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Abstract

:

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by symmetrical joint inflammation, cartilage degradation, and bone erosion. This review explores the multifaceted aspects of RA pathogenesis, focusing on the dynamic interplay between innate and adaptive immune responses, genetic predisposition, and environmental triggers. The development of RA involves genetic susceptibility and trigger events such as infections, trauma, smoking, obesity, and microbiome alterations, fostering autoimmune reactions and tissue/organ destruction. The innate immune response, including toll-like receptor activation and synovial fibroblasts’ roles, contributes to the acceleration of inflammatory processes in joint tissues. Monocytes and macrophages organize and sustain chronic joint inflammation, leading to tissue damage and bone resorption, while highlighting the significance of CD14 and CD16 subsets in RA pathogenesis. In the adaptive immune response, aberrant activation and proliferation of CD4+ T cells and the role of regulatory T cells in maintaining immune tolerance are discussed. Target cytokines like TNF-α, IL-6, IL-1, IL-17, and BAFF, as well as chemokines such as CCL2, CXCL10, CCL5, and CXCL12, have emerged as critical components in managing chronic inflammation and joint damage in RA. This comprehensive overview provides insights into the pathophysiology of RA and potential therapeutic avenues, emphasizing the importance of understanding these complex immunological and genetic mechanisms for developing more effective treatment strategies.
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1. Introduction


Rheumatoid arthritis (RA) is a chronic autoimmune disease that causes progressive symmetrical joint inflammation, as well as cartilage destruction and bone erosion.



Clinically, RA symptoms differ significantly between early-stage RA and later stages of the disease, especially without proper treatment [1,2]. In the early stages, the general symptoms of RA may be flu-like, fatigue, or decreased energy, and there is also slight discomfort in the area of some joints. Clinical tests are characterized by elevated levels of C-reactive protein (CRP) and increased erythrocyte sedimentation rate (ESR) [3]. In the later stages, the disease becomes systemic and many subsystems of the body are damaged, leading to pleural effusions, pulmonary nodules and interstitial lung disease, lymphomas, vasculitis of small and medium-sized arteries, keratoconjunctivitis, atherosclerosis, hematologic disorders (e.g., anemia, leukopenia, neutropenia, eosinophilia, thrombocytopenia or thrombocytosis) and a number of other serious problems [4].



The prevalence of RA ranges from 0.4% to 1.3% of the population, depending on sex and age (women get the disease several times more often than men, and the probability of the disease debut strongly increases after 50 years of age), as well as geography. Thus, the number of RA cases increases from south to north and is higher in urban than in rural areas. RA is one of the most common chronic inflammatory diseases [5].




2. Development of Rheumatoid Arthritis


Although the exact cause of the onset and progression of RA is uncertain, it can be argued that both genetic and environmental factors influence its onset. Two factors are required for the onset of RA: (1) a patient’s genetic predisposition to generate autoreactive T and B cells and (2) a triggering event, such as viral and bacterial infections or tissue trauma, that provides activation of antigen-presenting cells (APCs) to activate previously generated autoreactive lymphocytes, leading to a breakdown in tolerance and subsequent tissue/organ destruction [6]. This scenario is characteristic of all or nearly all autoimmune diseases. Importantly, both are equally important: genetic predisposition makes it possible in principle for such immune reactions and biochemical processes to occur, and a trigger event sets in motion a process that was previously only at the level of potentially possible scenarios [7,8]. The influence of genetic factors was established through family history and twin studies, and trigger and environmental factors were established through correlations and statistical studies, some of which were later confirmed by theoretical and empirical studies (see below). Among these trigger events, in addition to infections and trauma, the following range of factors can be identified: smoking, obesity, exposure to ultraviolet rays, sex hormones, medications, changes in the gut, oral and pulmonary microbiome, and periodontal disease [9,10]. In Figure 1, we summarized some major factors of RA development that are discussed in this paper.



