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Abstract

:

Osteoarthritis (OA) is a chronic progressive disease of the joint. Although representing the most frequent cause of disability in the elderly, OA remains partly obscure in its pathogenic mechanisms and is still the orphan of resolutive therapies. The concept of what was once considered a “wear and tear” of articular cartilage is now that of an inflammation-related disease that affects over time the whole joint. The attention is increasingly focused on the synovium. Even from the earliest clinical stages, synovial inflammation (or synovitis) is a crucial factor involved in OA progression and a major player in pain onset. The release of inflammatory molecules in the synovium mediates disease progression and worsening of clinical features. The activation of synovial tissue-resident cells recalls innate immunity cells from the bloodstream, creating a proinflammatory milieu that fuels and maintains a damaging condition of low-grade inflammation in the joint. In such a context, cellular and molecular inflammatory behaviors in the synovium could be the primum movens of the structural and functional alterations of the whole joint. This paper focuses on and discusses the involvement of innate immunity cells in synovitis and their role in the progression of OA.
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1. Background


Osteoarthritis (OA) is the most common joint disease in older adults. It affects more than five hundred million people worldwide, 60% of whom are over the age of fifty-five. Due to population changes (aging and obesity), the prevalence of OA is expected to double by 2050 [1,2]. Although osteoarthritis can affect any joint or even multiple joints [3], knee OA (KOA) is the most prevalent and debilitating form, accounting for up to 65% of total OA cases.



Several risk factors are associated with OA, in particular: age, which is the main one, female sex, genetic predisposition, obesity, diet, but also injuries and abnormal loading of the joints due to malalignment [4]. Depending on the associated risk factor and phenotype, several subgroups of OA have been. The first subgroup defined by mechanistic phenotypes, characterized by the involvement of molecular mechanisms that lead to OA development (such as genetic, age-related, and metabolic OA,), is the most referred to for OA subtype definition. Two more subgroups, prognostic phenotypes and response to therapy phenotypes, use different approaches for categorization based on possible clinical approaches or outcome predictors to specific therapeutic approaches [5,6]. Recently, obesity is gaining a prominent role in OA, especially in relation to metabolic syndrome, due to the increase of these comorbidities in the population in developed countries. The merging of OA and metabolic syndrome has sparked the definition of a new disease subtype known as metabolic OA. The growing prevalence of this subtype sparks concerns due to the possible related early-onset of OA in the affected population [7,8].



Common features of OA include stiffness, swelling, pain, and, ultimately, impairment of mobility in the affected joint [9,10]. Indeed, OA is the leading cause of motor disability worldwide [10]. Clinical guidelines for symptom management include personalized physical therapy [11] and exercise. These strategies yield clinical benefits to early-stage OA, but their efficacy in later stages of OA is debated [12].



Pain treatment relies on analgesic drugs, the use of which is however a matter of discussion among clinicians due to the high cost-benefit ratio [13,14]. To date, despite advances in drug delivery systems, drugs for no resolutive therapies for OA are available, forcing end-stage patients to resort to surgery [15,16]. The most common drugs include oral and topical non-steroidal anti-inflammatory drugs (NSAIDs), shown to be the most effective, especially on pain reduction, and paracetamol and opioids, which proved to be less effective and linked to a higher risk of severe side effects. Topic and intra-articular are the most common delivery systems, but due to the occluded structure of the joint and the resulting low bioavailability, they pose a challenge in terms of efficacy. To overcome this issue, new therapeutic and delivery approaches, including microspheres, nanoparticles, and hydrogels, have been under development in the past decade, but most systems still present limitations [13,14,15,16,17,18,19].



Although constant progress is being made in OA research [20], the precise mechanisms underlying its pathogenesis have not yet been fully elucidated.



In the past, osteoarthritis was simplistically interpreted as the result of the stressful action of biomechanical factors leading to the “wear and tear” of the articular cartilage. However, the significant role of inflammation in both the onset and progression of OA is now well recognized. Indeed, an inflammatory state can be detected in OA patients both locally and systemically. This suggested an important role of inflammation, which however shows a lower intensity in patients with OA compared to patients with rheumatoid arthritis (RA), who serve as controls [21].



Several studies correlate the onset of OA with the establishment of a sustained condition of low-grade systemic inflammation, in turn resulting from the loss of cellular homeostasis [22,23]. This age-related phenomenon has been termed “inflammaging” [24], and its hallmarks appear to manifest in OA.



With advancing age, cellular homeostasis in chondrocytes, the only cell type present in articular cartilage, is progressively lost, and a peculiar pathological phenotype, characterized by nine hallmarks, takes over normal cellular functions [25,26]. Another surpassed misconception regarding OA is that only articular cartilage is involved in its etiopathogenesis. In fact, OA is now referred to as a “whole-joint disease” in which each compartment (articular cartilage, synovium, subchondral bone, infrapatellar fat pad, ligaments, and menisci) contributes to its progression [27]. Regarding ligaments and menisci, their involvement is particularly associated with traumas occurring at a young age, which act as a pivotal risk factor to later develop post-traumatic OA, another subtype of the disease [28]. Of notice is also the key role played by the subchondral bone. This compartment is connected to articular cartilage at the level of the tidemark, the zone where endochondral ossification takes place. Current evidence suggests that the subchondral bone is mainly involved in late-stage OA, contributing to pain and innervations and vascularization of the damaged articular cartilage while perpetrating damage by releasing catabolic factors. Nevertheless, the subchondral bone is also subject to microdamages, detectable at the radiological level, resulting from an excess of repetitive loading, which could contribute to OA in earlier stages [27,29,30,31,32]. Furthermore, Hoffa’s fat pad, the infrapatellar fat pad included within the synovial cavity, is responsible for the sustainment of low-grade inflammation through the release of adipokines and chemokines following synovitis and cartilage damage. Hoffa’s fat pad also seems to have a role in pain perception and is arising interest for potential development of cellular therapies based on resident stem cells present in the adipose tissue [33,34].



