2-PK levels decreased significantly following improvement in disease activity. Changes in plasma tumour M2-PK levels were estimated by the Wilcoxon signed rank test. Tumour M2-PK: dimeric form of pyruvate kinase M2.





ROC curve of laboratory variables and logistic regression analysis

Patients were divided into moderate/high disease activity (n=75) and remission/low disease activity (n=76) groups to evaluate the performance of tumour M2-PK, ESR, and CRP in differentiating disease status. In particular, the median ESR, CRP, and tumour M2-PK levels were highest in those with high disease activity (Supplementary Table 2). ROC curve analysis revealed that tumour M2-PK, ESR, and CRP could significantly distinguish between disease status (the AUC was 0.877, 0.939, and 0.933 for tumour M2-PK, ESR, and CRP, respectively). The combination of tumour M2-PK, ESR, and CRP in the ROC curve analysis increased the AUC to 0.962 (Figure 3).




Figure 3 | ROC curves of tumour M2-PK, ESR, and CRP to determine moderate/high disease activity and remission/low disease activity. Area under the ROC curve for (A) tumour M2-PK, (B) ESR, (C) CRP, and (D) integration of tumour M2-PK, ESR, and CRP for determining optimal cut-off values in discriminating moderate/high RA activity (DAS28-ESR ≥ 3.2) and remission/low disease activity (DAS28-ESR < 3.2). ROC: Receiver operating characteristic; Tumour M2-PK, dimeric form of pyruvate kinase M2; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; RA, rheumatoid arthritis.



In a logistic regression analysis comprised of laboratory results, it was shown that WBC and neutrophil counts; ESR, CRP, ALP, and TNF-α levels; and tumour M2-PK level >43.9 U/mL were significantly associated with moderate/high disease activity. The adjusted analysis revealed that neutrophil count (odds ratio [OR] 1.001, 95% CI 1.000–1.001, p=0.006), ESR (OR 1.108, 95% CI 1.060–1.158, p<0.001), and tumour M2-PK >43.9 U/mL (OR 3.672, 95% CI 1.047–12.878, p=0.042) independently predicted moderate/high disease activity in patients with RA (Table 2).


Table 2 | Univariate and multivariate logistic regression of the association between laboratory results and moderate/high disease activity.





Tumour M2-PK levels according to subgroup analysis

To evaluate the difference in tumour M2-PK levels based on disease duration and treatment, patients were classified into those with new-onset (n=24) and those without new-onset disease (n=127). The level of tumour M2-PK was significantly higher in patients with new-onset RA than in those without new-onset disease (p<0.001). Moreover, the tumour M2-PK level was lower in patients who were undergoing any DMARDs treatment or in subjects undergoing bDMARDs treatment (all p<0.001). In contrast, no differences in tumour M2-PK levels were observed with seropositivity, age, and sex (Figure 4).




Figure 4 | Comparison of tumour M2-PK level based on disease duration, DMARD usage, seropositivity, age, and sex. The differences in tumour M2-PK levels were assessed in RA patients with regard to (A) disease duration, (B) DMARD usage, (C) bDMARD usage, (D) serotype, (E) age, and (F) sex. Mann–Whitney U test and Kruskal–Wallis test was used for the comparison of two groups, and three groups, respectively. The error bars indicate median values and interquartile range. Tumour M2-PK, dimeric form of pyruvate kinase M2; DMARD, disease-modifying anti-rheumatic drug; bDMARD, biologic disease-modifying anti-rheumatic drug; SPRA, seropositive rheumatoid arthritis; SNRA, seronegative rheumatoid arthritis.





Tumour M2-PK levels in osteoarthritis and controls

Comparison of tumour M2-PK levels in patients with RA, patients with OA, and controls showed that tumour M2-PK levels were significantly higher in patients with RA than in those with OA or controls (all p<0.001); in particular, the level of tumour M2-PK in patients with RA with moderate/high disease activity was also higher than those in patients with OA and in controls (Figure 5). The tumour M2-PK levels were comparable between the OA and control groups. ROC analysis revealed that tumour M2-PK could be used to differentiate patients with RA from those with OA or controls (AUC 0.750, p<0.001 for RA vs. OA and AUC 0.707, p<0.001 for RA vs. controls) (Figure 6).




Figure 5 | Comparison of tumour M2-PK levels in patients with RA, OA, and controls. Tumour M2-PK levels were compared between patients with RA with moderate/high disease activity, OA, and controls. Differences between the two groups were compared using the Mann–Whitney U test. The error bars indicate median values and interquartile range. Tumour M2-PK, dimeric form of pyruvate kinase M2; RA, rheumatoid arthritis; OA, osteoarthritis; HC, healthy controls.






Figure 6 | Tumour M2-PK cut-off levels for differentiating RA from OA and controls. Tumour M2-PK levels of 28.7 and 36.7 could be used to differentiate between (A) RA and OA patients, and (B) RA patients and controls, respectively. The optimal cut-off values were derived using the receiver operating characteristic curve. Tumour M2-PK: dimeric form of pyruvate kinase M2; RA: rheumatoid arthritis; OA: osteoarthritis.





Expression of PKM2 and tumour M2-PK in synovial tissue

The expression of PKM2 was evaluated in the synovial tissues of patients with RA and OA using two different primer sequences; however, there was no difference in the expression of PKM2 in the tissues of patients with RA and OA (Figure 7A, B). Meanwhile, IHC staining for tumour M2-PK showed that local expression of tumour M2-PK was not evident in both RA and OA synovium (Figure 8).




Figure 7 | Real-time quantitative polymerase chain reaction of PKM2 in synovial tissues from RA and OA patients. The relative expression of PKM2 in knee synovial tissues was comparable between RA and OA patients (n=10); this was analysed using two different primer sequences: (i) (A) and (ii) (B). Relative PKM2 expression was compared by the Mann-Whitney U test. The error bars indicate median values and interquartile range. PKM2: pyruvate kinase isoenzyme M2; RA: rheumatoid arthritis; OA: osteoarthritis.






Figure 8 | Immunohistochemical analysis of tumour M2-PK in knee synovial tissues of patients with RA and OA. In haematoxylin and eosin-stained synovial tissue from patients with RA, dense infiltration of plasma cells, lymphocytes, and macrophages; germinal centre formation; and villous synovial hyperplasia and hypertrophy were observed. In contrast, the OA synovium showed fatty ingrowth and synovial hyperplasia with myxoid degeneration. Tumour M2-PK immunohistochemical staining in synovial tissues from patients with RA and OA showed no definite expression of local tumour M2-PK. Tumour M2-PK: dimeric form of pyruvate kinase M2; RA, rheumatoid arthritis; OA, osteoarthritis.





Cytokine levels after treatment with TEPP-46

Cultured FLS were stimulated with TNF-α and IL-1β and the supernatant was analyzed to evaluate whether inflammatory cytokines are increased. When stimulation with both cytokines of TNF-α and IL-1β was performed, the level of TNF-α was significantly higher compared to the absence of these cytokines; however, TNF-α levels did not significantly differ even when TEPP-46 was added to TNF-α, IL-1β, and both TNF-α and IL-1β stimulation (p=0.881, p=0.553, and p=0.511, respectively). In addition, there were no difference in the cytokines of IL-1β, IFN-γ, and IL-6 in the supernatant when TEPP-46 was treated in the presence of TNF-α, IL-1β, and both TNF-α and IL-1β stimulation (Figure 9).




Figure 9 | Cytokine assays of supernatant from FLS. FLS (1.5×105 cells) obtained from patients with RA was stimulated by TNF-α or IL-β (100unit) in the presence and absence of TEPP-46 (10μM), a PKM2 activator. After 72 hours, the cytokines of (A) TNF-α, (B) IL-β, (C) IFN-γ, and (D) IL-6 in the supernatant was measured by duplicate experiments of enzyme-linked immunosorbent assay. Differences of two groups were evaluated by student’s t-test, whereas Analysis of Variance was used to compared the differences of more than three groups. The error bars indicate mean and SEM. FLS: fibroblast-like synoviocytes; RA, rheumatoid arthritis; TNF, tumour necrosis factor; IL, interleukin; PKM2, pyruvate kinase isoenzyme M2; IFN, interferon.






Discussion

In the present study, we investigated whether tumour M2-PK is associated with disease activity in patients with RA and if it could be used to diagnosis RA. First, we found that tumour M2-PK was significantly associated with DAS28-ESR and DAS28-CRP (a composite measure assessing the severity of RA), and ESR and CRP, which decreased after reduction in disease activity. Second, among the laboratory variables included, tumour M2-PK was identified as an independent predictor of moderate/high disease activity in RA. Third, adding tumour M2-PK to ESR and CRP increased the AUC of the ROC curve for differentiating RA with moderate/high from RA with remission/low disease activity to 0.962. Fourth, tumour M2-PK levels were higher in patients with RA than in those with OA or controls, and tumour M2-PK differed between subjects with RA and OA, or controls. Lastly, in contrast to the level of tumour M2-PK in the plasma, the IHC for tumour M2-PK and PCR results for PKM2 in the synovial tissues of patients with RA and OA were comparable. Collectively, these findings suggested that tumour M2-PK in the circulation could be a feasible marker for disease severity and diagnosis in RA.

Alterations in metabolism are now increasingly considered to be closely related to aberrant immune responses, which has drawn special interest in the field of immunometabolism. This is because the upregulation of aerobic glycolysis, which is referred to as the Warburg effect, initially thought to be exclusively found in patients with cancers, has also been demonstrated in patients with autoimmune diseases (33). In particular, accumulating evidence emphasises that the Warburg effect is present in the affected joints in RA and may be a potential treatment target in modulating articular inflammation (20, 34, 35). In this context, it is possible that plasma tumour M2-PK is associated with disease activity in RA through either glycolysis- or non-glycolysis-dependent mechanisms (36). First, tumour M2-PK may be a marker of increased glycolysis in RA. In general, highly proliferating cells, which include FLS and immune cells in RA, are thought to have an increased energy requirement (18). Therefore, facilitation of energy production via increased glycolysis is required in the RA microenvironment to meet the increased energy demand. Second, PKM2 is also involved in the activation of key transcription factors in RA, such as signal transducer and activator of transcription (STAT) 1 and 3, hypoxia-inducible factor-1α, and nuclear factor-κB, which are closely linked to the inflammatory signalling pathway in RA (36). Notably, nuclear PKM2 exists in a dimeric form and acts as a protein kinase that influences the transcription of inflammation-related genes, indicating that it may represent heightened inflammation in RA (37). Third, tumor M2-PK was shown to promote angiogenesis in an in vitro analysis, which is also thought to be a characteristic feature observed within the inflamed RA joints (38, 39).

Based on the reasons provided above, we postulated that the tumour M2-PK level could parallel the activity of RA and would be lower in patients with OA and controls than in patients with RA. Supporting our hypothesis, plasma tumour M2-PK levels exhibited a significant correlation with disease activity and were predictive of disease activity status in RA, which was also found to be higher in RA patients than in those with OA and controls. Importantly, a longitudinal assessment of tumour M2-PK demonstrated that its decrease reflected a reduction in disease activity. ESR and CRP were the most commonly performed laboratory tests to estimate disease improvement or aggravation, and combining tumour M2-PK with these tests in the ROC curve analysis for the discrimination of disease severity showed an excellent performance, with an AUC which was higher than that of ESR and CRP alone; this implies that it could have an additional clinical value in measuring RA activity. However, it is well known that tumour M2-PK increase is relevant for the extent of disease and prognosis of cancers, especially in the gastrointestinal tract (40, 41). Thus, patients with cancer were excluded from our study. However, in patients with RA who show increased tumour M2-PK, it is apparent that the possibility of malignancy should be examined thoroughly before clinical application because malignancies could affect tumour M2-PK levels.