Recent studies have identified a link between infections caused by the common periodontal bacterium Porphyromonas gingivalis and the induction of autoimmune reactions in RA. This link is largely due to the process of citrullination, during which the enzyme protein-arginine deiminase (PAD) converts positively charged arginine residues in host proteins to neutral citrullinated residues [11,12]. This biochemical transformation results in a net loss of surface charge, making citrullinated proteins more susceptible to degradation and formation of neoepitopes that are mistakenly targeted by the immune system. Disruption of local tolerance to P. gingivalis, which expresses PADi4, which promotes this conversion of arginine to citrulline, further stimulates autoimmune responses and leads to the production of anti-citrullinated protein antibodies (ACPA), which is a hallmark of RA [13].



It is also believed that other infections, including those caused by Epstein–Barr virus and bacteria such as Proteus mirabilis and Escherichia coli, can cause RA through molecular mimicry. This occurs when the immune system confuses bacterial or viral proteins with the body’s own proteins due to similar amino acid sequences, thereby mistakenly attacking the body’s tissues [14,15]. In addition to citrullination, the process of carbamylation, which modifies lysine residues, also plays a role in creating neoepitopes from proteins such as collagen, fibrinogen, and vimentin, which impairs immunologic tolerance [16,17].



Genomic studies using single-nucleotide polymorphisms (SNPs) have identified more than 100 loci associated with the development of RA. These loci are predominantly involved in the regulation and maintenance of the immune response, emphasizing the complex interaction of the disease with the immune system. Notably, specific HLA alleles, in particular HLA-DRB1 variants such as DRB101 and DRB104 (DQ8), contribute significantly to genetic susceptibility, accounting for about half of the genetic risk of developing RA. These HLA alleles share common amino acid sequences in their peptide-binding grooves, which preferentially represent specific peptide epitopes derived from autoantigens in RA. Consequently, these genetic markers are associated not only with an increased risk of developing RA but also with more severe manifestations of the disease, including aggressive bone erosion and higher mortality rates [18].



These findings emphasize the multifactorial nature of RA, including genetic predisposition, immune system dysregulation, and environmental triggers such as infections. They point to potential avenues for therapeutic intervention, such as targeting PAD enzymes or modulating immune responses to prevent the breakdown of tolerance to self-proteins. Understanding these mechanisms is crucial for developing strategies for prognosis, prevention and more effective treatment of RA, taking into account both genetic and environmental aspects [19].




3. Innate Immune Response


Cells and soluble mediators of the innate immune system are crucial for nonspecific pathogen recognition and serve as the first line of defense against microbes. Recent studies suggest that dysregulation of this system may contribute to the development and acceleration of inflammatory processes in joint tissues in RA. Innate immune cells can be activated by numerous specialized receptors, including toll-like receptors (TLRs), which recognize pathogen-associated molecular patterns expressed by microbial pathogens and damage-associated molecular patterns [20]. Pathologically altered TLR-mediated responses are thought to play a key role in the pathogenesis of RA. Increased expression levels of TLR1, TLR4, and TLR8 have been found in seropositive RA patients, indicating their significant involvement in the inflammatory response. Factors such as endoplasmic reticulum (ER) stress and its regulator, X-box binding protein-1 (XBP-1), may interact with TLRs to stimulate inflammation [21,22].



3.1. Contributions of Mast Cells and Neutrophils


In addition to monocytes and macrophages, mast cells and neutrophils also contribute significantly to joint inflammation in RA. Mast cells, present in the synovial tissue, release pro-inflammatory mediators such as histamine and cytokines that amplify inflammation. Neutrophils, as the first responders to infection or injury, accumulate in inflamed joints and produce reactive oxygen species and proteolytic enzymes, further exacerbating tissue damage and inflammatory responses.




3.2. Role of Chemokines in Immune Cell Recruitment


Chemokines play a central role in directing the recruitment and activation of immune cells in RA. For example, C-C motif ligand 2 (CCL2), also known as monocyte chemoattractant protein-1 (MCP-1), is produced by various cell types, including synovial fibroblasts and macrophages. It binds to the CCR2 receptor on monocytes, facilitating their migration into the synovium where they differentiate into macrophages, perpetuating the inflammatory cycle [23]. Elevated levels of CCL2 have been correlated with disease activity in RA.



