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Introduction

Rheumatoid Arthritis (RA) is a systemic autoimmune disease characterized by chronic synovial inflammation affecting diarthrodial joints, with cartilage destruction and bone erosion. Environmental inflammatory stimuli can induce maturation of dendritic cells (DCs), which promote differentiation and activation of effector T lymphocytes. We previously highlighted the role of extracellular microvesicles (EMVs) in pathogenesis by carrying antigens that trigger autoantibody production. In this investigation we verified whether EMVs may activate immature monocyte-derived DCs, inducing phenotypic and functional characteristics of mature DCs.





Methods

EMVs were obtained from 7 RA patients naïve to biological disease-modifying anti-rheumatic drugs (DMARDs) and tested for their capability to activate DCs from healthy donors.





Results

We preliminary confirmed by western blot that carbamylated and citrullinated proteins are present in EMVs from RA patients. Moreover, surface marker phenotyping indicated that EMV treated-DCs exhibit increased expression of CD83 and CD86, as well as of CD83+ HLA-DR+ CD80+ CD86+ cells, indicating that the DCs are in a mature state. Furthermore, biochemical data demonstrated that EMVs from plasma of RA patients induce MAPK and NF-κB activation in DCs. EMVs from the plasma of RA patients were also able to stimulate DCs to produce IL-12, IL-1β and IL-10, inducing a proinflammatory phenotype.





Conclusions

These findings demonstrate that EMVs from RA patients promote DC activation in vitro, suggesting a potential mechanism by which RA microenvironment perpetuates inflammation through the modulation of DC function. These knowledges provide new insight in the role of EMVs in the pathogenesis of RA and their potential role as therapeutic targets.
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1 Introduction

Rheumatoid Arthritis (RA) is a systemic autoimmune disease characterized by chronic synovial inflammation, primarily affecting diarthrodial joints, leading to cartilage destruction and bone erosion. The etiology of RA is heterogeneous, involving intricate interactions among genetic predisposition, environmental factors, and dysregulated immune responses, affecting approximately 0.5-1% of the global population (1–3).

Environmental inflammatory stimuli can induce mature major histocompatibility complex (MHC) class II+ dendritic cells (DCs), which prime autoantigen-specific CD4+ T cells, including follicular helper T (Th) cells (4). Thus, DCs contribute to chronic RA inflammation maintenance by promoting the differentiation and activation of effector T cells, which produce pro-inflammatory cytokines that drive synovial inflammation (5). In addition, they cause a breach of self-tolerance leading to the production of autoantibodies against several proteins’ post-translational modifications (PTMs), mainly anti-citrullinated protein/peptide antibodies (ACPA) and anti-carbamylated proteins (anti-CarP) (6–8). Alterations of PTMs, which affect protein charge, structure, localization, interaction and function, can affect many cellular processes. Specifically, aberrant PTMs of proteins involved in DC maturation, antigen presentation and cytokine production have been implicated in RA pathogenesis (9). Indeed, PTMs involve covalent additions of functional groups to proteins, playing a vital role in maintaining their structure, function and stability. Moreover, emerging evidence shows that crucial regulatory mechanisms modulating protein function and activity contribute to RA pathogenesis by influencing the function of key proteins involved in immune regulation and inflammation (10, 11).

Two particular PTMs, citrullination and carbamylation, are crucial in RA pathogenesis (12, 13) upon activation of different molecular pathways, including autophagy (14, 15). Protein citrullination is an irreversible enzymatic PTM that converts peptidyl-arginine to peptidyl-citrulline, catalyzed by the peptidyl arginine deiminase (PAD) enzyme family. This modification induces electrostatic and conformational changes in the modified protein, affecting its function by altering binding sites, protein-protein interactions, and susceptibility to degradation. Citrullinated peptides are present in RA, and ACPA are key serological markers for RA diagnosis, with significant specificity and sensitivity. Principal citrullinated proteins in RA patients include alpha-enolase-1, vimentin, and type II collagen (16).