Similar to the results of this study, a recent publication by Han et al. demonstrated that extracellular PKM2 is increased in patients with RA and is related to disease activity. It was also demonstrated that extracellular PKM2 level was associated with radiographic progression in a subset of patients with early RA and recombinant PKM2 was involved in osteoclastogenesis in an in vitro analysis (42). Nonetheless, our study is unique that the clinical utility of tumour M2-PK in assessing the disease activity of RA has been analyzed detailedly in a separate cohort using ROC and logistic analyses. In addition, comparison of tumour M2-PK level in RA, OA, and controls and serial assessment of its level confirms that measuring plasma tumor M2-PK may be a practical test in discriminating RA and OA, as well as in the management of patients with RA. Of note, in our in vitro analysis using FLS, we did not observe a significant reduction of inflammatory cytokines when PKM2 activator TEPP-46 was used. This finding seems to be partly explained by a previous observation that secretion of tumour M2-PK are more likely to be affected by monocytes than FLS (42), implying immune cells such as T-cells and monocyte/macrophages might be a greater source of elevated tumour M2-PK in patients with RA (43). On the other hand, a complex association of inflammation and metabolic deregulation could be also considered as a reason for this insignificant results. Interestingly, a previous publication revealed that the decrease of inflammation could intrinsically modify immunometabolism in RA (44). Overall, it is apparent that the dynamics of dimeric and tetrameric form of PKM2 and the role of tumour M2-PK in potentiating inflammation in RA deserves further investigation.

An earlier study showed that immunohistochemistry of PKM2 is enhanced in cells residing in the lining and sub lining of synovial tissues of patients with RA compared to those of patients with OA (45). However, in this study, qPCR analysis of PKM2 in synovial tissues showed that there was no significant difference in PKM2 expression between RA and OA. These discrepant results could be attributed to the fact that PKM2 IHC staining appears to be limited to a specific region within the synovium and may not sufficiently reflect the degree of local inflammation in the synovium. Alternatively, the increase in inflammatory mediators which was also observed in the OA microenvironment and changes in RA synovial tissue pathologic findings even after active treatment, could also contribute to the comparable PKM2 qPCR results (46, 47). IHC staining of tumour M2-PK in RA and OA synovium revealed that its expression was not noticeable. The relatively low proportion of dimeric PKM2 relative to its tetrameric isoform, even when there is a high energy demand, as shown in cancer cells, might explain the negligible tumour M2-PK staining in RA and OA synovium (48). Finally, it is possible that PKM2 and tumour M2-PK expression were affected by formalin fixation. Accordingly, in-depth research is necessary to further elucidate the role of tumour M2-PK and PKM2 in tissues from patients with RA.

Our study has several limitations. First, both incident and prevalent cases of RA were included, and the proportion of patients with new-onset RA was relatively low. Second, a detailed assessment of the impact of the treatment regimen on plasma tumour M2-PK levels could not be performed because of the present study design. Third, only the level of tumour M2-PK was analysed, and its expression relative to that of PKM2 was not evaluated. Fourth, although patients with RA with moderate//high disease activity had significantly higher levels of tumour M2-PK level than those with OA and controls, the number of patients were small and could be considered exploratory. Finally, the underlying pathophysiology of increased plasma tumour M2-PK in RA and its direct pathogenic role could not be determined. Future studies are required to better understand whether tests evaluating changes in glucose metabolism can be used as surrogate markers of RA severity.


Conclusions

In conclusion, we found that plasma tumour M2-PK levels significantly correlated with disease activity and independently predicted disease severity in RA, which decreased with reduction in disease activity. Furthermore, plasma tumour M2-PK was higher in patients with RA than in patients with OA and controls. Our results suggest that the assessment of plasma tumour M2-PK levels might be a clinically useful indicator for evaluating disease activity and RA diagnosis.
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Pt Hypogammaglobulinemia  CD20/ SARS-CoV-2 vacci- Pre-immunotherapy Post-Immunotherapy

mm”"3 nation
IgM/IgA/  Neutralizing Anti-Spike/RBD IgM/IgA/  Neutralizing Anti-Spike/RBD

19G Abs 19G 19G Abs 19G
1 Yes 1 None +-/- NA NEG /-1+ >1:640 8897.7
2 Yes 1 None /-/- NA NEG -/+/+ 1:160 29611
3 Yes 0 None A <1:10 NEG -/~ <1:10 181
4  No 1 None /- <1:10 NEG -/-/+ 1:80 1169
5 Yes 0 None /-1~ <110 NEG /-1~ <1:10 67
6 Yes 1 None -/-/- <110 NEG /-1~ <1:10 197
7 Yes 1 Il Doses /- <1110 NEG -/+/+ NA NA
8 Yes 2 None +/-/- <110 NEG /-1+ >1:640 >11360
9 No 0 None -+ NA NA /-1+ >1:640 >11360
10 Yes 2 Il Doses -/-/- <1:10 NEG -/-1+ NA NA
11 Yes 2 | Dose <1:10 NEG -1+ NA NA
12 Yes 1 None <1:10 137 11+ NA NA
13 Yes 24 None <1:10 NEG -/-/+ 1:20 420.9
14 Yes 0 Il Doses NA NA -/-/+ NA NA
16 Yes 0 None NA NA NA NA NA
16 Yes 0 None NA NEG -/-/+ NA >11360
17 NA 0 Il Doses NA NEG -/-1+ NA NA
18 Yes 3 Il Doses <1110 NEG -I-1+ >1:640 >11360
19 Yes 24 None NA NA -/-1+ NA NA
20 Yes 19 Il Doses <1:10 NEG -I-/+ NA >11360
21 Yes 2 None NA NA -/-1+ NA NA

g, immunoglobulins; Abs, antibodies; NA, not available. Anti-Spike/RBD IgG are expressed as Binding Antibody Units (BAUYmL, values >7.1 are considered positive; neutralizing titers >1:10 are
considered positive.
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Pt Sex Age OngoingIS DaysfromlastlS Diseases  Days to hospitalization  Days to hospitalization MoAbs Hyperimmuneplasma VS  Lenght  DaystoPCR  Clinical

therapy administration from symptom onset from first NPS of stay negativization ~ Outcome

1 F 54 Ocrelizumab 106 MS 20 21 CAS  No NONE 51 55 RECOVERY
+MD

2 M 54 Rituximab 163 NHL 31 17 CAS No NV 32 68 RECOVERY
+MD

3 M 39 Ritwimab >12y NHL 54 63 NO Yes NIV 92 85 RECOVERY

4 M 66 Obinutumab NA NHL 52 100 CAS  Yes W™ 19 168 RECOVERY
+MD

5 M 65  Rituximab 60 NHL 33 33 NO Yes W 19 50 RECOVERY

6 M 67 Rituimab 106 NHL 3 114 NO Yes W™ 30 123 RECOVERY

7 M 59  Rituximab 150 NHL 120 6 NO Yes W 15 43 RECOVERY

8 F 24 Rituximab 76 WG 78 6 BAM No W " 920 RECOVERY
+ETE

9 F 25 Ocrelizumab 13 MS 12 78 CAS No W 19 38 RECOVERY
+MD

10 F 66 Ritwimab 180 NHL 7 7 CAS  No c 26 76 RECOVERY
+MD PAP

1 F 77  Rituximab 217 NHL 10 8 CAS Yes NIV 51 20 RECOVERY
+MD

12 M 35 Ritwimab 126 PS 46 a7 CAS  No c 62 61 RECOVERY
+MD PAP

13 M 54 Rituximab My NHL 120 119 BAM Yes NIV 6 119 RECOVERY
+ETE

14 F 68 Rituimab 66 CLL 36 36 CAS  No c 44 60 RECOVERY
+MD PAP

15 M 68  Rituximab NA NHL 13 10 NO No W 30 NA DEATH

16 M 73 Daratumumab NA MM 2 1 CAS  No WM 38 36 RECOVERY
+MD

17 F 76  Ritwimab NA RA 9 9 CAS No W " 37 RECOVERY
+MD

18 M 83 None >20y NHL 9 9 CAS  No WM 16 31 RECOVERY
+MD

19 M 63 None 2y NHL 41 2 CAS  No WM 35 36 RECOVERY
+MD

20 F 77 Daratumumab 30 MM 3 2 CAS No c- 30 39 RECOVERY
+MD PAP

21 F 56 Rituimab 14 WG 4 4 CAS  No WM 17 28 RECOVERY
+MD

S, immunosoppressive; NPS, nasopharyngeal swab; MoAbs, monoclonl antibodies; CAS, casiivimab, IMD, imdevimab; BAM, bamlaniimab; ETE, etesevimab; VS, ventiatory support; MS, multple sclerosis; NHL, non-Hodgkin's
Mmohoma: PS. peoratic arthritie: WG, Wegener aranulormatosis; MM, multiple myeloma: VM, venituri mask: o-PAP, continuous positive air pressure: NIV, rion-ivasive venitiation: 10T, arotracheal intubaion: NA, not avaiiable.
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OA RA

Patients 9 9

Sex, n, female/male 2/7 6/3
Age?, yr 65 (51-75) 69 (55-73)
RF®, 1U/ml 10.7 £ 4.3 107.5 + 67.2
Anti-CCP-positive, n 0/9 7/9
ESR®, mm/h 1571 43129
CRP®, mg/L 37+35 198183
Medications, number of patients

NSAIDs 3 0
NSAIDs +Steroids+ Chinese herbal medicine 2 2
NSAIDs +Biological agents 0 1
NSAIDs +Steroids+ Chinese herbal medicine +MTX+ 0 3

Folic acid

NSAIDs + Chinese herbal medicine +MTX+ Folic acid 0 3
NSAIDs + Chinese herbal medicine 4 0

RF, rheumatoid factor; CCP, cyclic citrullinated peptide; ESR, erythrocyte sedimentation
rate; CRP, C-reactive protein; NSAIDs, nonsteroidal anti-inflammatory drugs; MTX,
methotrexate.

\edian (range), PMean + standard deviation.
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GEO accession Source tissue Attribute
Nonresponders Responders Healthy RA

GSE78068 98 42 - - Whole blood Training set and internal validation set

GSE58795 23 36 - - Whole blood External validation set

GSE77298 - - 7 16 Synovium Validation set

GSE55457 = = 10 13 Synovium Validation set

GSE89408 - - 28 152 Synovium Validation set
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neutrophil mediated immunity |

neutrophil activation involved in immune response |

neutrophil activation
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Case Age
PF. 71
SF. 72
AM. 78
SM. 38
RT. 61
LMG. 68
AN 46
0G. 72
Gl 2
FR. 58
™. 59
LG. 54
AMT. 83
LP. 60

Sex

nzzmmzm

EEEE T

Timing

Nosagoa

9
Buow

10
1
3
14

Vaccine

Comimaty
Comimaty
Comimaty
Comimaty
Comimaty
Comimaty
Comimaty

Comimaty
Comimaty
Comimaty
Comimaty
Comimaty
Comimaty
Comimaty

Clinical Presentation*

Polyarthiits, RA-like

Enthesitis/tenosynovitis of the shoulder; Polyarthritis, RA-ike
Capilarits of the palmar surface

Encephaliis, acute® + myocardtis-pericarditis

Polyarthritis RA-ike

Polyarthiitis RA-ike

Dermatomyositis

Polymyalgia Rheumatica
Flare of Pso in Ax-PsA
Flare of Ax-PsA

Flare of PSA

Flare of PSA

Flare of RA

Flare of RA

Laboratory Test

ESR and CRP above the normal values
ESR 84 mmh, CRP 3 mg/dl
ESR and CRP above the normal values
ESR and CRP above the normal values; ANA 1/320
ESR 10 mmh, CRP 27,7 mg/dl
ESR 73 mmh, GRP 2.7 mg/di
ESR and CRP nomal
Anti-SSA Ro and antMDAS positive, CK normal,
AST 185 UAL ALT 117 UA.
ESR 68 mmh, CRP 1,6 mg/di
NS.
ESR 15 mmh, CRP 6.8 mg/dl
ESR 26 mm/h, CRP 1,1 mg/di
NS
ESR 85 mmh, GRP 18 mg/dl
ESR and CRP nomal

Therapy”

Predrisone

Prednisone

Prednisone

Prednisone + Colchicine
Prednisone

Prednisone

Prednisone + MMF

Prednisone

Prednisone + bDMARD
Prednisone + bDMARD
Prednisone + bDMARD
Prednisone + bDMARD
Prednisone + bDMARD
Prednisone + bDMARD

Outcome

Remission in 4 wks
Remission in 8 wks
Remission in 12 wks
Remission in 8 wks
Remission 4 wks.
Remission 3 wks
Remission in 5 wks

Remission in 6 wks
Remission in 3 months
Remission in 3wks
Active

Active

Remission in 6 wks
Remission in 4 weeks

Age: years. Sex: M, mat; F, fomal. Trming: cnical presentatio i days. “The clvical flre of each spefc asease is reportd i the Result section of the (et Beforthe ansat of the symploms,althe patients had recahed two boast doses of e vaccines fpes lsted i the able.