CCL5 (RANTES) also attracts various immune cells, including T cells, monocytes, and eosinophils, contributing to inflammatory cell infiltration in the joints [24]. Additionally, CXCL10 (IP-10) promotes the recruitment of Th1 cells through its interaction with the CXCR3 receptor, enhancing cytokine production and sustaining the immune response in RA [25].




3.3. Synovial Fibroblasts and Inflammation


Synovial fibroblasts (SFs) residing in synovial tissue are key players in RA pathogenesis. Activated SFs promote inflammation and joint destruction by invading articular cartilage and secreting various mediators, including cytokines, chemokines, and matrix metalloproteinases (MMPs), ultimately leading to remodeling of the extracellular matrix and cartilage [26]. In vitro experiments showed that the chemokine CCL11, secreted by neutrophils after TNF-α stimulation, binds to its receptor CCR3 on SFs, enhancing its autocrine production and CCR3 expression. This self-reinforcement mechanism of CCL11 via CCR3 may enhance inflammation and profibrotic effects of SFs. Furthermore, TNF-α promotes interactions between these structural cells and B cells by enhancing the expression of vascular cell adhesion molecule-1 (VCAM-1) in SFs through the production of B-cell activation factor (BAFF) and JNK activation [27].




3.4. Pro-Angiogenic Mechanisms in RA


Pro-angiogenic mechanisms also play an important role in RA inflammation and remodeling. The expression of pro-inflammatory cytokines such as IL-17A, IL-6, and TNF-α, as well as pro-angiogenic mediators VEGF and HIF-1α, is significantly increased by IL-34 stimulation in SFs [28,29]. METTL3 can induce neutrophil activation and inflammatory responses by triggering the NF-κB signaling pathway. Recent reports have emphasized the role of MCP-1 in stimulating SF proliferation and migration while suppressing apoptosis in collagen-induced arthritis models [30].



These data highlight the complex interplay between the innate immune system, chemokines, and synovial fibroblasts in RA, revealing multiple pathways that may be targeted for therapeutic action. A better understanding of these mechanisms may lead to the development of more effective therapies aimed at reducing inflammation, preventing joint damage, and improving the quality of life of patients with RA [31].




3.5. Monocyte Differentiation and Inflammation


Monocytes play a crucial role in organizing joint inflammation in RA through various mechanisms that stimulate the inflammatory process and promote tissue damage. These immune cells enter the inflamed joint from the bloodstream in response to chemotactic signals such as MCP-1, directing them to foci of inflammation. Once infiltrating synovial tissue, monocytes differentiate into macrophages and dendritic cells, which play a key role in maintaining the chronic inflammation characteristic of RA [32,33].




3.6. Macrophage Activation and Cytokine Production


Macrophages in synovial tissue are activated and secrete multiple pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6. These cytokines enhance the inflammatory response by promoting the activation and proliferation of other immune cells, such as T cells and B cells, and by increasing the production of additional inflammatory mediators [34,35]. TNF-α stimulates synovial fibroblasts to produce more cytokines and chemokines and increases adhesion molecule expression on endothelial cells, promoting immune cell recruitment to the joint [36].




3.7. Inflammatory Environment and Synovial Fibroblasts


The inflammatory environment created by these cytokines leads to the activation of synovial fibroblasts. Activated SFs proliferate and secrete MMPs, degrading the extracellular matrix and resulting in cartilage breakdown and joint damage. Additionally, activated SFs produce chemokines that attract more monocytes and immune cells, maintaining the cycle of inflammation and tissue degradation [37].




3.8. Cell–Cell Interactions in the Synovium


Monocytes and their differentiated forms also engage in direct cell–cell interactions with other immune cells in the synovium. They present antigens to T cells, promoting their activation and production of pro-inflammatory cytokines such as IFN-γ, supporting the inflammatory response and contributing to the autoimmunity seen in RA [38,39].




3.9. Osteoclast Formation and Bone Erosion


In addition to their inflammatory role, monocytes and macrophages contribute to the formation of osteoclasts, cells responsible for bone resorption. Under the influence of cytokines such as RANKL, produced by activated T cells and SFs, monocytes differentiate into osteoclasts that destroy bone tissue, resulting in bone erosion commonly seen in RA [40].