Despite the increasing knowledge regarding the involvement of different compartments in OA pathogenesis, the spark originating the disease is still greatly debated. In this regard, in recent years, the synovium, due to its pivotal role in triggering the immune response in OA, has turned from an extra to a lead actor.




2. Synovitis in Osteoarthritis


The synovium, or synovial membrane, consists of a connective tissue surrounding the inner surface of diarthrodial joints such as the knee and elbow. The synovium is made up of two layers: the outer layer, or subintima, which consists of a loose connective tissue that holds blood vessels, lymphatic vessels, and nerves, and an inner layer, or intima, where the synovial cells, called synoviocytes, reside. These cells are in turn classified as type A (macrophage-derived) and type B (fibroblast-derived) depending on the progenitor.



In different articular diseases, synovial tissue is subject to inflammation-driven changes leading to inflammation of the synovium or synovitis. Morphological changes in the synovium include increased cellularity at the lining and sub-lining levels, tissue hyperplasia, neoformation of blood vessels and afferent nerve fibers, and activation of the immune system. This last feature, primarily, is characterized by infiltration of immunocompetent cells recalled from the bloodstream [22,35,36,37,38].



Although synovitis has been predominantly associated with rheumatoid arthritis (RA), it is estimated that most OA patients develop synovitis [39]. Evidence collected through imaging and histopathologic analyses has demonstrated that synovitis facilitates the pathogenesis of OA [40].



In fact, current knowledge of the mechanisms leading to the insurgence of synovitis in OA refers to the activation of innate immunity. Following the loss of homeostasis in chondrocytes, the release of proinflammatory mediators leads to a progressive degradation of the extracellular matrix (ECM). Consequently, ECM fragments are released into the synovial cavity, where they activate native immune cells (mostly consisting of macrophages) and synovial fibroblasts. These cells are in turn responsible for the production and release of other inflammatory mediators, including cytokines, chemokines, lipid mediators, and, most importantly, alarmins.




3. Innate Immunity in Osteoarthritis


Innate immunity is the first line of defense activated by vascularized tissues when they suffer damage. Although the relevance of adaptive immunity in synovitis, particularly in relation to T-cells, has been widely demonstrated both in OA and RA [37,41,42,43], innate immunity is the first actor in the chain effect underlying synovitis involvement in OA. In OA, the combination of impaired cellular homeostasis, low-systemic grade inflammation, and deficient immune response combine into a perfect storm sustaining the progression of the disease. Indeed, unlike adaptive immunity, the innate response relies on the recognition of highly conserved molecular patterns arising from pathogens (PAMPs, pathogen-associated molecular patterns) or released by necrotic cells at the site of tissue damage known as damage (the aforementioned DAMPs) [44].



DAMPs trigger inflammatory responses by interacting with receptors (PRRs, pattern recognition receptors) of innate immune cells. Once activated, innate immunity should trigger a response towards tissue regeneration or repair. In the case of OA, however, this activation results from improper signals derived from deregulated cells. The obtained effect is therefore opposite to the physiological one and leads to the establishment of a hostile immune response that promotes tissue damage [44]. The main aspects of how immune cells generate and maintain the low-grade inflammation of synovium that causes OA progression are recapped in Figure 1, without neglecting the role of the loss of chondrocyte homeostasis in the onset of inflammation. The different components of innate immunity and the mediators they produce crosstalk through a complex communication network. In a recent review, Kuang et al. described the possible benefits of Chinese traditional medicine in what they delineate as the “immune-joint” axis in OA [45]. To properly address the issue, first the contribution of each population has to be elucidated. Using CIBERSORT for deconvolution of global gene expression data, researchers characterized the immune cell landscape in various knee structures affected by OA [46]. This analysis revealed significant differences in the proportions of immune cells between normal and osteoarthritic tissues. In OA synovial tissues, there were notable increases in plasma cells, M1 and M2 macrophages, activated dendritic cells (DCs), and resting mast cells (MCs).



In summary, the OA progression towards the end stage is guided by the previously described changes. It is sustained by a vicious cycle that triggers the continuous release of inflammatory factors and stimulates oxidative stress, thus exacerbating the homeostatic deregulation of the various populations of cells in the joint.



In this review, we aim to summarize current knowledge on the role of innate immunity cells in synovitis and emphasize their effect in the pathophysiology of OA. Moreover, we aim to analyze different potential strategies to target innate immunity for therapeutic purposes in OA synovitis.




4. Materials and Methods


Studies for this review were selected using up-to-date databases, including Pubmed, Scopus, and Web of Science. The name of the cell type, together with “synovitis”, “osteoarthritis”, “innate immunity”, and “inflammation” were the keywords used in the search. Due to the paucity of studies matching our criteria, no time limit was applied in the research, except for macrophages (last five years), given the abundant scientific production on this cell type. In the selection of articles, the criterion “studies reported in English” was introduced, excluding articles written in a language other than English to overcome language barriers.