Carbamylation is a nonenzymatic reaction involving the binding of a “carbamoyl” group to the free functional groups of proteins, peptides, and free amino acids. This process is mediated by isocyanic acid, often produced through the enzymatic action of myeloperoxidase on thiocyanate in the presence of hydrogen peroxide. Anti-CarP antibodies, generated in response to carbamylated proteins, are involved in RA, particularly in patients negative for ACPA (17, 18).

We have demonstrated that post-translational modified proteins, especially carbamylated and citrullinated proteins are present on the surface of circulating extracellular microvesicles (EMVs) (19, 20). EMVs consist of a lipid bilayer enclosing proteins, peptides, lipids and genetic materials, physiologically released from cells into the extracellular space by the outward budding and pinching of the plasma membrane. Increased EMVs in various biological fluids of RA patients have been correlated with disease activity (21). We previously demonstrated a higher concentration of EMVs in the plasma of RA patients compared to healthy donors, highlighting their role in pathogenesis by carrying antigens that trigger autoantibody production (19).

A previous study showed that EMVs containing antigenic proteins, from an infectious agent, are able to interact with DCs, inducing their maturation and modulating the expression of surface molecules such as CD40, CD80, MHC I, and MHC II (22).

Although the pathogenetic role of DCs in the initiation and perpetuation of the autoimmune responses in RA has been extensively investigated, important insights regarding the signaling pathways that operate in normal and diseased conditions initiated by EMVs are lacking.

Starting from the evidence showing elevated levels of EMVs in the plasma of RA patients, as well as their association with antigens involved in autoantibody production, our objective in this study was to explore the possible interaction between EMVs derived from RA patients naïve to biological disease-modifying anti-rheumatic drugs (DMARDs) and DCs. Using immunochemical and cytofluorimetric analysis, we investigated whether PTMs could confer to EMVs the ability to activate immature monocyte-derived DCs from healthy human donors, inducing phenotypic and functional characteristics typical of mature DCs.




2 Methods



2.1 Patients

We enrolled 7 consecutive RA patients, naïve to biological therapy, satisfying the 2010 ACR RA criteria (23), from the Arthritis Center at the Sapienza University of Rome, and as the control group, 7 healthy donors (HDs), matched for age and sex with patients. The study protocol was approved by the Ethics Committee of Sapienza University of Rome, and informed written consent was obtained from all participants before enrolment. The clinical and demographic characteristics of RA patients are shown in Table 1.


Table 1 | Clinical parameters of RA patients.






2.2 Isolation of EMVs

Peripheral blood samples were collected from RA patients and HDs by venipuncture in 5 ml tubes containing sodium citrate as an anticoagulant. To obtain platelet-poor plasma, the samples were centrifuged two times at 2500g for 15 min at room temperature (RT). The platelet-poor plasma was transferred in tubes and filled up to 2 ml with phosphate-buffered saline (PBS) to prevent collapse during the next centrifugation procedure, then they were centrifuged at 14000g for 35 min at 4°C to collect EMVs fraction. The obtained pellets were washed once, at 14000g for 35 min at 4°C, using 2 ml of PBS and subsequently resuspended in 200 μl of PBS (24).




2.3 NanoSight analysis

NanoSight NS300 (Malvern Panalytical, Ltd, Malvern, UK) analysis was used to measure size and concentration of EMVs isolated from RA patients and from HDs. To get a suitable concentration, the samples were diluted 1:100 in particle-free PBS (0.02 mm filtered). The instruments were equipped with a 488 nm laser (blue), a high sensitivity sCMOS camera and a syringe pump that flowed the sample at speed of 30 arbitrary units (that indicates the relative speed at which the syringe pump is dispensing the sample). This syringe pump acquires 5 videos, each 60 seconds long under automated script control and analysis was conducted using NTA 3.4 Build 3.4.4 software.