*Laboratory Test. Serum levesof nyivocyte sedimentaton ate (ESF), C-reactive protein (CRF), antéruciear antbodies (ANAS), antytoplasmic ANCA (c-ANCA) and antperinuckear ANCA (-ANCA) antbodies, ieumato factor and antritulnted profain antictes (ACPAS), and ant-Fo, antiLa, ant
GSDNA, ant-Sm autoaniboces wer tested. There aro show ony the tet esulte out o the nomna valu.

“Prochisone was used done or aaded fo the oncourse bilogi-disease-madiying ant-heumac crug (-DMARD) a the dose of 25 mg/day, scaling the dose unti th stop n he weoks Shown i 1 tabe.

S imcinsed wilh meorallo AScRaNDE ARG WL wadlitc Bt ardironds Secmaialin Ghe (I £ maive Srolile AMEE Mooahenbiil solie A Thetmainkf Gk P, racaaisr A PaAl dcntniias aecuiied iy caciele M DRGaI S,
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Case Age Sex Timing Clinical Presentation* Laboratory Test” Therapy® Outcome

LB. 54 F 3 Flare of PsA ESR 45 mmh, CRP 5 mg/dl Prednisone + bDMARD Remission in 4 wks
RB. 53 F 4 Flare of SpA/IBD ESR and CRP above the normal values Prednisone + bDMARD Remission in 3 wks
EG. 29 F 7 Flare of SpA/IBD ESR 65 mmh, CRP 8 mg/dl Prednisone + bDMARD Remission in 3 wks
ML 61 F 2 Flare of Ankylosing Spondylitis ESR and CRP above the normal values Prednisone + bDMARD Remission in 6 wks
AMT. 83 F 5 Flare of Rheumatoid Arthritis ESR 85 mmh, CRP 18 mg/dl Prednisone + bDMARD Remission in 6 wks

Age: years. Sex: M, male; F, female. Timing: clincal presentation in days. *The ciinical flare of each specific disease is reported i the Result section of the text.

“Laboratory Test. Serum levels of erythrocyte sedimentation rate (ESR), C-reactive protein (CRF), anti-nuclear antibodies (ANAS), anti-cytoplasmic ANCA (c-ANCA) and anti-perinuclear ANCA (o-ANCA) antibodies, rheumtoid factor and anti-
citrulinated protein antibodies (ACPAS), and anti-Ro, anti-La, anti-dsDNA, anti-Sm autoantibodies were tested. There are shown only the test resuted out of the normal value.

“Prechisone was added to the biologic-disease-modiying anti-theumatic crug (b-DMARD; adalimumab in cases 1-3, secukinumab in case 4) at the dose of 25 mg/day, scaling the dose unti the stop in the weeks shown in the table. Wks,
weeks: ESR, erythrocyle sedimentation rate; CRP, C-reactive protein: MMF. Mycophenalite mafatit PsA, peariatic arthritis: SoAMBD, spondyloarthritic associated with infammtory bowsl disease (Crohn diseasa).





OPS/images/fimmu.2022.859550/table4.jpg
Case Age Sex Timing Clinical Presentation Laboratory test’ Therapy® Outcome

GV. 74 M 7 Polineuropaty® ESR 30 mmh. CRP 0,5 mg/di Prednisone + Gabapentin Remission in 6 wks
M.RD. 49 F 10 Synovitis of left ankle ESR and CRP above the normal values Prednisone Remission in 8 wks
M.B. 52 M 2 Psoriatic arthritis, peripheral® ESR 50 mmh, CRP 0,2 mg/di Prednisone + MTX Remission in 12 wks
CG. 39 M 38 Urticaria® ESR 70 mmh, CRP 3 mg/d Prednisone Remission in 16 wks
OMC. 54 F 2 Vascuitis' ESR 23 mmh, CRP 1,7 mg/di Prednisone Remission in 12 wks
M.P. a7 F 4 Myocarditis ESR and CRP above the normal values Prednisone Remission in 3 wks
FM 82 F 5 Myositis ESR 39 mmh, CRP 1,0 mg/d, CK 3539 U/ Prednisone Remission in 8 wks
LR. 56 F 3 Polyarthrits, symmetric, of the smalljoints ESR and CRP normal ANA 1/160 Prednisone Remission in 4 wks

Age: years. Sex: M, male; F, female. Timing: clinical presentation in dys.
“Laboratory Test. Serum levels of erythrocyte sedimentation rate (ESR), C-reactive protein (CAF), anti-nuclear antibodlies (ANAS), anti-cytoplasmic ANGA (c-ANCA) and anti-perinuciear ANCA (o-ANCA) antibodies, rheumatoid factor and anti-
citrulinated protein antbodies (ACPAS), and anti-Ro, anti-La, anti-dsDNA, anti-Sm autoantibodies were tested. There are shown only the test resuted out of the nomal value.

“Predhisone was administered at the dose of 25 mg/day, scaling the dose until the stop in the weeks shown in the table i al the patients. In case n. 3, methotrexate (MTX) was added to prednisone at the dose of 10 mg/week and stopped
when patient achieved the cinical remission.

“Diagnosed with electromyographic examination (EMG).

“Patient with a familiar history of psoriasis (father), and previous nail disease evaluated as “psoriatic onychopathy”.

“The dlagnosis of urticaria vascuitis was made with skin biopsy (vascuitis with infitration of neutrophils and eosinophis).

Hhe ciagnosis of vascullic was made with skin biopey. fresult: leukocytoclastic vascultie). Wis, weeks: ESR. arvthvocyte sedimentation rate; CRP. C-reactive profeir: MTX, methatraxste.
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Case Age Sex Clinical Presentation Laboratory Test® Therapy® Outcome

M.R. 56 M Arthritis of the | MTF ESR 45 mmh; CRP 6 mg/dl. Prednisone Remission in 2 wks

M.L.B. 86 F Arthritis of the | MTF ERS 90 mmh. CRP 6.6 mg/dl. Prednisone Remission in 2 wks

1.G. 82 F Pericarditis ERS 120 mmh, CRP 33 mg/dl. Prednisone Remission in 4 wks

M.O. 67 E: Pericarditis ERS 99 mmh, CRP 8.8 mg/d. Prednisone Remission in 4 wks

Y.E. 35 F Pericarditis ERS 42 mmh. CRP 5.5 mg/dl. Prednisone Remission in 4 wks

M.P. 52 Myocarditis, severe. ESR and CRP above normal values Prednisone; MMF Remission in 24 wks

M.G. 58 M Thrombocytopenia ERS 2 mmh, CRP 1.3 mg/dl Prednisone Remission in 2-4 wks in all patients
D.E. 45 Pancytopenia ERS 2 mmh, CRP 4.5 mg/dl

P.M. 57 Pancytopenia ERS 72 mmh, CRP 1 mg/dl

M.D. 63 Thrombocytopenia ERS 65 mmh, CRP 18.6 mg/dl

F.P. 62 Thrombocytopenia ERS 23 mmh, CRP 15 mg/dl

I.IM.R. 47 Thrombocytopenia ERS 19 mmh, CRP 2.8 mg/dl

C.R. 74 Thrombocytopenia severe ERS 77 mmh, CRP 10 mg/dl

S.G. 42 3 Pancytopenia ERS 45 mmh, CRP 8.2 mg/dl Prednisone Remission in 2-4 wks in all patients
FEK 72 Thrombocytopenia ERS 16 mmh, CRP 8.1 mg/dl

M.B. 66 Thrombocytopenia ERS and CRP above normal values

LZ, 60 Thrombocytopenia ERS 16 mmh, CRP 4.8 mg/dl

Age: years. Sex: M, male, F, female.

“Laboratory Test: in all the patients the serum levels of anti-nuclear antibodies (ANAs), anti-cytoplasmic ANCA (c-ANCA) and anti-perinuclear ANCA (p-ANCA) antibodies, rheumatoid
factor and anti-citrullinated protein antibodies (ACPAs), and anti-Ro, anti-La, anti-dsDNA, anti-Sm autoantibodies were tested and resulted in the normal range.

bPreanisone was administered at the dose of 25 mg/day, scaling the dose until the stop in 2-4 weeks, in all the patients. In case n. 6 prednisone was administered at the dose of 25 mg/day
for one week, scaling the dose in 8 weeks to the minimum dose of 4 mg/day and, because the patient was still symptomatic, mycophenolate mofetil was added at the dose of 1 gr twice a
day. Wks, weeks; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; MMF, Mycophenolate mofetil;
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Parameter Value [n/tot. number(%)]

Sex

Female (52,9%) 9/584 (1.54%)
Male (47,1%) 8/584 (1.37%)
Age (mean) 60,23
IMDs

Pericarditis 3/584 (0.5%)
Myocarditis 1/584 (0.2%)
Arthritis 2/584 (0.3%)

Thrombocytopenia or Pancytopenia 11/584 (1.9%)
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Variables Cohort A (n. 584) Cohort B (n. 135) p value

Age (yrs + SD) 62.42+15.78 61.71+£15.57 n.s.
Sex (M/F, %) 62/38 69/31 n.s.
Smokers, n (%) 372/584 (56) 69/135 (51) ns.
COVID-19 clinical, moderate, n (%)' 490/584 (83.9) 64/135 (48) n.s.
COVID-19 clinical, severe, n (%) 82/584 (14.04) 21/135 (15.55) n.s
COVID-19 clinical, critical, n (%) 12/584 (2.06) 3/135 (2.22) n.s.
Hypertension, n (%) 362/584 (62) 69/135 (51) n.s.
Diabetes, type II, n (%) 280/584 (48) 55/135 (41) n.s.
COPD, n (%) 239/584 (41) 51/135 (38) ns.
Cardiovascular Disease?, n (%) 204/584 (35) 55/135 (41) n.s.
Renal Failure, n (%) 198/584 (34) 39/135 (29) ns.
Dyslipidemia, n (%) 415/584 (71) 92/135 (68) n.s.
Connective disease®, n (%) 13/584 (2.3) 2/135 (1.5) n.s.
Neoplastic disease®, n (%) 12/584 (2.05) 0/135 (0) n.s.
Psychiatric disorder®, n (%) 26/584 (4.5) 4/135 (3) n.s.
Neurologic disease®, n (%) 38/584 (6.5) 9/135 (6.6) n.s.

"The clinical spectrum of COVID-19 correspond to the definition of the National Institute of Health of the United States of America (NIH) COVID-19 treatment guidelines (14). ?lschemic
chronic heart disease, chronic cardiac failure, hypertensive cardiopathy. ®Patients affected by anamnestic connective disease (n.12 rheumatoid arthritis, n. 1 scleroderma, n. 1
undifferentiated connective disease). “Patients affected by anamnestic neoplastic disease (n. 5 lung neoplasia, n. 5 breast carcinoma, n. 2 sarcoma). °Patients affected by anamnestic
psychiatric disease (n.12 severe depression, n. 14 psychotic disease, n. 4 bipolar disease). %Patients affected by anamnestic neurologic disease (n. 35 dementia, n. 12 Alzheimers’
disease). Statistic: Categorical data were summarized using absolute frequencies and percentages, while continuous data were summarized using mean + SD. Comparisons between
groups were assessed by means of t test for independent samples or Chi square test, as appropriate. Ap < 0.05 was considered significant; if 0.05: p not significant (n.s.). Yrs, years; M/F,
males/females; COVID-19, COronaVirus Disease 2019; COPD, chronic obstructive pulmonary disease.
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Inclusion Criteria:
a)Age >18y;

b) Acute SARS-CoV-2 infection.

Outcome of Interest:

a) Arthralgias-myalgias in
absence of fever;

b) Joint pain/swelling;

) Pericarditis/myocarditis;
d) New hematological
alterations.