5. Innate Immunity Cells in Synovitis in OA


5.1. Myeloid-Derived Suppressor Cells


Myeloid-derived suppressor cells (MDSCs) are a group of immature immune cells of bone marrow myeloid derivation. They were initially identified in correlation with tumors, where their main function consists in shutting down the host immune response [47]. MDSCs display different phenotypes and functions. They originate from a common precursor defined as e-MDSC, then differentiate into two main types: precursors of polymorphonuclear granulocytes (G-MDSC/PMN-MDSC) are characterized by a neutrophil-like phenotype; likewise, monocyte-like MDSC (M-MDSC) have similar phenotypical features to monocytes. Compared to mouse MDSCs, human MDSCs are difficult to characterize due to the multiplicity of surface markers needed for their identification [48]. This paper provides a detailed description of the phenotypic characterization of MDSCs. To simplify their phenotyping, mature MDSCs are defined as CD33+ and CD11b+ but do not express maturation markers such as HLA-DR. So, the resulting phenotypic profile is HLA-DR–/lowCD11b+CD33+CD14+CD15– for M-MDSCs. On the other hand, PMNMDSCs express HLA-DR-CD11b+CD33midCD14-CD15+. The characterization of these subtypes with the markers CD14 and CD15 clearly refers to the cell types with which they share common phenotypical features (i.e., neutrophils and monocytes). The common precursor (e-MDSC) in turn is described as HLA-DR-CD33+Lin- (CD3-CD14-CD15-CD19-CD56-). Recently, the lectin-like oxidized LDL receptor 1 (LOX-1) was identified as a novel-specific marker for PMN-MDSC, while investigations are still ongoing to identify M-MDSC markers [49]. Although initially linked to angiogenesis and metastasis formation in cancer, MDSCs have also been linked to autoimmunity and bone remodeling in RA and OA [50]. Evidence suggests two different hypotheses regarding the role of MDSC roles in RA, with data supporting both pro- and anti-inflammatory activity of this cell population. According to Zhang et al., MDSCs exert a proinflammatory effect mediated via Th17 cell activation and Treg cell inhibition [51]. Contrarily, Ark et al. proposed the opposite mechanism of MDSCs regarding Th17/Treg cell balance [52]. This discrepancy could be attributable to the different expansion patterns of Th17 cell and Treg cell populations and the plasticity between Th17 and Treg cells. The two subgroups, M-MDSC and PMN-MDSC, could exert a suppressive and/or regulatory function exploiting different mechanisms of action [53]. On the other hand, the role of MDSCs is not clear in OA, but recent studies shed light on a possible role in the disease. First, a single-sample gene set enrichment analysis (ssGSEA), aiming to evaluate the infiltration of immune cells in OA, showed that MDSCs were deregulated in OA samples along with immature B cells, MCs, NK, and several adaptive immunity cells [54]. Another link between MDSCs and diseases characterized by bone loss or reabsorption, such as OA, lies in their capacity, being macrophage precursors, of differentiating into osteoclasts. Evidence of that comes from research on the tumor microenvironment, where MDSCs increase in number was linked to their differentiation in osteoclast progenitors leading to cancer-associated bone destruction [55,56,57,58]. This differentiation seems to be driven by an inflammatory environment. Further confirmation of this pro-catabolic activity after differentiation comes from several studies involving bone-remodeling in different disease models like periodontitis and osteoarthritis [51,59,60,61]. Zhang et al. also showed an increase of the M-MDSC number in obese subjects. This connection was confirmed in a DMM OA model in mice where a hyperlipidic diet led to an increment in MDSCs, which in turn differentiated in osteoclasts in connection with OA progression. These data suggest that MDSC differentiation can be reprogrammed in metabolic disorders and that this cell population could actively contribute to OA onset and progression [62]. Lastly, a recent study by Kwack et al. confirmed that M-MDSCs represent a distinct osteoclast precursor population, therefore validating M-MDSCs as a possible target to limit bone destruction in OA [61].




5.2. Monocytes


Monocytes are recognized as the largest type of leukocyte in the blood. They have the capacity to differentiate into macrophages and monocyte-derived dendritic cells, contributing significantly to the innate immune system. These cells not only participate in innate immunity but also influence adaptive immune responses and play crucial roles in tissue repair. The first clear identification of monocyte subsets using flow cytometry was documented in the late 1980s [63], revealing a population of CD16-positive monocytes [64]. Currently, human blood is known to contain three distinct types of monocytes based on their phenotypic receptors [65]. Classical monocytes (CD14++ CD16−) are characterized by a high level of CD14 cell surface receptor expression. These monocytes are the most represented in OA [66] and play an important role in its aggravation through the secretion of inflammatory cytokines [67]. Non-classical monocytes (CD14+CD16++) display low levels of CD14 and co-express the CD16 receptor. Intermediate monocytes (CD14++CD16+) express high levels of CD14 and lower levels of CD16 [65]. Monocytes are dynamically active cells and migrate from the bloodstream to sites of inflammation to perform their functions [68]. Upon migration, they can differentiate into macrophages and dendritic cells. Broadly, monocytes and their progeny serve three primary functions in the immune system: phagocytosis, antigen presentation, and cytokine production. Monocytes play a crucial role in the pathogenesis of osteoarthritis (OA) and synovitis. Each monocyte subpopulation can also carry out specific functions independently. By mediating the activation inflammatory response, monocytes could contribute significantly to the progression of pathological conditions such as OA. In fact, in addition to the self-maintained lining and interstitial sub-lining macrophages present under normal conditions, the arthritic synovium also includes inflammatory monocyte-derived macrophages [69]. Monocytes are recruited to the joint by chemokines via the CCL2/CCR2 and CCL5/CCR5 axes. Specifically, the CCL2/CCR2 axis is a critical mediator of monocyte recruitment, inflammation, and cartilage destruction. The inhibition of this pathway in mouse models significantly reduces OA severity [70]. Mondadori et al. developed an organotypic microfluidic model to study monocyte extravasation into the synovium, showing that blockade of CCR2 and CCR5 receptors effectively inhibited monocyte extravasation [71]. Recently, Zhao et al. suggested that the CCL3 produced in osteoarthritic knees of a mouse model can attract circulating monocytes to the inflamed synovium through the CCR1 receptor [72]. Moreover, CX3CL1/CX3CR1 signaling also plays a role in recruiting monocytes, with elevated levels of CX3CL1 detected in the peripheral blood [73] and synovial fluid [74] of OA patients. According to this evidence, monocytes are recruited by different chemokines released by distinct cell subtypes in response to various inflammatory stimuli. The study of these processes could lead to therapeutic prospects [75]. A meta-analysis performed by Ni et al. has demonstrated elevated levels of monocyte chemotactic protein-1 (MCP-1 or CCL2) in OA patients compared to healthy controls [76]. Women with knee OA exhibit higher levels of monocyte activation markers like CD16, CCR2, and HLA-DR. This activation is associated with higher serum TNF levels, BMI, and greater pain severity, suggesting a link between systemic inflammation and OA symptoms [77].