2.4 Analysis by western blot

EMVs from all RA patients and HDs were lysed in RIPA buffer (100 mM NaCl, 1 mM EDTA, 1% TRITON X-100, 10 mM Tris-HCl pH 7.4, 0.5% Na-deoxycholate, 0.1% SDS, Na3VO4) with a protease inhibitor cocktail (Sigma, Milan, Italy). The lysates were centrifuged at 15000g at 4°C for 15 min to obtain soluble proteins. The protein concentration of the EMV lysates was determined using the Bradford assay (Bio-Rad, Segrate, MI, Italy), and lysates were also subjected to 10% SDS-PAGE gel.

The proteins were then transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad).

The membranes were blocked with 5% non-fat dried milk in Tris-buffered saline (TBS) containing 0.05% Tween-20 and then incubated with the listed antibodies: mouse anti-Annexin A1 (Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-β-tubulin, rabbit anti-CD63 (Abcam, Cambridge, UK), rabbit anti-CD81 (Abcam), rabbit anti-ALG-2 interacting protein X (ALIX) (Abcam), rabbit anti-citrulline (Millipore, Billerica, MA, USA) or rabbit anti-Carbamyl Lysine (CliniSciences, Nanterre, France) antibodies (Abs), followed by horseradish peroxidase–conjugated anti-rabbit or anti-mouse IgG Abs (Sigma). Immunoreactivity was assessed by the chemiluminescence reaction, using the Clarity Western ECL substrate detection system (Bio-Rad). National Institutes of Health ImageJ 1.62 software, by Mac OS X (Apple Computer International, Cupertino, CA, USA), was employed to perform densitometric scanning analysis.




2.5 In vitro culture of human monocyte-derived dendritic cells

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats obtained from healthy blood donors (HDs), using density gradient centrifugation (Lympholite; Cedarlane, Hornby, Ontario, Canada). PBMCs were incubated with anti-CD14-coated microbeads (Miltenyi Biotec, Gladbach, Germany), and monocytes were sorted with the magnetic device MiniMacs Separation Unit (Miltenyi Biotec), according to the manufacturer’s instructions. Monocyte-derived DCs (termed immature DCs), were obtained by culturing adherent monocytes for 5 days in complete medium [RPMI 1640 supplemented with 1% nonessential amino acids, 1% sodium pyruvate, 10,000 U/ml penicillin-streptomycin (Gibco, Karlsruhe, Germany), 5 × 10−5 M 2-mercaptoethanol (Merck, Darmstadt, Germany), and 10% fetal bovine serum (Hyclone Laboratories, Logan, UT, USA)] supplemented with 100 ng/ml recombinant human (rh) Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) and 25 ng/ml rh interleukin-4 (IL-4). Trypan blue exclusion assay (Sigma) and light microscope (Nikon Eclipse Ni-U, Nikon Corporation, Tokyo, Japan) were used to assess cell viability and cell morphology, respectively. Immature DCs for (0.8 × 106 cells/ml), were exposed to EMVs (2 x 108/ml) derived from RA patients or HDs at 37°C and 5% CO2 for 18 hours. Immature DCs were stimulated with 0.1 μg/ml lipopolysaccharide (LPS, from Escherichia coli strain 0111:B4; Sigma) to obtain control mature DCs. To exclude the possibility of endotoxin contamination in the EMVs, experiments were also conducted in the presence of polymyxin B (10 μg/ml; Sigma).




2.6 Flow cytometric analysis of dendritic cell phenotype

Phenotypic surface markers were determined by staining DCs for 30 min at 4°C with a panel of mouse anti-human monoclonal antibodies (mAbs): fluorescein isothiocyanate (FITC) anti-CD14, phycoerythrin (PE) anti-CD1a, Vioblue anti-CD86 (B7-2), PE anti-CD83, Peridinin-Chlorophyll-Protein (PerCP)-Vio700 anti-human leukocyte antigen-D region- related (HLA-DR) and allophycocyanin (APC) anti-CD80 (B7-1), (Miltenyi Biotec). Isotype-control antibodies served as negative controls. To exclude dead cells from analysis, 1 μM Sytox Blue nucleic acid staining (Molecular Probes, Carlsband, CA, USA) was used to exclude cell debris from analysis, and data from 10,000 viable cells were acquired by Gallios Flow cytometer (Beckman Coulter, Brea, CA, USA) and data were analyzed with Kaluza Analysis Software v. 2.1 (Beckman Coulter).