The interaction between monocytes, their differentiated forms, and other immune cells creates a self-sustaining cycle of inflammation and tissue destruction in RA. Targeting pathways involved in monocyte recruitment, activation, and differentiation represents a strategic approach to developing therapies aimed at mitigating joint inflammation and preventing progressive damage. Understanding these mechanisms emphasizes the complexity of RA and the critical role of monocytes in the disease process [41].




3.10. Surface Markers in Monocyte Function


Importantly, CD14 and CD16 are surface markers that play a crucial role in monocyte and macrophage function in RA. Monocytes are categorized based on these markers, and they are differentially involved in the inflammatory processes observed in RA [42,43].



CD14 is a co-receptor for recognizing bacterial lipopolysaccharide (LPS) and works with TLR4 to induce an inflammatory response. CD14++ monocytes are particularly efficient at producing pro-inflammatory cytokines such as TNF-α and IL-6. In RA, CD14++ monocytes are recruited to the inflamed synovium, where they differentiate into macrophages and contribute to inflammation [44,45].



CD16 defines a subset of monocytes known as non-classical or patrolling monocytes. These cells are involved in blood vessel control, tissue repair, and resolution of inflammation. However, in chronic inflammatory diseases such as RA, CD14+ CD16++ monocytes may adopt a pro-inflammatory phenotype, producing cytokines like TNF-α and IL-1β and participating in antibody-dependent cellular cytotoxicity [46].



The balance and function of these monocyte subsets are impaired in RA, with both CD14++ and CD14+ CD16++ monocytes found in increased numbers in patients. These cells migrate to the joint, contributing to chronic inflammation and tissue destruction. Understanding the roles of CD14 and CD16 in monocyte function may aid in developing targeted therapies to alleviate inflammation and prevent joint damage in RA [47].





4. Adaptive Immune Response


The adaptive immune response in rheumatoid arthritis (RA) plays a crucial role in the chronic inflammation and joint destruction that characterize the disease. This response is primarily mediated by T cells and B cells, which become activated and produce a range of cytokines that perpetuate the inflammatory environment within the joints.



4.1. T-Cell Subtypes and Their Roles


One of the central aspects of the adaptive immune response in RA is the aberrant activation and proliferation of CD4+ T cells [48]. These T cells differentiate into various subsets, including Th1, Th17, and Tfh cells, each contributing differently to the disease process. Th1 cells produce interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α), which are potent pro-inflammatory cytokines. TNF-α is a key driver of inflammation in RA, promoting the activation of synovial fibroblasts, macrophages, and endothelial cells, leading to the production of other inflammatory mediators and the recruitment of additional immune cells to the synovium [49,50]. Furthermore, CD6 expression on T effector cells enhances their activation and proliferation, linking T-cell signaling to ongoing inflammatory processes.




4.2. Th17 Cells and Their Contributions


Th17 cells produce interleukin-17 (IL-17), which amplifies the inflammatory response by inducing the production of cytokines such as interleukin-6 (IL-6) and chemokines like CXCL10. Elevated levels of IL-6 are found in the synovial fluid and blood of RA patients, correlating with disease activity and severity [51]. CXCL10, also known as interferon gamma-induced protein 10 (IP-10), recruits T cells and monocytes to inflamed joints, thereby contributing to chronic inflammation [25,52].




4.3. Th2 Cells and Their Contribution


In addition to Th1 and Th17 cells, Th2 cells also play an important immunomodulatory role in rheumatoid arthritis. While Th2 cells are often associated with anti-inflammatory responses, they can influence the disease context in RA. Th2 cells produce cytokines such as interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13), which can promote B-cell differentiation and the production of antibodies, including autoantibodies. Elevated levels of IL-4 and IL-13 have been observed in the joints of RA patients, suggesting that Th2 polarization may contribute to a more chronic inflammatory environment. Additionally, Th2 cytokines can interact with other immune cells, modulating the overall immune response and possibly promoting tissue repair processes. However, the persistent activation of Th2 responses in the context of chronic inflammation can also exacerbate joint damage by sustaining immune dysregulation, highlighting the complex role of Th2 cells in RA pathogenesis [53,54].