Once recruited to the joint, monocytes differentiate into macrophages under the influence of the local microenvironment. These macrophages can adopt different phenotypes, broadly categorized into pro-inflammatory (M1) and anti-inflammatory (M2) macrophages [78,79]. Most studies on OA joints have identified inflammatory monocyte-derived macrophages as the primary agents responsible for promoting and sustaining inflammation [80,81].



All these processes facilitate the establishment of an inflammatory cycle in which the release of pro-inflammatory cytokines by monocytes induces the recruitment of other immune cells that in turn release additional pro-inflammatory mediators, perpetuating articular damage.



In addition, activation of monocytes and release of their products not only affect cartilage and synovium but also promote osteoclastogenesis and bone resorption [82]. Hirose et al. proposed that CCL2 secreted by osteoblasts activates the monocytes to form mature osteoclasts, potentially explaining the accelerated osteoclastogenesis and joint destruction observed in inflammatory conditions [83]. Furthermore, the role of monocytes and their activation and release of pro-inflammatory molecules in the synovium has been correlated with the Kellgren and Lawrence scale [84] and the severity of symptoms, specifically stiffness, function, and quality of life [85]. Given the importance of monocytes in the pathogenesis and progression of OA, these cells are now being investigated as a prognostic biomarker in OA. In this regard, supporting evidence has emerged. In fact, the neutrophil-to-monocyte ratio is independently and inversely correlated with OA severity, as determined by the Kellgren–Lawrence scale [86]. while the monocyte-to-lymphocyte ratio is a reliable predictor of OA progression [87].




5.3. Macrophages


Macrophages are the most important component of the innate immune system and exert a pivotal role as first-line defense not only against pathogens but also in the tumor microenvironment [88]. Widely studied for their essential function in maintaining immunity homeostasis in health and disease, macrophages also play a crucial role in the onset and progression of synovitis and therefore OA. Since a detailed state of the art regarding this cellular subtype in OA has been reviewed in recent monothematic papers [89], we will limit our analysis solely to functional aspects of macrophages in synovitis associated with OA.



Macrophages derive from the maturation, in tissues, of monocytes migrating from the circulation. Upon maturation, macrophages acquire a specific phenotype depending on the functions they perform. Based on these criteria, macrophages can be classified into three types: M0, M1, and M2. Under specific inflammatory stimuli, M0 can polarize into M1 and M2 phenotypes [90]. On one hand, M1 are commonly described as proinflammatory cells with anti-pathogen functions. Polarization towards the M1 phenotype can be stimulated by lipopolysaccharide (LPS), the major component of the outer membrane of Gram-negative bacteria, and cytokines, such as IFN-γ and TNF-α. M1 macrophages can in turn secrete pro-inflammatory cytokines/chemokines, such as IL-β. M2 macrophages, on the other hand, are recognized to exert anti-inflammatory and tissue repair/regenerative functions. They are induced by IL-4 and IL-13 [91]. In the normal synovial membrane, type A synoviocytes, which are macrophage-like cells, are physiologically present in the lining layer, and their number increases in parallel with the progression of OA and is accompanied by the appearance of a low-grade synovitis [37]. Zhang et al. demonstrated that the increase in M1 macrophages, compared to M2, leads to a worsening of OA in mice via R-spondin-2 (Rspo2), a protein they can secrete [92].