2.7 Dendritic cell allostimulatory ability

The allostimulatory ability of both stimulated and unstimulated DCs was assessed using a standard mixed lymphocyte reaction (MLR). CD4+ T cells were isolated from PBMCs through positive selection using anti-CD4 MicroBeads (Miltenyi Biotec). These allogeneic resting T cells (5× 105 cells per well) were labeled with 1 μM carboxyfluorescein succinimidyl ester (CFSE, Thermo Fisher Scientific, Milan, Italy) for 30 minutes. The labeling process was followed by two washes with cold complete medium. Subsequently, the labeled T cells were co-cultured with irradiated DCs at a 1:10 ratio (DCs to T cells) in 24-well plates. T cells collected at the beginning of the co-culture served as the T0 positive control. After 3 days, cells were harvested, and CFSE fluorescence was analyzed by Gallios Flow cytometer (Beckman Coulter). The proliferation index (PI), which measures the number of cell divisions that have occurred, is calculated by using the median fluorescence intensity (MFI) of non-proliferating CFSEhigh T-cells (peak fluorescence intensity of the viable non-divided cells, MFI nd) and the MFI of all viable CFSE+ T-cells (MFI all). The formula for PI=log(MFInd/MFIall)/log2.




2.8 Cytokine secretion analysis in dendritic cell culture supernatants

Immature DCs were seeded in 24-well flat-bottom tissue culture plates (Corning, Costar Tewksbury, MA, USA) at a concentration of 0.8 × 106 cells/ml and subsequently stimulated as previously described for 18 hours. The concentrations of IL-12p70, IL-10, and IL-1β in the DC culture supernatants were measured using ELISA (OptEIA kits; BD-Biosciences, San Jose, CA, USA), following the manufacturer’s instructions.




2.9 Western blot analysis of MAPK and NF-κB activation

DCs, untreated and treated with EMVs from RA patients (2 x 108/ml), EMVs from HDs (2 x 108/ml) or LPS (0.1 μg/ml) for 15 and 45 min at 37°C and 5% CO2 were resuspended in RIPA lysis buffer and the lysates were analyzed by western blot as described above. The PVDF membranes containing the samples stimulated for 15 min were incubated with polyclonal rabbit anti-phospho-ERK1/2 or anti-phospho-p38 Abs (Cell Signaling, Inc. Danvers, MA, USA); alternatively, the PVDF membranes containing samples stimulated for 45 min were incubated with polyclonal rabbit anti-phospho NF-κB-p65 (Cell Signaling, Inc.). Then, both the PVDF membranes were incubated with HRP-conjugated anti-rabbit IgG (Sigma). As loading controls, the phospho-ERK1/2, phospho-p38 and phospho-NF-κB-p65 membranes were stripped and subsequently re-probed respectively with rabbit anti-ERK1/2, anti-p38, anti-NF-κB-p65 (Cell Signaling, Inc) or, alternatively, with anti-β-tubulin antibody or anti β-actin monoclonal Abs (Sigma).

For the reactivity detection, the chemiluminescence reaction using the Clarity Western ECL substrate detection system (Bio-Rad) was employed. Densitometric analysis was conducted using National Institutes of Health ImageJ 1.62 software by Mac OS X (Apple Computer International), allowing the assessment of the absolute value density of each band on the same gel.