4.4. The Role of Regulatory T Cells (Tregs)


Regulatory T cells (Tregs) play a critical role in maintaining immune tolerance and preventing excessive inflammation. However, in RA, the function and number of Tregs are often impaired, leading to uncontrolled immune activation and autoimmunity. Tregs typically produce anti-inflammatory cytokines such as interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β), which help to dampen immune responses [55,56].



CTLA-4 is a key molecule expressed by Tregs that downregulates immune responses by inhibiting co-stimulatory signals necessary for T-cell activation. It is critical for the immune checkpoint that prevents autoimmunity. Additionally, FoxP3 is a transcription factor essential for the development and function of Tregs, and its expression is decreased in RA Tregs, contributing to their dysfunction [57].




4.5. Regulatory Checkpoints and Treg Function


The interplay between Tregs and effector T cells is also regulated by various checkpoints, reinforcing the balance between tolerance and autoimmunity. Disruption of these regulatory mechanisms may lead to exacerbated T effector function and inflammation in RA.




4.6. B Cells and Their Roles


B cells significantly contribute to the adaptive immune response in RA. They produce autoantibodies such as rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPAs), which form immune complexes that deposit in the joints and activate complement pathways, leading to further inflammation and tissue damage. B cells also act as antigen-presenting cells, presenting antigens to T cells and producing cytokines like IL-6 and TNF-α, enhancing the inflammatory milieu [58,59].



B regulatory cells (Bregs) are a subset of B-cells that contribute to immune regulation, producing anti-inflammatory cytokines such as IL-35. In RA, Bregs can help restore balance by inhibiting excessive T-cell activation and cytokine production. The presence of BAFF (B-cell activating factor) is crucial for B-cell survival and maturation, and elevated levels of BAFF have been implicated in the pathogenesis of RA as they promote the expansion of autoreactive B-cells [60,61].




4.7. MicroRNA and Inflammatory Responses


MicroRNA-132 (miR-132) is a small non-coding RNA molecule that regulates gene expression by binding to the 3′ untranslated regions (UTRs) of target mRNAs, potentially limiting excessive inflammation. Dysregulation of miR-132 in RA can contribute to the persistence of inflammatory signals and influence processes critical in the disease’s pathogenesis [62].




4.8. Cytokine Profile in RA


The cytokine profile in RA is characterized by elevated levels of TNF-α, IL-6, IL-17, IL-2, and CXCL10. IL-2, produced by activated T cells, is essential for T cell proliferation and survival, further supporting the expansion of autoreactive T cells. This persistent production of cytokines creates an environment that promotes the recruitment and activation of various immune cells, leading to the chronic inflammation and joint destruction seen in RA [35].





5. Treatment of RA


Rheumatoid arthritis (RA) treatment has evolved significantly, with a focus on both conventional and biologic therapies that target key pathways involved in inflammation and joint damage. While biologic agents have gained attention, it is important to highlight that methotrexate remains the anchor drug and first-line therapy for RA. It is well established for its ability to suppress IL-6 and modulate the cytokine network effectively. In Table 1, we summarize the existing therapies for RA.



Targeting cytokines has reshaped the treatment of rheumatoid arthritis, offering tailored therapies aimed at specific pathways driving the disease. Methotrexate is widely recognized as the cornerstone of RA treatment and is essential in the management of early and established disease.



Biologic agents targeting tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 (IL-1) remain crucial, especially for patients who fail to respond to methotrexate. Additionally, interest in Janus kinase (JAK) inhibitors has grown due to their ability to inhibit multiple cytokines, which has demonstrated success in RA therapy.



While therapies targeting IL-17 and BAFF are currently approved for other autoimmune diseases, they are not yet approved for RA treatment. Chemokine targets such as CCL2 and CXCL10 play vital roles in recruiting inflammatory cells and facilitating sustained inflammation in the synovium. Inhibitors targeting these chemokines are still considered experimental for RA treatment. Overall, a deeper understanding of the immunological mechanisms underlying RA fosters the continuous development of more effective and targeted therapies for managing this chronic disease.