Macrophages are the most represented immune cell population in the synovial infiltrate of patients with OA, amounting approximately to 65% of the total and followed by T cells, which make up for about 22% of the infiltrate [93]. Unlike what happens in inflammatory synovitis associated with rheumatoid arthritis, infiltration of immunocompetent cells in OA synovitis is not as diffuse; rather, it is limited to the sites of chondropathy. The increase in the number of macrophages and their M1/M2 polarization is, however, the result of interactions with other cells of the joint (chondrocytes, synoviocytes, and lymphocytes). This complex network of cells releasing molecules to attract macrophages and other immunocompetent cells on site contributes to igniting and perpetuating synovitis in OA. In this scenario, molecules such as soluble matrix degradation products (SMDPs) from cartilage, fibronectin, and adipokines are the main players. Also, DAMPs, by interacting with PRRs (such as Toll-like receptors, TLRs), induce macrophages to produce inflammatory cytokines and chemokines. Finally, growth factors, interleukins, and chemokines, particularly the monocyte chemotactic protein-1 (MCP-1), are the last effectors that via specific receptors activate the JAK-STAT signaling pathway [94]. The importance of macrophages in producing mediators concurring to the progression of OA has been clarified by Van Lent et al., who demonstrated that a depletion of synovial macrophages is associated with a decrease in the production of bone morphogenetic proteins BMP-2 and -4 and thus also in osteophyte formation [95]. Similar results were confirmed in other independent studies [96,97]. Furthermore, Takano et al. found a correlation with a decrease in nerve growth factor (NGF) expression, a pain-related cytokine [98]. In this regard, as early as 2016, Kraus et al., using radionuclide-labeled folate (etarfolatide), provided direct in vivo evidence linking the amount of activated synovial macrophages to pain in OA [99]. The mechanisms that lead M1 macrophages to trigger inflammation at the joint level arise from the increased expression of proinflammatory factors such as IL-1β and IL-6, MMP13 and ADAMTS5, and the suppression of aggrecan and collagen II. In turn, M2 (induced by IL-10) promoted the expression of IL-1β and SOCS1-suppressor of cytokine signaling 1 (SOCS1) [100]. Another important function of synovial macrophages in innate immunity was proposed by Culemann et al., who identified a type of tissue-resident macrophages with a CX3CR1+ phenotype capable of forming a dynamic membrane-like immunological barrier at the synovial lining that armors the joint cavity [101]. The altered activity of macrophages was also reported as a contributor to chronic inflammation of OA [102]. In agreement with this hypothesis, Liu et al. showed, in both preclinical and clinical studies, that obesity induces the switch from the M2 to the M1 phenotype [103]. In addition, the synovial fluid of patients with OA exhibits an increased ratio of M1/M2 macrophages in correlation with OA severity [103]. Macrophages also participate in homeostasis maintenance phenomena such as that of efferocytosis, which regulates the turnover of apoptotic cells and bone resorption/remodeling. The impairment of these mechanisms could contribute to OA progression [104]. Very recently, Luo et al. have well reviewed the whole network of chemokines and cytokines produced by monocytes and macrophages in OA pathogenesis. Several monocyte/macrophage chemokines, by interacting with their receptors on target cells, can act as pro-inflammatory mediators in OA. Among these are the following: the macrophage inflammatory proteins (MIP)-1α/CCL3, MIP-1β/CCL4, and MIP-3α/CCL20; the monocyte chemotaxis proteins MCP-1/CCL2 and MCP2/CCL8; the chemokine CCL17, also known as thymus and activation-regulated chemokine (TARC); the macrophage-derived chemokine CCL22; and RANTES (RANTES is the acronym for regulated upon activation, normal T cell expressed and secreted; RANTES is also called CCL5) [105].




5.4. Dendritic Cells


Dendritic cells (DCs) are pivotal in the immunopathogenesis of synovitis and therefore OA. These specialized cells bridge the innate and adaptive immune systems, influencing both local and systemic inflammatory processes. Their diverse roles encompass antigen presentation, cytokine production, and the modulation of inflammatory responses [106]. Recent investigations have elucidated the multifaceted contributions of DCs to OA pathogenesis. By interacting with various immune mediators and cell populations, DCs regulate complex mechanisms underlying joint inflammation and tissue damage. DCs are a heterogeneous group of cells, characterized by their differential expression of essential transcription factors like interferon regulatory factor 4 and 8. This diversity allows the identification of two different types of dendritic cells: conventional/myeloid DCs (cDCs) and plasmacytoid DCs (pDCs) [106,107]. Myeloid cDC1s are known to promote T helper type 1 (Th1) and natural killer (NK) responses through the production of -IL-12 and activation of CD8+ T cells via MHC class I. On the other hand, cDC2s produce higher quantities of IL-12 and are potent activators of Th1, Th2, Th17, and CD8+ T cells [107,108]. DCs play a pivotal role in promoting Th17 cell differentiation by stimulating memory CD4+ T cells to produce IL-17. This mechanism contributes to the maintenance of inflammatory processes in OA and synovitis, highlighting the intricate interplay between DCs and adaptive immune responses [109]. Another subset of monocyte-derived DCs, called inflammatory DCs, are typically present in inflammatory conditions, including synovitis, psoriasis, and inflammatory bowel disease [107,108,110]. Marzaioli et al. have identified a novel DC population characterized as CD209/CD14+ DCs in inflammatory arthritis. These cells are characterized by classical DC markers (HLADR, CD11c) and, in addition, the monocytic marker CD14. These DC subtypes express higher levels of cytokines like IL-1β, IL-6, IL-12, and TNFα and exhibit unique chemokine receptor profiles compared to healthy controls, contributing to their inflammatory and migratory capacities. This evidence opens new avenues for future therapeutic interventions targeting these specific DC populations, particularly through the JAK/STAT signaling pathway, which regulates their activation [110]. In another study conducted by Xiaoqiang et al., DC number resulted in increased in the synovium of early-stage OA rabbits (2 to 4 weeks post establishment of surgical OA model). At the same time, they noticed that an increment in DCs number was associated with an increase in IL-lβ and TNF-α expression and a high degree of synovial inflammation. Interestingly, inflammation of the synovium decreased along with DCs number. These results suggest a possible role of DCs in early-stage OA onset of inflammation in the synovium [111]. Another mechanism of action of DCs was assessed in an iodoacetate OA model aiming to investigate the role of TLRs in DCs-mediated inflammation. Evidence shows a markedly increased expression of TLR family members in DCs derived from the synovial fluid of OA mice compared to controls. Moreover, the exposition to TLR agonists such as LPS and R848, led to massive DCs-mediated release of inflammatory cytokines, although their maturation status remains unchanged. The use of a TLR antagonist, FP7, inhibited cytokine production and attenuated the overall inflammatory response in OA, both in vitro and in vivo [112]. Further confirmation of the crucial role of TLRs in the activation of DCs in OA comes from Segura et al., who showed that TLR4 is involved in obesity-induced OA in mouse models [113]. In addition, in the same model they demonstrated the correlation between the increased expression of TLR in DCs with the number and inflammatory activity in the adipose tissue of obese non-diabetic humans compared to controls. In this environment, DCs contribute to inflammation by promoting the switch towards Th17 cells, commonly associated with insulin resistance in obesity [113]. This connection between metabolic status and immune activation further complicates the inflammatory milieu in OA, especially of TLR4 in obesity-induced OA, suggesting that metabolic deregulation intensifies DCs-mediated inflammation in OA [113,114]. Moreover, DCs facilitate important molecular interactions between synovial cells and chondrocytes in OA. Chou et al. showed that cytokines were produced and then released to the joint space by HLA-DRA+ synoviocytes (macrophages and DCs), but not chondrocytes [115]. This milieu not only promotes synovial inflammation but also contributes to cartilage degradation, suggesting that DCs within the synovium significantly contribute to OA pathogenesis. The strategic targeting of DCs and their cytokine production may thus offer novel therapeutic opportunities to manage OA progression. As previously described, tissue changes in the inflamed synovium are sustained by alarmins, such as S100 proteins, the high mobility group protein B1 (HMGB1), and IL-33, released during cell stress and necrosis. Alarmins recruit DCs to inflamed synovial tissues and are responsible for initiating and perpetuating the adaptive immune response [116]. These mediators bind to specific receptors on DCs, promoting their maturation and the subsequent polarization of T cells into pro-inflammatory subsets, sustaining chronic inflammation and joint damage. Exposure to basic calcium phosphate crystals elicits robust activation of primary human macrophages and dendritic cells in OA, triggering signaling pathways involving Syk and PI3K leading to the production of pro-inflammatory cytokines and damage-associated molecules, exacerbating joint inflammation [117]. In conclusion, dendritic cells contribute to the immune response in synovitis, influencing both the initiation and progression of OA. Their ability to link adaptive and innate immunity, respond to TLR agonists, and induce pro-inflammatory cytokine production also makes them key players in the inflammatory crosstalk.