2.10 Statistical analysis

The Shapiro–Wilk test was applied to test data normality. Normally distributed data were analyzed using an exploratory one-way-ANOVA. If ANOVA showed a significant effect, a Tukey post hoc test or independent Student’s t-test was conducted for group comparisons. Values of p <0.05 were considered statistically significant. All the statistical analyses were performed by GraphPad Prism 8.0 software Inc. (San Diego, CA, USA).





3 Results



3.1 Analysis of EMVs from plasma of naïve RA patients by NanoSight and detection of citrullinated and carbamylated proteins by western blot

The presence of EMVs was preliminary analyzed in the plasma of patients with RA naïve to biological therapy and HDs by NanoSight (Nanoparticle Tracking Analysis), useful for allowing a quantitative analysis. Results showed that the number of EMVs in the RA patients was significantly higher (6.18 x 108 MVs/ml; S.D. 2.52 x 107) compared to those detected in HD plasma (3.96 x 108 MVs/ml; S.D. 1.51 x 107) (Figures 1A, B). The purity of EMVs preparation was checked by western blot, which revealed that they express typical markers of EMVs from cell plasma membrane (Annexin A1 and β-tubulin), but not exosomal markers (CD63, CD81, ALIX) (Figure 1C).




Figure 1 | Quantification and analysis of post-translational modification levels in EMVs from RA patients. (A) Quantitative analysis of EMVs from one representative RA patient without drug treatment and from one representative HD by NanoSight (Nanoparticle Tracking Analysis). There were five recording videos of 60 s per measurement. (B) Quantification of EMVs, the number of EMVs in RA patients was 6.18 x 108 EMVs/ml (S.D. 2.52 x 107), compared to 3.96 x 108 EMVs/ml (S.D. 1.51 x 107) in HDs. **p < 0.01 vs HDs. (C) Characterization of the EMVs of patients with RA and HD by western blot analysis, using anti-Annexin A1, anti-β-tubulin, anti-CD63, anti-CD81 and anti-ALIX antibodies (D) EMVs from RA patients and HDs were analyzed by western blot using anti-citrulline polyclonal or anti-Carbamyl-Lysine polyclonal antibodies. Loading control was evaluated using anti-β-tubulin antibodies. Blots and densitometric analysis of the RA patients and a representative HD are shown. ****p < 0.0001.



These findings are in line with previous studies demonstrating an elevated level of circulating EMVs in various inflammatory and autoimmune conditions, suggesting a potential role of EMVs in disease pathogenesis and progression (25, 26).

In parallel experiments, we also analyzed in EMVs the main post-translational modifications of proteins, using anti-citrulline polyclonal Abs or anti-Carbamyl-Lysine polyclonal Abs (Figure 1D). As shown, western blot analysis highlighted the appearance of numerous bands, corresponding to citrullinated and carbamylated proteins. Histograms obtained by densitometric analysis revealed that both types of modified proteins were significantly higher in EMVs from RA patients compared to those from HD (Figure 1D, right panel).




3.2 EMVs from plasma of patients with RA induce phenotypical dendritic cell maturation

To analyze the change in the characteristics of DCs after EMV treatments, we used flow cytometry to measure the expression of the DC maturation marker CD83, as well as the costimulatory molecules CD86, HLA-DR, and CD80. Untreated DCs exhibited an immature phenotype with low immunoreactivity for CD83, CD86, HLA-DR, and CD80 (represented as mean fluorescence intensity, MFI; see Figure 2A). When exposed to the inflammatory stimulus LPS, there was a significant increase in the expression of all maturation markers compared to the untreated control DCs. Furthermore, treatment of immature DCs with EMVs derived from plasma of patients with RA resulted in DC maturation, as evidenced by increased expression of CD83 and CD86 (as MFI; Figures 2A, B) respect to both HD EMV treated-DCs and untreated DCs. Treatment with EMVs from RA patients caused an increased percentage of DCs that were positive for the CD83, CD86, HLA-DR and CD80 markers after 18 hours (Figure 2C).