Excluded: n. 567
n. 539: outcome of interest not

n. 12: neoplastic disease:
1. 13: IMDs known before
infection.

Cohort B
Patients recovered by

COVID-19 at 3-6 months

follow up.
n. 135 subjects.

Inclusion Criteria:

a)Age >18y;

b) Absence of SARS-CoV-2
infection;

¢) Absence of fever or
respiratory symptoms.

Outcome of Interest:

a) Arthralgias-myalgias in
absence of fever;

b) Joint pain/swelling;

¢) Pericarditis/myocarditis;
d) New hematological
alterations.

New Diagnosed IMDs
n. 8 (5.9%)

n. 4 (3.0%) peripheral arthritis,
n. 1 (0.7%) polyneuropaty,
n. 1 (0.7%) vasculitis,

n. 1 (0.7%) myocarditis,

n. 1 (0.7%) myositis.

POST-RECOVERY FOLLOW UP

Excluded: n. 127

n. 117: outcome of interest not
met;

n. 8: post-raumatic pain;

n. 2: IMDs known before
infection.

Cohort C
Patients affected by
known IMD

Inclusion Criteria:

a)Age >18y;

b) IMD in stable remission;
c) Absence of SARS-CoV-2
Infection.

1'710

rheumatologic

outpatients

Visited from March 2020

to November 2021

Outcome of Interest:

Signs/Symptoms of
IMDs

(new or flared)

SARS-CoV-2
Infection

Flared IMDs

n. 5 subjects
n. 1 PsA flare (left knee arthritis),
n. 2 SpA/IBD flare (diarrhea and
peripheral monoarthritis),
n.1AS flare (IBP),
n. 1 RA flare (symmetric small
joints polyarthritis).

ew diagnosed IMDs
n. 8 subjects
n. 1 Autoimmune Encephalitis with
Pericarditis,
n. 1 Dermatomyositis,
n. 4 RAlike polyarthritis,
n. 1 Cutaneous small-vessel

OUTPATIENTS

Cohort D
Healty symptomatic
subjects or patients

affected by known
IMD

Inclusion Criteria:

a)Age >18Yy;

b) Healthy symptomatic subject
or IMD in stable remission;

c) Absence of SARS-CoV-2
Infection.

SARS-CoV-2
Vaccination

IMDs after vaccination
n. 13 subjects

n. 8 healthy subjects
n. 5 patients with known IMDS

Flared IMDs

n. 5 subjects
n. 1 PsO flare in PsA patient,
n. 3 PsAflare (n.2 peripheral
monoarthritis and n.1 heel
enthesitis),
n. 1 RAflare (symmetric small

vasculitis, joints polyarthritis).
n. 1 Polymyalgia Rheumatica.
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Characteristics rs1005753 rs2057094 rs2235926

1GG vs TT+TG OR TvsGG+TGOR  TCCvsTT+TCOR  ™TvsCC+TCOR  'CCvs TT+TCOR  'TTvs CC+TC OR

95% Cl, p-value 95% ClI, p-value 95% ClI, p-value 95% Cl, p-value 95% ClI, p-value 95% Cl, p-value
Age at diagnosis, 0.62 (0.08-4.76), 1.42(0.58-3.46), 1.17 (0.31-4.37), 1.62 (0.67-3.95), 1.73 (0.39-7.67), 1.67 (0.68-4.1),
<40 years 0.65 0.44 0.80 0.28 0.46 0.25
DAS28-ESR, >3.2 1.77 (0.567-5.4), 0.87 (0.49-1.55), 1.05 (0.46-2.4), 1.19 (0.67-2.12), 1.5 (0.57-3.9), 1.31(0.73-2.34),
Units 0.31 0.65 0.89 0.54 0.40 0.35
DAS28-ESR, >5.1 1.91(0.21-16.8), 0.76 (0.31-1.87), 2.32 (0.54-9.8), 1.30 (0.53-3.2), 2.11 (0.45-9.9), 1.40 (0.59-3.47),
Units 0.55 0.56 0.25 0.56 0.34 0.46
HAQ-DI, 1-2 1.78 (0.35-8.9), 0.86 (0.42-1.76), 1.64 (0.44-6.04), 1.38 (0.67-2.8), 5.46 (0.52-11.61), 1.21 (0.59-2.46),
Units 0.48 0.69 0.45 037 0.25 0.59
Radiologic score, 3.92 (0.76-20.2), 0.40 (0.20-0.81), 0.84 (0.29-2.38), 0.64 (0.32-1.30), 0.33 (0.08-1.34), 0.61 (0.30-1.25),
SHS >2 0.10 0.01 0.74 0.22 0.12 0.18
Radiologic score, 1.4 (0.41-5.1), 0.39(0.19-0.82), 0.74 (0.26-2.15), 0.93 (0.96-1.92), 0.31(0.07-1.26), 0.80 (0.39-1.0),
SHS >3 0.56 0.01 0.59 0.86 0.10 0.55
RF+ (>20 IU/mL) 0.70 (0.13-3.54), 1.16 (0.52-2.54), 2.5 (0.93-6.6), 1.23 (0.56-2.67), 2.90 (1.02-8.26), 1.17 (0.53-2.55),
0.67 071 0.06 0.60 0.04 0.69
Anti-CCP+ (>6 U/ 1.81(0.45-7.2), 0.98 (0.45-2.12), 1.07 (0.33-3.4), 1.51(0.70-3.27), 1.55 (0.48-5.0), 1.67 (0.77-3.61),
mL) 0.39 0.96 0.90 0.28 0.45 0.19
Anti-MCV+ (>20 1.22 (0.25-5.9), 0.60 (0.26-1.40), 1.52 (0.47-4.9), 1.86 (0.79-4.36), 2.92 (0.96-8.9), 2.05 (0.87-4.8),
U/mL) 0.80 0.24 0.48 0.15 0.05 0.10
Anti-CCP-+/Anti- 1.43 (0.36-5.59), 0.83 (0.40-1.69), 1.60 (0.69-4.4), 1.43 (0.70-2.98), 3.02 (1.11-8.23), 159 (0.78-3.26),
MCV+ 0.60 061 0.35 0.32 0.03 0.20
Anti-CCP+/Anti- 0.91 (0.26-3.14), 1.21(0.65-2.26), 2.23(0.96-5.18), 1.29 (0.70-2.38), 3.79 (1.51-9.5), 1.32 (0.72-2.43),
MCV+/FR+ 0.88 0.52 0.06 0.40 0.004 0.36

Anti-CCPs, anti-cyclic citrullinated peptide antibodies; Anti-MCV, Antibodies against modified citrullinate vimentin; Cl, confidential interval; DAS28, disease activity score 28; DMARDs,
disease-modifying antirheumatic drugs; ESR, erythrocyte sedimentation rate; HAQ-DI, health assessment questionnaire disability index; RA, rheumatoid arthritis; RF, rheumatoid factor.
SHS, Sharp/van der Heijjde Score; SNP, single-nucleotide polymorphism.

OR, odds ratio and 95% Cl. Model adjusted by age, DMARDs treatment and wood smoke exposure.

"Reference category. p-value < 0.05 was considered statistically significant.

Bold values represent statistically significant data.
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Characteristics

n =229

Positive antibodies

RF+, >20 IU/mL, n (%)
Anti-CCP-+, >5 U/mL, n (%)
Anti-MCV+, > 20 U/mL, n (%)
ACPA status
Anti-CCP+/Anti-MCV+, n (%)
Anti-CCP-/Anti-MCV-, n (%)
Anti-CCP+/Anti-MCV-, n (%)
Anti-CCP-/Anti-MCV+, n (%)
ACPA/RF status
Anti-CCP+/Anti-MCV+/RF+, n (%)
Anti-CCP+/Anti-MCV-+/RF-, n (%)
Anti-CCP-/Anti-MCV+/RF+, n (%)
Anti-CCP-/Anti- MCV-/RF+, n (%)
Anti-CCP-/Anti-MCV-/RF-, n (%)
Anti-CCP+/Anti-MCV-/RF+, n (%)
Anti-CCP+/Anti-MCV-/RF-, n (%)

199 (86.9)
198 (86.45)
204 (89.1)

192 (83.84)
19.8.3)
6 (2.62)
12 (5.24)

172 (75.1)
20 (8.73)
12 (5.24)

11 (4.8)
8(3.5)
4(1.75)
2(0.87)

ACPASs, anti-citrullinated protein antibodies; Anti-CCPs, anti-cyclic citrullinated peptide
antibodiies; Anti-MCV, Antibodies against modified citrullinate vimentin; RA, rheumatoid

arthritis; RF, rheumatoid factor.
Data are expressed as the n (%).
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SNP RAn =229 CSn =333 OR (95% Cl), p-value

r$1005753

TT, n (%) 126 (55.0) 195 (58.7) 1.0°

TG, n (%) 88 (38.4) 121 (36.3) 1.12 (0.78-1.6), 0.51
GG, n (%) 15 (6.6) 17 (5.1) 1.36 (0.65-2.8). 0.40
Allele

T, n (%) 340 (74.2) 511 (76.7) 1.0*

G, n (%) 118 (25.8) 155 (23.3) 1.14 (0.86-1.52), 0.33
HWE X2, p-value X2 =0.005; p = 0.94 X?=0.10;p =0.75

r$2057094

TT, n (%) 106 (46.3) 120 (36.0) 1.0°

TC, n (%) 93 (40.6) 166 (49.9) 0.63 (0.44-0.91), 0.014
CC, n (%) 30 (13.1) 47 (14.1) 0.72 (0.42-1.22), 0.22
Allele

T, n (%) 305 (66.6) 406 (61.0) 1.0

C, n (%) 153 (33.4) 260 (39.0) 0.78 (0.60-1.0), 0.05
HWE X2, p-value X2 =1.74;,p=0.18 X2=0.74;p = 0.38

152235926

TT, n (%) 100 (43.7) 135 (40.5) 1.0*

TC, n (%) 107 (46.7) 156 (46.9) 0.92 (0.65-1.32), 0.67
CC, n (%) 22 (9.6) 42 (12.6) 0.70 (0.39-1.25), 0.23
Allele

T, n (%) 307 (67.03) 426 (63.96) 1.0*

C, n (%) 151(32.97) 240 (36.04) 0.87 (0.67-1.13), 0.28
HWE X2, p-value X2 =0.74;p = 0.38 X2 =0.09,p =0.76

Cl, confidence interval CS, control subjects; HWE, Hardy-Weinberg Equilibrium; OR, odds ratio; RA, rheumatoid arthritis; SNP, single-nucleotide polymorphism.

Data n (%), compared using Chi-square test. Logistic regression calculated OR and 95% ClI. *1.0 Reference category. p values were calculated by logistic regression comparisons with the
refence category.

p-value < 0.05 was considered statistically significant.