5.5. Neutrophils


Neutrophils (NTs) are the most abundant leukocytes in the body, constituting 40–60% of their totality in the bloodstream and representing an indispensable component involved in all aspects of the innate immune system. NTs are quickly mobilized to inflamed areas in response to cytokines and chemokines, where they adhere to endothelial cells. During inflammation and infection, NTs have the capability to produce and secrete different types of molecules, which serve to eliminate pathogens through phagocytosis, chemical degranulation, and the formation of the so-called neutrophil extracellular traps [118]. Although mostly implicated in defensive responses, NTs also contribute to the inflammatory response in several degenerative diseases and play a pivotal role in tissue damage in arthritis. Despite being predominant in the infiltrate in the synovium in RA, NTs are also among the first immune cells to infiltrate the synovium in OA [119]. Accounting for 26% of total cells, they represent the most abundant immunity cell population in the synovium, second only to macrophages. The degranulation, production of reactive oxygen species (ROS), and delayed apoptosis of NTs correlate with the severity of synovial inflammation and the destructive potential of joint tissue, suggesting a synergistic activity of granule mediators and ROS in articular cartilage degradation [120]. In a recent study, Hsueh et al. compared NTs to macrophages in synovial fluid (SF) to identify possible predictive biomarkers of OA. This study showed that while macrophages were linked with transforming growth factor beta-1 (TGF-β1), NTs were strongly associated with elastase, and both molecules correlated with radiographic KOA severity. Moreover, baseline synovial fluid concentrations, in conjunction with radiographic scores, predicted KOA progression [121]. In another study conducted by Haraden et al., six different biomarkers of ECM degradation (MMP-3, TIMP-1), angiogenesis (VEGF), vascular adhesion (sVCAM-1, sICAM-1), and inflammation (MCP-1) were associated with both NTs and macrophages and correlated to the grading of synovitis [122]. These results suggest that NTs mediators could serve as useful biomarkers for disease progression. In fact, neutrophil elastase is a well-known proteoglycan-degrading enzyme historically associated with inflammatory arthritis, yet recent evidence hints at its potential implications in OA. Wilkinson et al. investigated the impact of NE on the destruction of collagen in OA cartilage and the activation of collagenase in ex vivo and in vitro human OA cartilage [123]. Their results show that NE directly and vigorously activated pro-MMP-13, leading to the generation of the fully active form. Treatment with sivelestat, an inhibitor of NE, significantly reduced the pathological processes in OA model rats in vivo [124]. Also, KOA NTs appear to express a specific profile and phenotype compared to infection (INF)-NTs. KOA NTs showed lower expression levels of CD11b, CD54, and CD64, along with an increased expression of CD62L, TLR2, and TLR4 compared to INF-NTs. Additionally, KOA SF, as expected, showed lower levels of inflammatory mediators and proteases compared to INF-SF, except for CCL2. Functionally, KOA NTs displayed an increased production of ROS and enhanced phagocytic activity compared to INF-NTs. Furthermore, KOA and INF-NTs differed in cell sizes, histological characteristics of surrounding synovial tissues, and their effects on human umbilical vein endothelial cells [125]. The activation of NTs also contributes significantly to the release of various proinflammatory cytokines (IL-1, IL-6, IL-21, IL-22, IL-23,TNF-α,TGF-β) in the SF, thus influencing OA progression [126]. Certainly, their presence highlights the intricate balance between pro- and anti-inflammatory activities, contributing to the characteristic low-grade inflammation observed in synovitis and OA. The perpetration of this vicious cycle sustained by NTs among other cells in the synovium is responsible for narrowing the possibility of treatments for OA [127]. NTs also release powerful mediators in the synovium that modulate the activity of other cells of the immune system. Benigni et al. demonstrated in in vivo depletion experiments that NTs contribute to an increase in NKs within the synovium by expressing CXCL10 in inflamed joints. Hence, NTs and NK cells serve as crucial immune cells promoting OA progression, with their functional interaction facilitated by the CXCL10/CXCR3 axis [128].