Figure 2 | Surface marker expression on immature monocyte-derived dendritic cells (iDCs) after in vitro exposure to EMVs from plasma. Immature DCs (8 × 105 cells/ml) were stimulated with or without EMVs from the plasma of patients with RA, HDs, or with LPS and then a four-color flow cytometry analysis was performed to evaluate surface marker expression. (A) Histograms show the mean fluorescence intensity (MFI) of HLA-DR, CD80, CD83 and CD86 expression. (B) Representative two-dimensional flow cytometry plot images showing the fluorescence intensity of CD83 and CD86 under different conditions. (C) Left panel: Histograms represent the mean percentage of positive cells (%) within the DC population. Right panel: Representative flow cytometry dot plots showing the percentage of CD83+ CD86+ DCs within the CD80+ HLA-DR+ DC population. Results are expressed as mean value ± SD of four independent experiments. Significance was determined by one-way ANOVA followed by Tukey’s post hoc analysis; *p < 0.05; **p < 0.01****p < 0.0001.






3.3 EMVs from plasma of patients with RA induce MAPK and NF-κB activation in dendritic cells

We examined the phosphorylation of p38, ERK and NF-κB p65 molecules, to study the effect of RA patient EMVs on signaling that potentially play a role in DC activation. Analysis, by western blot, of cell lysates from DCs showed that RA patient EMVs, as well LPS, induced a significant increase of p38 (Figure 3A), ERK (Figure 3B) and NF-κB p65 (Figure 3C) phosphorylation, compared to both untreated and HD EMVs treated cells. Quantitative analysis confirmed these data (see histograms, right panels, Figure 3).




Figure 3 | Analysis of MAPK and NF-κB activation in DCs stimulated with RA patient EMVs. DCs untreated or stimulated with LPS, RA patient EMVs and HD EMVs were lysed and analyzed by western blot to evaluate: (A) Phospho-p38 expression using rabbit anti-phospho-p38 Ab. (B) Phospho-ERK expression using rabbit anti-phospho-ERK1/2 Ab. (C) phospho-NF-κB-p65 expression using rabbit anti-phospho-NF-κB-p65 Ab. Anti-β-tubulin mAb or anti-β-actin mAb were used to evaluate loading controls. Samples from one representative RA patient and HD are shown. Densitometric phospho-proteins/total proteins ratios were calculated in all HDs and RA patients and are summarized by histograms in the right panels of the figure. Data are reported as mean (S.D.). Statistical analysis indicated: **p < 0.01; ***p < 0.001; ****p < 0.0001.



These findings are consistent with the role of these signaling molecules in proinflammatory responses.




3.4 EMVs from plasma of patients with RA induce functional mature dendritic cells

Given the pivotal role that DCs play in initiating and regulating immune responses, we evaluated the allostimulatory ability in a standard MLR. In these experiments, we provide direct evidence that RA patient EMVs, as well as LPS, enhanced the capacity of DCs to stimulate T-cell proliferation in an allogenic MLR (Figure 4A).




Figure 4 | Allostimulatory ability and cytokine production of immature monocyte-derived dendritic cells (iDCs) after in vitro exposure to EMVs from plasma. Immature DCs (8 × 105 cells/ml) were stimulated with or without EMVs from the plasma of patients with RA, HDs, or with LPS. (A) Left panel: Histogram showing the proliferation index (PI) of CFSE+ allogeneic T-cells cultured with iDCs for 3 days at 1:10 DC/T cells analyzed by flow cytometry, as described in Material and methods section; right panel: representative flow cytometry histograms displaying CFSE+ allogeneic T-cell proliferation and calculated PI. Only the percentages of CFSE+ T-cells with lowest CFSE value (CFSElow) were counted as proliferating T cells. Results are expressed as mean value ± SD of 4 independent experiments. (B) Cytokine production in supernatants collected after 18 h analyzed by specific ELISA experiments in treated or untreated iDC. Significance was determined by one-way ANOVA followed by Tukey’s post hoc analysis; *p < 0.05; **p < 0.001.