6. Conclusions


Rheumatoid arthritis (RA) is a complex autoimmune disease characterized by chronic inflammation and joint damage, impacting the physical and psychological well-being of affected individuals. The understanding of RA pathogenesis has evolved, emphasizing the intertwined role of genetic predisposition, dysregulated immune responses, and environmental triggers in disease onset and progression. The innate and adaptive immune responses orchestrate a cascade of cellular and biochemical events, contributing to the perpetuation of inflammation, tissue destruction, and bone erosion in the joints.



Significant progress has been made in therapeutic strategies targeting specific pro-inflammatory cytokines and chemokines, leading to improved outcomes for many RA patients. The advent of biologic therapies and small-molecule inhibitors has revolutionized RA management, offering more targeted approaches to modulate the immune response and minimize joint damage. However, challenges remain in tailoring treatments to individual patients based on their unique immunological and genetic profiles.



Moving forward, a personalized medicine approach that integrates genetic, immunological, and environmental factors holds promise for optimizing RA management. The identification of novel therapeutic targets, including specific immune cell subpopulations and molecular pathways, presents exciting opportunities for the development of more effective and tailored interventions. Advancements in precision medicine, immunotherapy, and genetic research may pave the way for transformative breakthroughs in RA treatment, aiming to achieve sustained remission, restore joint function, and enhance the quality of life for individuals living with RA.



In summary, this comprehensive review underscores the intricate and multifaceted nature of RA pathogenesis, highlighting the critical role of immune dysregulation and genetic susceptibility. By leveraging this deeper understanding, the ongoing pursuit of innovative therapeutic strategies offers hope for a future where RA can be effectively managed, and its impact on patients’ lives can be minimized.
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Figure 1. Major factors contributing to development of RA. 
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Table 1. Therapeutic strategies for RA.






Table 1. Therapeutic strategies for RA.





	Target
	Mechanism
	Therapeutic Agents
	Effects
	References





	DHFR
	Folate antagonist; modulates immune response and suppresses inflammation.
	Methotrexate
	Reduces disease activity, improves function, and is the cornerstone of RA therapy.
	[63]



	TNF-α
	Pro-inflammatory cytokine that promotes inflammation and joint destruction.
	Infliximab, Adalimumab, Etanercept, Certolizumab, Golimumab
	Reduces symptoms, improves function, slows disease progression.
	[64,65]



	IL-6
	Promotes inflammation and B-cell differentiation; elevated in the synovial fluid.
	Tocilizumab, Sarilumab
	Alleviates symptoms, reduces inflammation, prevents joint damage.
	[63,66,67]



	IL-1
	Contributes to inflammation and cartilage degradation; produced by activated macrophages.
	Anakinra
	Effective in patients unresponsive to other treatments; reduces inflammation.
	[68]



	IL-17
	Induces production of pro-inflammatory cytokines and matrix metalloproteinases.
	Secukinumab, Ixekizumab
	Reduces inflammation by neutralizing IL-17 activity.
	[69]



	BAFF
	Promotes B-cell survival and function; elevated levels contribute to autoantibody production.
	Belimumab
	Reduces B-cell activity and autoantibody levels; therapeutic benefits.
	[70]



	CCL2 (MCP-1)
	Facilitates recruitment of monocytes to inflamed joints.
	CCL2 inhibitors
	Reduces monocyte infiltration, diminishing local inflammation.
	[23,71]



	CXCL10
	Promotes T-cell migration to inflamed tissues; involved in Th1 recruitment.
	CXCL10 inhibitors
	Decreases T-cell influx into the synovium, alleviating inflammation.
	[25,72]



	CCL5 (RANTES)
	Attracts various immune cells, contributing to inflammatory infiltrate.
	CCL5 inhibitors
	Reduces recruitment of inflammatory cells to joints.
	[24,73]



	CXCL12
	Involved in retention and migration of various immune cells; promotes chronicity.
	CXCL12 in