5.6. Eosinophils


Eosinophils are a small subset of circulating granulocytes, accounting for 2–4% of the total white blood cells [129]. Traditionally, they have been identified as end-stage effector cells, primarily involved in defending the host against helminth infections. However, their role in promoting allergic responses is usually held in greater consideration [130]. In fact, they trigger the onset of symptoms associated with allergic reactions by releasing inflammatory mediators that increase vascular permeability and attract other immunity components to the site of inflammation [131]. Studies regarding the role of eosinophils in the pathogenesis and progression of osteoarticular diseases are few, but recently the focus on this cell type has increased due to their putative protective role in OA. Indeed, a recent study suggests that eosinophils, as a crucial component of T helper 2 (Th2) immune responses, exert an anti-inflammatory effect in arthritis and RA [132]. Notably, activated Th2 and type 2 Innate lymphoid cells (ILC2) cells in cartilage, in response to proinflammatory stimuli, release IL-5 and recruit eosinophils, which in turn induce the release of IL-4 and IL-13 [132,133,134]. The regulation of these mediators could be relevant to treat synovitis and is supported by a significant amount of experimental data.



Chen et al. showed that the IL-4/IL-13-induced STAT6 signaling pathway results in the build-up of eosinophils within the joints, leading to significant suppression of arthritis and safeguard against bone loss [135]. The role of IL-4 treatment in slowing down disease progression has also been confirmed in animal models of experimental arthritis [136,137]. Furthermore, arthritis severity increased significantly in IL-4Rα knockout mice [138]. In mice, treatment with IL-13 reduced both the severity and incidence of arthritis, demonstrating anti-inflammatory properties [139] previously shown in macrophages [68,70,71]. Another mechanism underlying the activity of eosinophils appears to be the release of anti-inflammatory lipids, such as protectin D1, which exhibited tissue-protective properties in both acute peritonitis [140] and a mouse model of arthritis [141].



Given the dual nature of eosinophils as pro-inflammatory and pro-resolutive cells, it is plausible to assume the existence of different subpopulations with distinct biological functions. Particularly, a recent study identified a subgroup of regulatory eosinophils (rEos) in the joints of arthritic mice and in the synovium of patients with RA remission. rEos release anti-inflammatory molecules, promoting tissue regeneration contrary to classic eosinophils found in allergic lung diseases [142]. Overall, data from experimental studies have correlated the quantity and activity of eosinophils to bone mass in healthy individuals and those with rheumatoid arthritis, suggesting that eosinophils play a regulatory role in musculoskeletal health [143]. Recent scientific evidence demonstrates a possible protective role of eosinophils in the resolution of osteoarticular diseases.



As already reported for other cell types, the number of eosinophils in synovial tissues of OA patients is significantly increased compared to healthy controls [139]. Furthermore, a biomarker expression study of synovial immune cell infiltrates of OA patients identified a significant correlation between pyruvate dehydrogenase kinase 1 receptor (PDK1) expression and eosinophils [144]. Moussa et al. were the first to show the increase in eosinophil number in the subcutaneous adipose tissue of patients with metabolic syndrome, suggesting an active role of eosinophils in establishing its characteristic inflammatory state [145]. Given the increase of metabolic OA in the population, further studies are needed to elucidate the role of eosinophils in synovitis and possible therapeutic use.




5.7. Basophils


Compared to other cell types, very little data from the literature focus on the link between basophil granulocytes and OA synovitis. In a very recent genomic analysis, Liu et al. highlighted a difference in the gene expression of the basophil infiltrate of OA patients compared to control, suggesting a possible involvement in the pathogenesis [146].



Noteworthy, basophils express the CD40 receptor, which, following activation through its ligand (CD40L), induces the proliferation of synovial fibroblasts and induces them to produce IL-6, contributing to inflammation in synovitis [147]. Although not much is known about the role of basophils in OA, they appear to be implicated in autoimmune conditions of the joints, like RA [148], but the underlying mechanisms by which they act are yet unknown.




5.8. Mast Cells


Mast cells (MCs) are cells of myeloid derivation, present in a small number in most of the connective tissues of the body. Although predominantly linked to type II immune responses following microbial infections and allergic reactions, MCs are a versatile cell type involved in the regulation of both physiological and pathological mechanisms. Indeed, their contribution is essential for angiogenesis regulation, vasodilation, and vascular permeability. MCs are on the front lines of defense against pathogens [149]. Furthermore, they are involved in inflammatory diseases affecting multiple organs, such as the lungs, intestine, adipose tissue, and articular joints [150].



An explanation for the pleiotropic nature of MCs could reside in their ability to secrete numerous soluble mediators of inflammation, such as histamine, heparin, proteases, and cytokines. These molecules are normally stored in intracellular granules and release only in response to an external inflammatory stimulus. The activation of these mediators is responsible for the activation or inhibition of other immune cells but also of endothelial cells, fibroblasts, and other somatic cells that sustain the inflammatory response [151].