Bold values represent statistically significant data.
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Haplotypes

H1:
H2:
H3:
Ha:
H5:
H6:
H7:
Hs:

1TTT
112 TTC
121 TCT
122 TCC
211 GTT
212 GTC
221 GCT
222 GCC

RA n =229 n (%)

229,83 (50.0)
5.62 (0.012)
6.72 (0.015)
97.83 (0.21)
62.79 (0.13)
675 (0.01)
7.66 (0.01)
40.79 (0.09)

CS n=333n (%)

288,77 (0.43
42.96 (0.064
3652 (0.055
142,74 (0.21
63.11(0.09)
11.16 (0.01)
37.6(0.05)
43.14 (0.06)

OR (95% Cl), p-value

1.32 (1.03-1.67), 0.025

0.18 (0.07-0.43), 0.00002

0.26 (0.11-0.58), 0.0005
0.99 (0.74-1.32), 0.96
1.52 (1.04-2.19), 0.027

ND

0.28 (0.12-0.62), 0.0008

1.41 (0.90-2.20), 0.13

Cl, confidence interval; CS, control subjects; H, haplotype; ND, not determinate; OR, odds ratio; RA, rheumatoid arthritis; SNPs, single-nucleotide polymorphisms.
The SNPs are listed in the order: PADI2 rs1005753_T>G, rs2057094_T>C and rs2235926_T>C. The OR and 95% Cl and p values were obtained by SHESIS test.
p-value < 0.05 was considered statistically significant.
Bold values represent statistically significant data.
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Characteristics rs1005753 rs2057094 rs2235926

GG vs TT+TG B 95% 'TTvs GG+TG B95% TCC vs TT+TC B95% TTT vs CC+TC B95% TCC vs TT+TC B95% TTT vs CC+TC B 95%

Cl, p-value Cl, p-value Cl, p-value Cl, p-value Cl, p-value Cl, p-value
Age at -1.45 (-5.49, 2.59), 2.11(0.12, 4.11), -3.26 (-6.2, -0.32), 0.32 (-1.67,2.32), -4.13 (-7.46, -0.81), 0.04 (-1.96, 2.06),
diagnosis, years 0.48 0.04 0.03 0.75 0.02 0.96
ESR, mm/hr 2.43 (-5.49, 10.35), 1.24 (-2.68, 5.16), 1.94 (-3.85, 7.75), 2.18(-1.72,6.9), 3.39 (-3.18,9.97), 1.89 (-2.04, 5.83),
0.54 0.53 0.50 0.27 0.31 0.34
DAS28-ESR, 0.47 (-0.37, 1.33), 0.18 (-0.24, 0.61), 0.16 (-0.47, 0.80), 0.31(-0.10, 0.74), 0.09 (-0.63, 0.82), 0.28 (-0.14,0.71),
score 0.27 0.39 0.61 0.14 0.80 0.18
HAQ-DI, score 0.20 (-0.07, 0.48), -0.05 (-0.19, 0.09), 0.13(-0.07, 0.34), 0.04 (-0.10,0.17), 0.15 (-0.08, 0.39), 0.02 (-0.11, 0.16),
0.15 0.48 0.19 0.60 0.18 0.74
Morning 3.55 (-44.28, 50.3), -3.13 (-26.4, 20.14), 0.04 (-0.12, 0.21), 21.0(-2.01,44.0), 11.0(-27.9, 49.9), -0.06 (-0.18, 0.05),
stiffness, min 0.88 0.79 0.61 0.07 0.57 0.28
SHS 0.14 (-0.50, 0.80), -0.35 (-0.68, -0.025), -0.07 (-0.56, 0.42), -0.07 (-0.41, 0.25), -0.36 (-0.92, 0.20), -0.11(-0.45, 0.22),
0.65 0.03 0.78 0.63 0.20 0.50
RF, IU/mL 8.35(-119.7,136.4),  15.4 (-50.6, 81.42), 44.0 (-47.4,1354),  -3.08(-16.34,102),  88.8(-14.9,1926), 7.71 (-57.4,72.9),
0.89 0.64 0.34 0.64 0.09 0.81
Anti-CCP, U/mL  68.3 (16.3, 120.4), -10.0 (-37.0, 16.86), 1.0 (-35.8, 37.8), -6.76 (-33.7, 20.2), 11.14 (-30.8, 53.1), 3.94 (-23.0, 30.9),
0.01 0.46 0.95 0.62 0.60 0.77
Anti-MCV, U/mL  35.54 (-80.0, 151.1), -37.85 (-96.6, 20.9), 0.74 (-44.2, 84.0), -7.08 (-66.8, 52.67), -2.06 (-92.4, 88.2), 6.03 (-53.9, 65.9),
0.54 0.20 0.98 0.81 0.96 0.84

Anti-CCPs, anti-cyclic citrullinated peptide antibodies; Anti-MCV, Antibodies against modified citrullinate vimentin; Cl, confidence interval; DAS28, disease activity score 28; DMARDs,
disease-modifying antirheumatic drugs; ESR, erythrocyte sedimentation rate; HAQ-DI, health assessment questionnaire disability index; RA, rheumatoid arthritis; RF, rheumatoid factor.
SHS, Sharp/van der Heijde Score; SNP, single-nucleotide polymorphism.

B, regression coefficient and 95% Cl. Model adjusted by age, DMARDs treatment and wood smoke exposure.

"Reference category. p-value < 0.05 was considered statistically significant.

Bold values represent statistically significant data.
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Characteristics RA n =229 CSn=333 p-value

Sociodemographic features

Age, years, median (Ps_Pgs)® 44 (24-70) 50 (25-71) 0.003
Socioeconomic level, n (%)° 0.59
Medium 51 (22.3) 68 (20.2) =
Low 178 (77.7) 265 (79.8) -
Wood smoke exposure, n (%)° 139 (60.7) 138 (41.4) <0.001
Smoking, n (%)° 6 (2.62) 15 (4.5) 0.24
Serological features

RF, IU/mL, median (Ps.Pos)® 182 (0-306)

Anti-CCP, U/mL, median (Ps.Pgs)* 50.8 (0.25-243)

Anti-MCV, U/mL, median (Ps.Pgs)* 83.5 (14-620)

Clinical assessment

Disease evolution, years, median (Ps.Pes)* 7 (1-26) - -
hsCRP, mg/L, median (Ps.Pos)* 7 (0.16-60.2) == =
ESR, mm/hr, median (Ps.Pgs)? 31 (9-56) 33 (13-55) 0.03
DAS28-ESR, score, median (Ps.Pgs)® 3.71 (1.99-7.67) = =
DAS28-ESR, n (%)°

Remission 40 (17.5) - -
Low activity 52 (22.8) - -
Moderate activity 73 (31.6) - -
High activity 64 (28.1) - -
HAQ-DI, score, median (Ps.Pgs)? 0.3 (0.-1.52) - -
SHS, median (Ps.Pgg)* 2 (1-4) = =
Current therapy scheme®

Recent diagnostic, n (%)° 66 (28.8) = =
Monotherapy DMARDSs, n (%)° 40 (17.5) - -
Combination DMARDs, n (%)° 123 (63.7) - -

Anti-CCPs, anti-cyclic citrulinated peptide antibodies; Anti-MCV, Antibodies against modified citrullinate vimentin, CS, control subjects; DAS28, disease activity score 28; DMARDs,
disease-modifying antirheumatic drugs; ESR, erythrocyte sedimentation rate; HAQ-DI, health assessment questionnaire disability index; hsCRP, high sensibility protein ¢ reactive; RA,
rheumatoid arthritis; RF, rheumatoid factor; SHS, Sharp-van der Heijde Score.

“Data are expressed as the median and percentiles 5th-95th.

®Data are expressed as the n (%), compared using Chi-square test.

p-value < 0.05 was considered statistically significant.
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The effect of denosumab on the mean change of mTSS (A)

Denosumab Control
Study or Subgroup Mean SD Total Mean SD Total Weight
Denosumab vs placebo/blank
Cohen et al 2008 026 142 138 134 44 71 4.7%

Takeuchi et al 2016 017 11 252 099 273 88 15.1%
Hasegawa et al 2017 0.53 0.96 40 1.08 0.87 40 32.2%
Takeuchi et al 2019 0.85 313 436 149 3.78 218 15.4%
So et al 2021 0.14 1.75 55 0.77 2.82 55  6.8%
Subtotal (95% ClI) 921 472 74.2%
Heterogeneity: Tau? = 0.00; Chi?=1.20, df =4 (P = 0.88); I?= 0%

Test for overall effect: Z = 4.92 (P < 0.00001)

Denosumab vs bisphosphonates

Ebina et al 2018 03 11 30 1 164 30 10.4%
Mori et al 2021 072 158 56 1.16 147 50 15.4%
Subtotal (95% Cl) 86 80 25.8%

Heterogeneity: Tau? = 0.00; Chi*=0.31,df =1 (P = 0.58); I? = 0%
Test for overall effect: Z=2.38 (P = 0.02)

Total (95% CI) 1007 552 100.0%
Heterogeneity: Tau? = 0.00; Chi#=1.71,df =6 (P = 0.94); I?= 0%

Test for overall effect: Z = 5.45 (P < 0.00001)

Test for subaroup differences: Chi?=0.20. df =1 (P =0.65). I?=0%

Mean Difference
IV, Random, 95% CI

Mean Difference
IV. Random, 95% CI

1.08[-2.13,-0.03) &

-0.82 [-1.41, -0.23]
-0.55 [-0.95, -0.15]
-0.64 [-1.22, -0.06]

-0.63 [-1.51, 0.25]
-0.66 [-0.93, -0.40]

-0.70 [-1.41, 0.01]
-0.44 [-1.02, 0.14]
-0.54 [-0.99, -0.10]

-0.63 [-0.86, -0.41]

The effect of denosumab on the mean change of modified sharp erosion score (B)

Denosumab vs placebo/blank

Cohen et al 2008 091 259 138 1.87 5.05 7 4.5%
Takeuchi et al 2016 0.57 232 252 1.53 3.73 88 10.2%
Hasegawa et al 2017 0.16 0.47 40 0.64 1.34 40 36.3%
Takeuchi et al 2019 0.86 3.15 436 149 38 218 20.6%
So et al 2021 0.82 4.05 55 1.71 4.48 55 2.8%
Subtotal (95% CI) 921 472 74.4%
Heterogeneity: Tau? = 0.00; Chi? =1.42, df =4 (P = 0.84); I’ = 0%

Test for overall effect: Z = 4.02 (P < 0.0001)

Denosumab vs bisphosphonates

Ebina et al 2018 0.27 0.88 30 0.92 1.64 30 15.9%
Mori et al 2021 112 231 56 1.56 2.15 50 9.8%
Subtotal (95% ClI) 86 80 25.6%
Heterogeneity: Tau? = 0.00; Chi?=0.15, df =1 (P = 0.70); I?= 0%

Test for overall effect: Z=2.13 (P = 0.03)

Total (95% Cl) 1007 552 100.0%
Heterogeneity: Tau? = 0.00; Chi?=1.61, df =6 (P = 0.95); I?= 0%

Test for overall effect: Z = 4.55 (P < 0.00001)

Test for subaroup differences: Chi2=0.04. df =1 (P =0.84). I?= 0%
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-0.44 [-1.29, 0.41]
-0.57 [-1.09, -0.05]

-0.62 [-0.88, -0.35]

The effect of denosumab on the mean change of modified sharp JSN score (C)

Denosumab vs placebo/blank
Cohen et al 2008 065 169 138 0.53 1.48 71 9.1%
Takeuchi et al 2016 04 156 252 0.53 1.72 88 10.8%
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Takeuchi et al 2019 049 194 436 0.51 1.73 218 20.9%
So et al 2021 0.68 2.27 55 0.94 224 55  2.5%
Subtotal (95% CI) 921 472 57.7%
Heterogeneity: Tau? = 0.00; Chi#=0.99, df =4 (P =0.91); I?= 0%

Test for overall effect: Z = 0.46 (P = 0.65)

Denosumab vs bisphosphonates

Ebina et al 2018 0.1 0.38 30 0.4 0.82 30 17.2%
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Test for overall effect: Z = 0.74 (P = 0.46)
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Heterogeneity: Tau? = 0.00; Chi# = 3.57, df =6 (P = 0.73); I?= 0%

Test for overall effect: Z = 0.99 (P = 0.32)

Test for subaroup differences: Chi2=0.18.df=1 (P = 0.67). 12= 0%
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Hasegawa etal. 2017
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Kinoshita et al. 2017
(12)

Nakamural 2017
et al. (25)

Yue et al. (26) 2017
Ebina etal. (27) 2018
Takeuchi etal-b 2019
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Morit et al. (28) 2021
So et al. (14) 2021

Study Design
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Placebo

RCT, randomized controlled trial: Q6M, every 6 months; Q3M, every 3 months; Q2M, every 2 months; Q1W, every 1 week.
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n, Dose
71, 60mg Q6M
72, 180mg Q6M
85, 60mg Q6M
82, 60mg Q3M
85, 60mg Q2M
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Endpoint Subgroup No. of Studies (N) MD (95% CI) P-value P (%)