Additional details regarding DC activation induced by EMVs from RA patients were obtained through experiments examining the cytokine production in DC supernatants. After 18 h of culture, EMVs isolated from the plasma of RA patients have been shown to stimulate DCs to produce proinflammatory cytokines, specifically IL-12p70 and IL-1β, as well as IL-10 (Figure 4B).

These findings support the view that EMVs from RA patients interact and activate DCs thus inducing a proinflammatory mature phenotype.





4 Discussion

Our in vitro study provides new insights showing the interaction between EMVs from plasma of RA patients and DCs. Our findings strongly suggest that the increase of PTMs of proteins in EMVs of RA patients is an event that makes these vesicles able to activate immature monocyte-derived DCs from HDs (27–30).

We are preliminary confirmed that carbamylated and citrullinated proteins are present in EMVs from the patients with RA, according to our previous observations (19). These findings are consistent with the known role of PTMs in RA pathogenesis. The higher levels of PTM proteins in EMVs from RA patients suggest their potential contribution to the autoimmune response in RA by promoting the presentation of modified autoantigens and perpetuating inflammatory signaling pathways (19, 31).

Moreover, the main finding of this study was the observation that EMVs from plasma of patients with RA interact and activate DCs, thus inducing a proinflammatory phenotype. Surface marker phenotyping indicated that EMV treated-DCs exhibit increased expression of maturation marker CD83 and costimulatory molecule CD86, as well as a higher percentage of CD83+ HLA-DR+ CD80+ CD86+ cells. The increased expression of CD83 and CD86 indicates that the DCs are in a mature state (28, 32, 33) ready to effectively present antigens and provide necessary signals for T cell activation and differentiation. Moreover, the increased percentage of DCs expressing costimulatory markers suggests a broad enhancement of their antigen-presenting capabilities and a predisposition to initiate adaptive immune responses. Our findings are consistent with the prior observation indicating the proinflammatory function of circulating exosomes from systemic lupus erythematosus patients on peripheral mononuclear cells (34), as well as their ability to activate DC subsets and prime neutrophils for NETosis (35).

Thus, in the present study, our experiments provided significant insights into the activation of dendritic cells induced by EMVs from the plasma of patients with RA. The data showed that these EMVs significantly enhanced the allostimulatory ability of DCs. This finding is particularly relevant, as it demonstrates that EMVs can amplify the capacity of DCs to stimulate T-cell proliferation in an allogeneic MLR.

This enhancement of DC allostimulatory function leads to considering that EMVs act as powerful danger signals, which can activate DCs. The activation of DCs is a critical step in the immune response, leading to the maturation of these cells and the subsequent presentation of antigens to T cells. In the context of RA, in which the immune system is dysregulated, the ability of EMVs to further stimulate DC activation could contribute to the pathogenesis of the disease. Our findings support that EMVs from RA patients include components that can trigger DC activation, responsible for an enhanced immune response. This could potentially explain the chronic inflammation observed in RA, as continuously activated DCs would perpetuate the activation and proliferation of autoreactive T cells.

Data on DC activation were strongly supported by biochemical data, which demonstrated that EMVs from plasma of RA patients induce MAPK and NF-κB activation in DCs. It is known that the p38 MAPK pathway is involved in the production of proinflammatory cytokines and the activation of inflammatory cells (36), while ERK signaling has been implicated in the maturation and function of DCs, influencing their ability to present antigens and activate T cells (37). In addition, NF-κB is a key regulator of immune and inflammatory responses, controlling the expression of genes involved in cytokine production, cell survival, and proliferation (38). Previous studies have demonstrated that EVs from various sources can modulate these signaling pathways. For example, tumor-derived exosomes have been shown to activate NF-κB signaling in DCs, promoting a proinflammatory phenotype (39). Similarly, EVs from viral infections can trigger p38 and ERK pathways, leading to enhanced immune responses (40). The significant increase in the phosphorylation of p38, ERK and NF-κB p65, observed after the treatment with RA patient EMVs, suggests that these vesicles carry bioactive molecules capable of potent immune activation, potentially contributing to the chronic inflammation observed in RA (41).