LS-BMD RCT* 5(1307) 5.18 (4.33 - 6.03) <0.001 50
Case-control* 4(316) 1.50 (:0.41 - 3.41) 0.12 0
Duration < 10y 3(1049) 5.46 (5.00 - 5.92) <0.001 0
Duration > 10'y 6 (574) 2,67 (1.07 - 4.27) 0.001 28
60mg, Q6M 7(1087) 3.97 (2.67 - 5.27) <0.001 67
60mg, Q3M 2 (575) 5.70 (5.11 - 6.28) <0.001 9
Other dose 3(357) 5.08(2.89 - 7.17) <0.001 75
mTSS RCT* 4(1313) -0.75 (-1.10 - -0.40) <0.001 0
Case-control* 3 (246) -0.56 (-0.85 - -0.25) <0.001 0
Duration < 10y 3(1104) -0.71 (-1.08 - -0.34) <0.001 0
Duration > 10'y 4 (455) -0.59 (-0.88 - -0.30) <0.001 0
60mg, QBM 6 (1044) -0.58 (-0.83 - -0.33) <0.001 0
60mg, Q3M 2 (607) -0.81 (122 - -0.40) <0.001 0
Other dose 2(313) -0.97 (153 - -0.42) <0.001 0

L. S-BMD, lumbar spine-bone mineral density; mTSS, modified total Sharp score; MD, mean differences; Q3M, 60 mg every 3 months; Q6M, 60 mg every 6 months; RCT, randomized
controlled trials; *age < 65 years; *age > 65 years.
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Denosumab Control Mean Difference Mean Difference

IV, Ran
Denosumab vs placebo (A)
Cohen et al 2008 35 737 143 0.9 7.57 75 13.6% 2.60[0.50, 4.70]
Takeuchi et al 2016 511 32 246 -0.23 3.19 87 22.3% 5.34 [4.56, 6.12]
Takeuchi et al 2019 444 349 400 -1.03 3.44 206 23.3% 5.47 [4.89, 6.05]
So et al 2021 6 9.34 55 -13 8.9 55 7.8% 7.30[3.89, 10.71]
Subtotal (95% CI) 844 423 66.9% 5.12 [4.15, 6.09]

Heterogeneity: Tau? = 0.51; Chi? = 8.02, df = 3 (P = 0.05); I =63%
Test for overall effect: Z = 10.33 (P < 0.00001)

Denosumab vs bisphosphonates (B)

Kinoshita et al 2017 53 175 49 0.23 153 49  2.8% 5.07 [-1.44, 11.58]
Nakamura et al 2017 13 9.69 26 115 143 26 2.7% 1.50 [-5.14, 8.14]
Yue et al 2017 44 577 20 -1.19 3.56 20 9.3% 5.59 [2.62, 8.56]
Ebina et al 2018 49 548 30 32 493 30 10.7% 1.70 [-0.94, 4.34]
Mori et al 2021 3.98 8.67 56 3.82 9.32 50 7.7% 0.16 [-3.28, 3.60]

Subtotal (95% CI) 181 175 33.1% 2.71[0.42, 4.99]
Heterogeneity: Tau? = 2.71; Chi? = 6.92, df =4 (P = 0.14); I = 42%
Test for overall effect: Z = 2.32 (P = 0.02)

Total (95% CI) 1025 598 100.0% 4.28 [3.13, 5.42]
Heterogeneity: Tau? = 1.38; Chi? = 24.50, df = 8 (P = 0.002); I? = 67%

Test for overall effect: Z = 7.32 (P < 0.00001)

Test for subaroup differences: Chi2=364.df=1(P=0.06). 12=72.5%
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The effect of denosumab on the percentage change of total hip BMD (A)

Denosumab Control

Study or Subgrou Mean SD Total Mean SD Total Weight

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% ClI

Denosumab vs placebo
Cohen et al 2008 165 6.22 143 0.3 6.77 75 17.7% 1.35[-0.49, 3.19] T
Takeuchi et al 2016 253 237 246 -0.85 2.38 87 48.3% 3.38 [2.80, 3.96] L
So et al 2021 2.3 8.31 55 -1.1 564 55 10.0% 3.40[0.75, 6.05]
Subtotal (95% Cl) 444 217  76.0% 2.82[1.49, 4.14] N
Heterogeneity: Tau? = 0.75; Chi*=4.27, df =2 (P = 0.12); I = 53%
Test for overall effect: Z = 4.17 (P < 0.0001)
Denosumab vs bisphosphonates
Nakamura et al 2017 16.5 13.8 26 136 15.8 26 1.3% 2.90 [-5.16, 10.96] T >
Ebina et al 2018 29 038 30 1.4 548 30 15.9% 1.50 [-0.48, 3.48] T
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Subtotal (95% CI) 112 106 24.0% 2.05[0.38, 3.71] N
Heterogeneity: Tau? = 0.00; Chi?=1.00, df =2 (P = 0.61); = 0%
Test for overall effect: Z = 2.41 (P = 0.02)
Total (95% CI) 556 323 100.0% 2.72[1.80, 3.64] ‘
Heterogeneity: Tau? = 0.37; Chiz = 6.96, df = 5 (P = 0.22); I> = 28% 2 P g 5 é r 0‘
Test for overall effect: Z = 5.79 (P < 0.00001) FavelUis:contiol FAV6Lrs denaauiab
Test for subaroup differences: Chi2 = 0.50. df =1 (P = 0.48). = 0%
The effect of denosumab on percentage change of femoral neck BMD (B)

Denosumab Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Denosumab vs placebo
Cohen et al 2008 145 7.17 143 05 743 75 37.6% 0.95 [-1.10, 3.00] T
So et al 2021 2.8 5.37 55 -0.6 11.12 55 14.8% 3.40[0.14, 6.66] =
Subtotal (95% CI) 198 130  52.4% 1.83 [-0.47, 4.14] S .
Heterogeneity: Tau? = 1.07; Chi2 = 1.55, df =1 (P = 0.21); I? = 36%
Test for overall effect: Z = 1.56 (P = 0.12)
Denosumab vs bisphosphonates
Kinoshita et al 2017 42 111 49 25 98 49 92% 1.70 [-2.45, 5.85] — =
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Heterogeneity: Tau? = 0.00; Chi? = 0.37, df =2 (P = 0.83); I = 0%
Test for overall effect: Z = 3.03 (P = 0.002)
Total (95% CI) 333 259 100.0% 2.20 [0.94, 3.46] -
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EV concentration (10° EVs/l) Healthy controls (n = 20) Rheumatoid arthritis patients (n = 20) p-value

PS* EVs 934.4 (695.6-1479.0) 1918.0 (950.0.5-3822.0)
PEVs (CD42a") 218.1 (141.3-335.0) 620.9 (202.2-1111.0)
TF* EVs (CD142") 37.5 (26.2-48.7) 50.3 (35.0-117.8)
LEVs (CD45%) 53.4 (43.4-62.2) 83.1 (62.2-145.3)
MoEVs (CD14") 74.7 (66.2-94.7) 320.8 (235.0-527.5)
P-selectin (CD62P") 12.0 (10.0-19.4) 200 (14.3-28.7)
EEVs (CD144%) 35.0 (25.0-47.5) 36.2 (26.8-72.2)
E-selectin (CD62E") 33.1 (22.5-52.5) 60.3 (18.7-106.6)

The results are expressed as median (IQR). NS, non-significant difference between the groups; EVss, extracellular vesicles; PS, phosphatidylserine; PEVs, platelet-derived EVs; LEVs,
leucocyte-derived EVis; MoEVs, monocyte-derived EVs; EEVs, endothelial EVs.
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Parameters CRP ESR ocp OHP OFP cLT
PS*EVs p=0048 p =0.009 p=0013 p =0.001 p =0.006 p =0.002
r=0.32 r=041 r=0.39 r=051 X r=0.467
PEVs (CD42a") p=0031 p =0.007 p=0039 p=0.002 p=0.006 p=0.006
r=0.34 r=042 r=0.33 r=047 r=-0.43 r=0426
TF*EVs (CD142*) p>005 p>005 p>005 p>005 p>005 p>005
LEVs (CD45%) p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p =0.049
r=0313
MOoEVs (CD14*) p = 0,001 p>005 p>005 p=0.031 p =0.005
r=0.51 X r=0.439
P-selectin (CD62P*) p=0015 p =0.004 p>0.05 p=0014 p=0.015 p =0.007
r=0.38 r=047 r=0.39 2 r=0.420
EEVs (CD144%) p>0.05 p>005 p>005 p>005 p>005 p>005
E-selectin (CDB2E") p>0.05 p>0.05 p>0.05 p>0.05 p = 0.041 p =0.028
r=0.349

EVs, extracellular vesicles; PS, phosphatidyiserine; TF, tissue factor; PEVs, platelet-derived EVs; LEVs, leucocyte-derived EVs; MoEVs, monocyte-derived EVs; EEVs, endothelial EVs;
OHP, Overall hemostasis potential: OCP, Overall coagulation potential; OFP, Overall fibrinolytic potential: Max Abs, increase in absorbance from baseline to maximum value.
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Subjects characteristics  Healthy controls RA patients p value

Number of patients 20 20
Average age (years) 525172 51.8+94 NS
BMI (kg/m?) 253 +3.5 256 5.2 NS
Disease duration (years) NA 13.0+6.6 /
DAS28 NA 41+£1.2 /
HAQ NA 12+0.2 /
RF positive, n (%) NA 18 (90) /
ACPA positive, n (%) NA 20 (100) /
Ongoing treatment
Prednisolone 10mg, n(%) NA 12 (60)
Prednisolone 5mg, n(%) NA 8 (40)
Methotrexate 15 mg, n(%) NA 7 (35)
Methotrexate 20 mg, n(%) NA 11 (65)
Methotrexate 256 mg, n(%) NA 2(10)
Smokers (n,%)
Current smokers 10 (50) 7 (35) NS
Non-smokers 8 (40) 12 (60) NS
Past smokers 2 (10) 1) NS
Cholesterol (mmol/L) 6.2+1.1 58+ 1.1 NS
Triglycerides (mmol/L) 1.4 +0.7 1.3+05 NS
HDL (mmol/L) 1.56 +0.28 144 + 024 NS
LDL (mmol/L) 40+1.0 38+ 1.1 NS
ESR (mmv/h) 10.7 £ 85 29.0 (7.0-56.0) p <0.001
CRP (mg/L) 19+1.0 6.8(0.8-56.2)  p<0.001
Fibrinogen (g/L) 3.1+06 39+05 p < 0.001

The values are expressed as means + SD or median (IQR). BMI, body mass index; DAS28,
Disease Activity Score 28; HAQ, Health Assessment Questionnaire; RF, rheumatoid
factor; ACPA, citrullinated protein antigen; HDL, High-density lipoprotein; LDL, Low-
denstty lipoprotein; ESR, Erythrocyte sedimentation rate; CRP, C-reactive protein; NA, not
applicable; NS, not significant.
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Parameters Healthy controls RA patients p value

OHP (Abs-sum) 3450 + 42.8 390.4 + 60.2 p=0.003
OCP (Abs-sum) 126.5 + 28.1 166.3 + 49.6 p = 0.009
OFP (%) 63.4 + 6.6 58.0+8.6 p =0.032
Max Abs 1.6+0.3 1.8+0.2 p =0.037
CLT (sec) 215+37 251 +4.4 p=0.008

The values are expressed as means + SD. OHP, Overall hemostasis potential; OCP,
Overall coagulation potential; OFP, Overall fibrinolytic potential; Max Abs, increase in
absorbance from baseline to maximum value; CLT, clot lysis time.
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Laboratory results

WBC count
Platelet count
Neutrophil count
Lymphocyte count
ESR

CRP

Alkaline
phosphatase

AST

ALT

TNF-o.

IL-6

Tumour M2-PK >
43.9 U/mL

OR

1.000
1.000
1.001
1.000
1.108
1.533
1.033

0.958
0.992
1.000
1.018
25.436

Univariate analysis

95% CI

1.000-1.001
0.999-1.001
1.001-1.001
0.999-1.000
1.073-1.144
1.307-1.796
1.014-1.053

0.913-1.005
0.969-1.015
0.996-1.003
1.003-1.032
10.776-60.040

p value

<0.001
0.924
<0.001
0.044
<0.001
<0.001
0.001

0.079
0.487
0.894
0.016
<0.001

OR

1.001

1.108

3.672

Multivariate analysis

95% CI p value
1.000-1.001 0.006
1.060-1.158 <0.001
1.047-12.878 0.042

WBC, white blood cell; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TNF, tumour necrosis factor; IL,
interleukin; tumour M2-PK, dimeric form of pyruvate kinase M2; OR, odds ratio; CI, confidence interval.
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Patient demographics
Age

Female sex

Seropositive RA
Interstitial lung disease
Disease duration
Disease activity measures
DAS28-ESR
DAS28-CRP
Concomitant treatment
Glucocorticoid
DMARDs

csDMARDs
bDMARDs

Laboratory results
WBC count (/mm?)

Platelet count (x 1,000/mm?)

Neutrophil count (/mm?®)
Lymphocyte count (/mm®)
ESR (mm/h)

CRP (mg/L)

Alkaline phosphatase (IU/L)

AST (TU/L)

ALT (IU/L)

TNF-0. (pg/mL)g

IL-6 (pg/mL)t

Tumour M2-PK (U/mL)

gand {Tested in 148 and 146 patients, respectively.

Values

57.0 (48.0-64.0)
118 (78.1)
139 (92.1)

11 (7.3)

61.7 (9.8-145.2)

3.2 (24-47)
23 (14-3.8)

76 (50.3)
121 (80.1)
115 (76.2)
56 (37.1)

6250.0 (5165.0-8320.0)
264.0 (222.3-322.8)
3660.0 (2875.0-5472.5)
1900.0 (1512.5-2255.0)
36.0 (18.0-67.3)
25 (0.6-11.8)
67.0 (56.0-79.8)
19.0 (16.0-24.0)
150 (11.0-23.8)
10.7 (4.5-12.8)

9.1 (3.0-27.0)
42,9 (14.6-104.3)

Data are shown as median (interquartile range) or frequency (percentage), as appropriate.
RA, rheumatoid arthritis; DAS28, disease activity score in 28 joints; ESR, erythrocyte
sedimentation rate; CRP, C-reactive protein; DMARDs, disease-modifying anti-
rheumatic drugs; csDMARDs, conventional synthetic disease-modifying anti-rheumatic
drugs; bDMARDs, biologic disease-modifying anti-rheumatic drugs; WBC, white blood
cell; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TNF, tumour
necrosis factor; IL, interleukin; Tumour M2-PK, dimeric form of pyruvate kinase M2
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Value Reference

range
Serologic parameters

HIV Ag/Ab —titer Neg Neg
HBsAg—titer Neg Neg
Anti-HCV—titer Neg Neg
Rheumatoid factor—I1U/ml <10 <16.9
Complement C3c—g/L 097 0.82-1.93
Complement C4—g/L 0.19 0.15-0.57
ANCA IF 1:1,000 <1:10
PR3-ANCA—IU/ml <0.2 <2
MPO-ANCA—IU/ml >134 <3.5
ENA screen <0.1 <0.7
Anti-DFS70—U/ml <0.6 &T
Anti-ds-DNA—1U/ml 4.4 <156
Histones—U/ml 77 <20
ANA IF 1:320 <1:100
RO52—blot Neg Neg
PM-Scl-100—blot Neg Neg
PM-Scl-75—blot Neg Neg
Ku—blot Neg Neg
SRP—Dblot Neg Neg
PL-7—blot Neg Neg
PL-12—blot Neg Neg
EJ—blot Neg Neg
OJ—blot Neg Neg
JO1—blot Neg Neg
Mi alpha—blot Neg Neg
Mi-2 beta—blot Neg Neg
TIF1 gamma— blot Neg Neg
MDA-5 —blot Neg Neg
NXP2—blot Neg Neg
SAE1—blot Neg Neg
White blood differential

Leukocytes—1,000/pl 229 4-11
Lymphocytes— % 4.7 20-45
Monocytes— % 4.5 3-13
Eosinophils —% 233 <8
Basophils— % 0.2 <2
Neutrophils—% 67.3 40-76

ANA, antinuclear antibodies; ANCA, anti-neutrophil cytoplasmic antibody; ds-DNA,
double stranded-DNA; DSF70, dense-fine-speckled 70; ENA, EJ, glycine; ENA,
extractable nuclear antigen; HBsAg, hepatitis B surface antigen; HCV, hepatitis C virus;
HIV, human immunodeficiency virus; JO1, histidyl tRNA synthetase; MDA-5, melanoma
differentiation-associated protein-5; MPO, myeloperoxidase; Neg, negative; NXP2,
nuclear matrix protein 2; OJ, isoleucine; PM-Scl, PL-7, threonine; PL-12, alanine,
polymyositis-scleroderma; PR3, proteinase 3; SAE1, small ubiquitin-like modifier
activating enzyme; SRP, signal recognition particle; TIF1, transcriptional intermediary
factor 1.
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Value

Lesions

Total glomeruli—no. 16
Cellular crescents —no. (%) 1(6.7)
Fibrocellular crescents—no. (%) 0(0)
Global glomerular sclerosis—no. (%) 2(18.3)
IF/TA—% 5
Interstitial inflammation— % 25
Scoring

Berden class Focal
ARRS Intermediate risk

ARRS, ANCA renal risk score; IF/TA, interstitial fibrosis/tubular atrophy; no., number.
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Characteristics

N (%)

Age median (IQR)
Male N (%)
Origin N (%)

Rheumatologic treatment N (%)

Disease activity

median (IQR)

Therapy

Lymphocytes count N (%)
Lymphocytes count N (%)
Median x10%uL (IQR)

West Europe

East Europe

Africa

Sud America

TNF-o-inhibitors +/- DMARD
IL-6-inhibitors+/-DMARD/CCS
CTLA-4-inhibitors +/-DMARD/CCS
DMARD +/- CCS

DAS28crp TO

DAS28crp T1

Years

TNF-o-inhibitors +/- DMARD
IL-6-inhibitors+/-DMARD/CCS
CTLA-4-inhibitors +/-DMARD/CCS

DMARD +/- CCS

RA patients

35(17.9)
59 (55-65)
8(22.9)
31(88.6)
2(5.8
128
128
7 (20)
8(22.9)

13 (37.1)

7 (20)
3.2(2.5:35)
3.2(2.035)
4.9(1.980)
32 (91.4)
7219
1.97 (1.07-4.01)
7219
1.44 (0.74-1.71)
11(34.3)
2.07 (1.75-2.84)
7219
1.37 (1.26-1.86)

HCWs

167 (82.7)
42 (32-53)
48 (28.7)
1665 (98.8)
2(1.2)
00
0(0)

P value

<0.0001*
0.298%
0.0050%

0.732*

0.067*

DMARD, disease modifying antirheumatic drugs; CCS, corticosteroids; RA, rheumatoid arthritis; DAS28, disease activity score 28; N, number; IQR, interquartile range; *Mann-Whitney

U-statistic test; §Chl—square test: *Kruskal-Wallis test.
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Characteristics RA patients HCws P value
N (%) 35 (17.3) 167 (82.7)
Antibody response Qualitative Anti-RBD abs responders 34 (97) 167 (100) 0.028%
response N (%)
Anti-RBD abs responders within  TNF-a-inhibitors +/- 7/7 (100) = 0627%  >0.999%
the subgroups DMARD
N (%) IL-6- inhibitors 8/8 (100) - >0.999°
+/-DMARD/CCS
CTLA-4- inhibitors 12/13 (92.3) = 0.072%
+/-DMARD/CCS
DMARD +/- CCS 7/7 (100) = >0.999%
Quantitative Anti-RBD abs 784.7 (441- 2351 (1389- <0.0001*
response BAU/mL Median (IQR) 1763) 3748)
TNF-a-inhibitors +/- 1239 (589- - <0.0001*  0.273*
DMARD 5426)
IL-6-inhibitors 492 (161- = <0.0001*
+/-DMARD/CCS 1007)
CTLA-4-inhibitors 465 (103- = <0.0001*
+/-DMARD/CCS 1189)
DMARD +/- CCS 1526 (943— = 0.421*
3471)
Spike specific IFN-y T Qualitative Anti-S responders N (%) 24 (69) 167 (100) <0.00018
cell response response Anti-S responders within the TNF-a-inhibitors +/- 6/7 (86) - 0.165% 0.040%
subgroups DMARD
N (%) IL-6-inhibitors 6/8 (75) - 0.0018%
+/-DMARD/CCS
CTLA-4-inh-bitors 6/13 (46) - <0.0001%
+/-DMARD/CCS
DMARD +/- CCS 6/7 (86) = 0.040%
Quantitative Anti-S IFN-y 34 (4.7-130) 343 (188~ <0.0001*
response pg/mL Median (IQR) 756)
TNF-a-inhibitors +/- 89.6 (17.8- — <0.0001*  0.0020*
DMARD 224)
IL-6-inhibitors 33.2 (6.1- = <0.0001*
+/-DMARD/CCS 73.9)
CTLA-4-inhibitors 10.9 3.7- = <0.0001*
+/-DMARD/CCS 36.7)
DMARD +/-CCS 74.6 (17.2- = 0.016*
364)

DMARD, disease modifying antirheumatic drugs; CCS, corticosteroids; RA, rheumatoid arthritis; N, number; IQR, interquartile range; abs, antibodies; RBD, receptor-binding-domain;
S, spike; SChi-square test; *Mann-Whitney U-statistic test: *Kruskal-Wallis test.
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Clinical characteristics
Age (years)

Gender: female/male
Age at diagnosis (years)
Disease duration (years)
Erosion
presence/absence, n.
Tender joint

count (0-10)

Swollen joint

count (0-10)

DAS28-ESR

Therapy

Methotrexate (%)
Hydroxychloroquine (%)
Leflunomide (%)
Biological/others (%)

n° treatment (%)

Prednisolon/prednisone (%)

Inflammatory markers
ESR (mm/h)

CRP (mg/d)

RA (Pg)
(n=50)

65.7 + 10.83
37/13
57.32 +11.11
8.38 £ 5.51
5/44
(n= 49)
1.69 + 2.52
(n= 49)
0.71 £1.84
(n= 49)
259 £1.10
(n=50)
RA
(n=50)

20 (40%)
19 (38%)
9(18%)

2 (4%)
0(0%)

16 (32%)
(n=50)
RA
24.66 + 19.05
(n=50)
0.70 = 1.01
(n=50)

RA (Vr)
(n=30)

62.57 + 18.26
22/8
55.9 +17.45
6.67 + 5.46
6/19
(n=25)
16+242
(n=25)
1.56 + 2.43
(n=25)
2.76 £ 1.30
(n=30)
RA
(n=30)
12 (40%)
9 (30%)
5(16.7%)
2 (6.7%)
2 (6.7%)
14 (56%)
(n=25)
RA
2136+ 14
(n=28)
0.67 +0.92
(n=28)

RA, rheumatoid arthritis; DAS 28, Disease activity score 28; ESR, Erythrocyte sedimentation rate; CRP, C reactive protein. Values are shown as mean + SD and as percentage (%).
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ARD Total Type of Age Timing of Seropositivity rate %(serum anti-S1 IgG titer, mean) T-cell Side
number vaccine  Mean, assessment responses  effects/
Subtype years (weeks) disease
number (range) relapses
Controls Patients(therapy)
Tot MTX TNFi IL6i JAKi CTLA4i CD20i
Furer et al. Tot: 686 BNT162b2 59 2-6 weeks 100 86" 92 98 100 90 7 41 NA Similar to
(126) RA 263 (19-88)  from 2nd (218.6)  (132.9) HCs/
PsA/SpA 233 dose stable in
SLE 101 most pts
Vasculitis 66
Other 23
Geisen Tot: 26 BNT162b2 50.5 1 week from 100 100 NR NR NR NR NR NR NA Similar to
etal. (127) RA 8 (24-89)  2nd dose (2,685)  (2,053") HCs/
PsA/SpA & none
SLE 2
Other 11
Haberman Tot: 51 BNT162b2 56 1 week from 96 82 72* NR NR NR NR NR  AReduced NA
etal (128) RA 22 (22-79)  2nd dose (104.3) (80.9) (46.9) in pts
PsA/PsO 24 receiving
Other 5 MTX
Simon Tot: 84 BNT162b2 53 (NA) At least 10 100 948 NR NR NR NR NR NR NA Similar to
etal. (129) RA 24 days from 9.36)  (6.46) HCs/NA
SpA 27 2nd dose
SLE 16
Other 16
Picchianti ~ Tot: 35 RA BNT 59 2-6 weeks 167 97 100 100 100  NR 92 NA  Reduced Similar to
Diamanti 162b2 (55-65)  from 2nd (2351) (7858§) (1526) (1239) (492§) (4658) in pts HCsNone
et al. (130) dose receiving
TNFi, IL6i
and CTLA4i

NA, not assessed; NR, not reported; ARD, autoimmune rheumatic disease; RA, rheumatoid arthritis; PsA, psoriatic arthritis; SpA, spondyloarthritis; SLE, systemic lupus erythematosus;
MTX, methotrexate; TNFi, tumor necrosis factor inhibitors; JAKi, Janus kinase inhibitors; CD20i, CD20 inhibitors.