Moreover, EMVs isolated from the plasma of RA patients have been shown to stimulate DCs to produce IL-12p70 and IL-1β, inducing a proinflammatory phenotype in DCs. This observation is supported by previous studies indicating that EMVs play a crucial role in immune modulation and inflammation (41, 42). While cytokine production was also observed for EMVs isolated from healthy individuals, the levels were significantly lower compared to those from RA patients. This is consistent with findings that EMVs from diseased states often have altered cargo and enhanced bioactivity (43). Furthermore, the production of proinflammatory cytokines by DCs was also observed following stimulation with LPS, a powerful activator of the innate immune response. This supports the hypothesis that EMVs from RA patients carry unique signaling molecules that enhance the inflammatory response (44). Therefore, the EMVs from RA patients induced a proinflammatory phenotype in DCs, suggesting a potential mechanism by which RA microenvironment perpetuates inflammation through the modulation of DC function. These findings highlight the importance of EMVs in the pathogenesis of RA and their potential as therapeutic targets (45, 46).

A limitation of our study is that we assessed the effects of EMVs exclusively in monocyte-derived dendritic cells. However, diverse DC subsets, such as myeloid DCs (mDCs) and plasmacytoid DCs (pDCs), are implicated in RA (47–49). Each subset has unique characteristics and functions that contribute to the inflammatory milieu in RA. Future research should investigate both mDCs and pDCs to determine if the enhanced proinflammatory phenotype induced by EMVs from RA is consistent across different DC subsets. These results highlight the potential of targeting EMVs or their signaling pathways as a strategy to control DC activation and mitigate the aberrant immune responses of RA. Future research should focus on identifying the molecular mechanisms through which EMVs exert their effects on DCs and exploring how these pathways can be manipulated to develop novel treatments for RA. Indeed, understanding the intricate interplay between DCs, post-translational modifications, and microvesicles in the context of RA pathogenesis is crucial for developing targeted therapies and improving patient outcomes. This knowledge can lead to the identification of novel therapeutic targets and biomarkers, which may help in early diagnosis, predicting disease progression, and tailoring personalized treatment strategies. Furthermore, it can provide deeper insights into the underlying mechanisms of RA, potentially revealing new avenues for preventing or mitigating the impact of the disease. Through continued research in this area, we can improve our ability to manage RA more effectively and consequently the quality of life of patients suffering from this disabling condition (5, 20, 50).
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OEBPS/Images/table1.jpg
Characteristic RA patients (n=

Demographic parameters

Sex, F/M 710

Age, mean (SD), years 50.6 (14.9)

Disease activity

SJ n, mean (SD) 1.0 (2.2)
TJ n, mean (SD) 6.4 (3.1)
CDAI, mean (SD) ‘ 15.9 (5.6)
SDAI mean (SD) | 16.5 (5.8)
DAS28, mean (SD) | 4.0 (0.6)

Laboratory values

ESR, mean (mm/h) (SD) 219 (15.5)
CRP, mean (mg/dL) (SD) 6.3 (6.9)
RF positivity, n 3/7
ACPA positivity, n 5/7

Features, n

Dyslipidemia 1/7
Hypertension 1/7
Diabetes (type 2) | 0/7
Pulmonary disease ‘ 0/7
Osteoporosis 0/7
Smoking habit | 4/7
Therapy, n
No treatment 3/7
MTX 3/7
Sulfasalazine 1/7

SJ, swollen joints; TJ, tender joints; CDAI, Clinical Disease Activity Index; SDAIL, Simple
Disease Activity Index; DAS28, Disease ActivityScore on 28 joints; ESR, Erytrocyte
Sedimentation Rate; CRP, C-Reactive Protein; RF, Rheumatoid Factor; ACPA, Anti-
citrullinated peptide antibodies; MTX, Methotrexate.
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