*p < 0.0001 (BAU/ml, cutoff = 15).

*p = 0.037 (BAU/mI, cutoff = above 2,000 but not specifically reported).
*b = 0.023 (median; cutoff = not specifically reported).
°p = 0.003 (optical density, cutoff = 5.7 nm).
AEvaluated by high-parameter spectral flow cytometry.
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Characteristics

Antibody response Qualitative
response

Quantitative
response

Spike-specific IFN-y T- Qualitative
cell response response

Quantitative
response

Anti-RBD Ab responders,

N (%)

Anti-RBD Ab responders within the
subgroups,N (%)

Anti-RBD Abs,
BAU/mI Median (IQR)

Anti-S responders, N (%)
Anti-S responders within the
subgroups,

N (%)

Anti-S IFN-y,
pg/ml Median (IQR)

N (%)

TNF-o. inhibitors
IL-6 inhibitorsx
DMARD/CCS
CTLA-4-Ig+
DMARD/CCS
DMARD+CCS

TNF-o. inhibitors

IL-6 inhibitorsx
DMARD/CCS
CTLA-4-Ig+
DMARD/CCS
DMARD+CCS

TNF-o. inhibitors=
DMARD

IL-6 inhibitors=
DMARD/CCS
CTLA-4-Ig+
DMARD/CCS
DMARD+CCS

TNF-o. inhibitors=
DMARD

IL-6 inhibitors=
DMARD/CCS
CTLA-4-Ig+
DMARD/CCS
DMARD+CCS

RA patients

35 (41.7)
32 (91.4)

5/5 (100)
/8 (100)

9/11 (81.8)

10/11 (90.9)
449 (16.1-
129.9)
265 (14.9-
108.8)
70.4 (36.6-
109.6)
16.4 (11.3-
44.3)
129.3 (22.5-
342.3)
23 (65.7)
4/5 (80)

/8 (100)
311 (27.9)

811 (72.7)
453(6.3-
121.4)
83.1 (27.7-
268.4)
133.7 (22.6-
241.2)
6.3 (1.2-
23.6)
87.8(9.5-
121.4)

Health care
workers

49 (58.3)
49 (100)

152.7 (89.3—
260.3)

199.5 (81.8—
310.8)

p-value

0.641%

0.054*

0.007%

0.033*

0.069°

>0.999%
>0.999%

0.031%

0.183%
<0.0001*

0.0034*
0.023*
<0.0001*
0.521*

<0.0001°
0.178%

>0.999%
<0.0001°

0.017%
<0.0001*

0.172*
0.197*
<0.0001*

0.022*

DMARDs, disease-modifying antirheumatic drugs; CCS, corticosteroid; RA, rheumatoid arthritis; N, number; IQR, interquartile range; Abs, antibodies; RBD, receptor-binding-domain; S, spike.

SChi-square test.
*Mann-Whitney U-statistic test.
*Kruskal-Wallis test.

In bold are only those values that were significant after multiplicity correction by the Bonferroni method (c/4=0.0125).
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Characteristics

N (%)

Age median (IQR)
Female N (%)
Origin N (%)

Rheumatologic Treatment N (%)

Disease activity median (IQR)
Therapy
Lymphocytes count N (%)

Lymphocytes count N (%) Median x10%l (IQR)

West Europe

East Europe

Africa

Sud America

TNF-a. inhibitors + DMARD
IL-6 inhibitors + DMARD/CCS
CTLA-4-lg + DMARD/CCS
DMARD + CCS

DAS28crp T6

Years

TNF-o inhibitors + DMARD
IL-6 inhibitors + DMARD/CCS
CTLA-4-lg + DMARD/CCS

DMARD + CCS

RA patients

35 (41.7)
59 (55-66)
28 (80)
31(88.6)
2(68)
128)
128)
5(14.9)
8(22.9)
1131.4)
11(31.4)
3.3 (2.4-4.0)
5.4 (2.5-10.3)
32(91.4)
5(15.6)
25(2.2-38)
8 (25)
1.9 (1.5-2.5)
11 (34.4)
2.4 (1.8-29)
8(25)
22(16-25)

Health care workers

49 (58.3)
51 (45-56)
39 (79.6)

p-value

<0.0001*
0.963°
0.288%

0.276*

DMARDs, disease-modifying antirheumatic drugs; CCS, corticosteroid; RA, rheumatoid arthritis; DAS28, Disease Activity Score 28; N, number; IQR, interquartile range.

*Mann-Whitney U-statistic test.
SChi-square test.
*1er skal-Wallis test.
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GEO

GSE1919

GSE12021
GSE55235
GSE55457
GSE77298
GSE89408

Platform

GPL91
GPL96
GPL96
GPL96
GPL570
GPL11154

Tissue
(Homo sapiens)

Synovium
Synovium
Synovium
Synovium
Synovium
Synovium

Total

10
21
20
23
23
180

HC

5
9
10
10
%
28

Samples (number)

RA

5
12
10
13
16
57/95%

Experiment

type

Array
Array
Array
Array
Array
RNA-Seq

Attribute

Test
Test
Test
Test
Test
Validation

Author/Reference

U. Ungethuem (17)
R. Huber (18)

D. Woetzel (19)

D. Woetzel (19)
M.G. Broeren (20)
Y. Guo (21)

*Means 57 early RA and 95 established RA in GSES9408 dataset.
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SARS-CoV-2 isotypes
Ro52/SSA
RoB0/SSA
La/SSB
Sm
Sm/RNP
U1RNP
dsDNA
RibP
CENP-B
PmScl
PCNA

Histone

Division by zero

I9G (n = 4)

1/33
3/67
1/35
3/65
019

SLE: prepandemic (n = 100)

1gA (n = 31)

7/35
24/65
5/19

26/81
0/3
31/97

0/9
4/91
1/22
3/78
0/41
4/59

0/3
4/97

0/3
4/97

0/4
4/96

0/5
4/95

0/9
4/91

3/9
28/91
6/22
25/78
16/41
15/59
0/3
31/97
0/3
31/97
2/4
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2/5
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3/9
28/91

IgM (n = 13)

5/33
8/67
4/35
9/65
419
9/81
0/3
18/97
1/9
12/91
2/22
11/78
5/41
8/59
0/3
18/97
0/3
13/97
1/4
12/96
2/5
11/95
19
12/91

SLE: pandemic (n = 100)

IgG (n =8) IgA (n = 30)
1/29 6/29
7/ 24/71
1/30 8/30
7/70 22/70
o7 517

| 8/83 | 25/83
1/ 1/2

Qﬁ?§=l 20/98
o4 2/4
8/96 28/96
2/19 5/19
6/81
8/63
15 2/5
7/95 28/95
o4 1/4
8/96 29/96
o5 2/5
8/95 28/95
053 13
8/97 29/97
0/10 0/10
8/90 30/90

IgM (n = 9)

1/29
8/71
2/30
7/70
317
6/83
0/2
9/98
0/4
9/96
119
8/81
0/37
9/63
0/5
9/95
1/4
8/96
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0/3
9/97
0/10
9/90
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Prepandemic (n = 100) Pandemic (n = 100)

Background variables
Females (n) 83 83
Age at blood sampling [mean years (range years)] 48.7 (19-87) 51.3 (20-90)
SLE duration at sampling [mean years (range years)] 12.5 (0-42) 15.1 (1-47)
Caucasian ethnicity (n) 86 86
Ever smoker (former or current) (n) 42 49
Body mass index [mean kg/n? (range)] 26.6 (17.0-42.7) 27.1(17.1-45.7)
Disease variables
SLEDAI-2K [mean score (range)] 2.4 (0-16) 1.9 (0-24)
SLICC/ACR damage index (SDI) [mean score (range)] 1.1(0-6) 1.3 (0-8)
Physician’s global assessment [mean score (range)] 0.4 (0-3) 0.3 (0-2)
EQ-5D (mean score (range)) 0.66 (-0.24-1) 0.69 (-0.48-1)
Erythrocyte sedimentation rate [mean mm/h (range)] 20.0 (2-108) 18.3 (1-106)
C-reactive protein [mean mg/L (range)] 6.8 (2.5-172) 6.1 (2.5-166)
Complement protein 3 [mean g/L (range)] 1.1 (0.4-1.8) 0.98 (0.5-1.9)
Complement protein 4 [mean g/L (range)] 0.19 (0.02-0.55) 0.18 (0.02-0.53)
Albumin [mean g/L (range)] NE 39.1 (28-50)
Anti-dsDNA antibody levels [mean IU/ml (range)] 95.6 (2-900) 101.3 (0-1081)
Blood group 0* (n) 38 38
Blood group A (n) 37 37
Blood group B (n) 11 11
Blood group AB (n) 4 4
Rh+ () 78 78
Rh- () 12 12
Pharmacotherapy
Hydroxychloroquine (n) 7 73
Azathioprine (n) 8 8
Mycophenolate mofetil (n) 21 23
Rituximab (n) 2 3
Cyclophosphamide (1) 1 0
Sirolimus (n) 4 3
Belimumab (n) 0 4
Daily prednisolone dose (mean mg) 4.5 (0-30) 3.5 (0-15)
1982 American College of Rheumatology classification criteria (ACR-82)
Cases meeting >4 ACR-82 criteria (n) 80" 82"
Number of fulfilled ACR-82 criteria [mean (range)] 4.7 (3-9) 4.8 (3-9)
1. Malar rash (n) 33 35
2. Discoid rash (n) 11 12
3. Photosensitivity (1) 48 48
4. Oral ulcers (n) 14 14
5. Arthritis (n) 78 80
6. Serositis (n) 29 29
7. Renal disorder (n) 34 34
8. Neurologic disorder (n) 10 10
9. Hematologic disorder (n) 58 62
10. Immunological disorder (n) 57 61
11. Antinuclear antibody" (n) 99 99

NE, not estimated.

*Blood group data available for 90 participants.

*All patients that did not fulfil ACR-82 met the 2012 SLICC classification criteria.
tPositive by indirect immunofiuorescence microscopy on HEp-2 cells.
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Number of Percentage positive Concordance* Spearman’s  p-

samples by assay rho Value
Prepandemic to pandemic: change between paired samples (in-house, 25x2 N/A N/A 0.78 0.0001
AU, vs. EUROIMMUN, ratio)
Prepandemic samples compared (in-house, AU, vs. EUROIMMUN, ratio) 25 72% 0.54 0.005
In-house 19/25 (76%)
EUROCIMMUN 12/25 (48%)
Pandemic serum samples compared (in-house, AU, vs. EUROIMMUN, ratio) 25 80% 0.36 0.07
In-house 22/25 (88%)
EUROIMMUN 15/25 (60%)
All samples compared (in-house, AU, vs. EUROIMMUN, ratio) 50 76% 0.47 0.0005
In-house 41/50 (82%)
EUROCIMMUN 27/50 (54%)

AU, arbitrary units; N/A, not applicable.
*The sum of double-positive samples and double-negative samples, divided by the total number of samples, multiplied by 100.
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Serum samples Number of samples
SARS-CoV-2 positive: SLE 20 (13 patients)
Negative control 8

Positive control 4

NT, neutralization assay; Al, avidity index; N/A, not applicable.

NT (>8)

0/20
o8
4/4

S1-ACE2 block (>25%)

1/20
o/8
4/4

Al (median)
19G 1gA IgM
0.63 0.22 0.21
<0.1 <0.1 <0.1
0.99 0.84 N/A
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