MCs can also synthesize ex novo lipidic mediators like prostaglandins and leukotrienes, which intervene in the regulation of ongoing inflammatory responses. The response of MCs is triggered via the IgE receptor FcεRI or the complement receptor C5aR and induces degranulation followed by de novo synthesis and release of other soluble mediators. Another possible mechanism passes through the activation of the TLRs but, in this case, without inducing degranulation [152,153]. Moreover, tryptase, a serin-protease released from MCs, can activate the protease-activated receptor 2 (PAR-2), triggering a pro-inflammatory signaling response [154].



In synovial tissue, MCs develop following the maturation of hematopoietic precursors, which are induced to differentiate by stem cell factors and other growth factors secreted by local cells resident in synovium. Once mature, MC cells range between 1 and 5% of all hematopoietic cells in the human synovium. Interestingly, MCs are detectable in the synovium of healthy individuals, suggesting a role of these cell in tissue homeostasis, but an increase in their number has been shown in association with both RA and OA [155,156]. Indeed, the presence of MCs has been associated with the activation of inflammatory and degenerative mechanisms sustaining the progression of these pathological conditions. Evidence suggests that, concurrently with the establishment of the inflammatory state in RA and OA, MCs accumulate in the synovium, where they are activated by inflammatory factors. Following, their degranulation and release of mediators is responsible for the acute and chronic phases of articular inflammation. During acute inflammation, mediators released by MC degranulation are responsible for the so-called “jump start” signal, which triggers the vascular phenomena of acute inflammation (angiophlogosis). Other MC mediators interact with macrophages, histiocytes, and fibroblasts, triggering a ripple effect that sustains joint-damaging, low-grade inflammation [157]. MCs are the most numerous immune cell type in OA, together with macrophages and T lymphocytes. Furthermore, MCs are present in greater numbers in OA synovium rather than RA, suggesting a key role in its pathogenesis. However, the mechanisms underlying their contribution to the onset and progression of OA have not yet been clarified, due to contradictory data from animal models and clinical studies in patients [156]. De Lange-Brokaar et al. showed that the number of MCs in OA correlates with the grade of synovitis (Krenn score) and the radiological score (Kellegren–Lawrence) [158]. Furthermore, they identified two subtypes of MCs: MCt, characterized by the presence of tryptase granules, and MCt, with granules containing both tryptase and chymase, a chymotrypsin-type serine protease. The first subtype is prevalent in OA compared to controls, and the ratio between ct/t is smaller compared to that of RA [158]. Moreover, Uchida et al. showed that MC markers (CD117, CD203c, and FGF2) were highly expressed in the synovium of obese patients with KOA, posing an interesting question on the role of MCs in the etiopathogenesis of metabolic OA [159]. MCs could also play a role in regulating the hyperalgesia that characterizes pain perception in late-stage OA. Indeed, evidence has been shown that MC activation increases pain in OA [160]. In their in vivo study, Sousa-Valente et al. used a common pain model of OA obtained via monoiodoacetate injection [161] in P782STrkA KI mice, carrying a mutation in the Tropomyosin receptor kinase A (TrkA), a high affinity catalytic receptor for NGF. This mutation resulted in an increase in mechanical hypersensitivity and hyperactivation of neurons. TrKA KI mice showed an increase in MCs in proximity of nociceptive fibers, responsible for pain perception. Possibly, the MCs-induced release of prostaglandin D2 (PGD2) could act as an effector of pain perception by activating nociceptors [160]. In conclusion, MCs participate in the exacerbation of low-grade inflammation of the synovium in KOA and may also play a pivotal role in pain perception.




5.9. Natural Killer Cells


Natural killer cells (NKs) are among the most important cells of innate immunity, known to be implied in antitumor and antiviral responses [162,163]. They are a heterogeneous population comprising several subtypes characterized by different markers, which are used to detect them. The broadest phenotype consists of CD3-CD56+ lymphocytes, which can be further classified in CD56bright and CD56dim cells. CD56bright cells are considered an immature form [164,165]. Furthermore, the various NK subtypes can differentially express a series of receptors and ligands capable of regulating the functions of other cells. The main ones are activating killer immunoglobulin-like receptors (KIRs), natural cytotoxicity receptors (NCRs [NKp30, NKp44, and NKp46]), NKG2C, NKG2D, FCγRIIIA (CD16), 2B4 (CD244), and DNAX accessory molecule-1 (DNAM-1) [166], while the main inhibitory receptors expressed by NKs cells are KIR, NKG2A, and LILRB-1 [166]. Furthermore, NKs are implicated in apoptosis. NKs can kill target cells via death ligands, such as Fas ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) [167,168,169]. Generally, immature forms of NKs are predominant in peripheral blood, and, once mature, they tend to downregulate CD56, upregulate CD16, and express CD57 and high levels of KIRs, mediate cytotoxic activity by secreting granzyme (Gzm) and perforin, and are described as a cytotoxic subpopulation [170]. Furthermore, the presence of memory-like and tissue-resident NK cells was reported in previous studies [171,172,173]. However, recent evidence seems to indicate that they also play a crucial role in the onset and progression of OA. Huss et al. found that the number of NKs is higher than in normal controls and that NKs are among the most numerous cells in the inflammatory infiltration of synovial tissue in OA patients [162]. In OA patients, NKs not only increase in number but also take on different characteristics. Noticeably, in OA, the percentage of CD56brightCD16 NK cells increases, and their number correlates with the severity of symptoms. Furthermore, these cells in OA patients have lower expressions of Gzm and perforin and higher expressions of IFN-γ, IL-6, TNF-α, and granulysin (known to increase inflammation). Therefore, NKs are likely co-responsible for the low-grade inflammation of OA-associated synovitis [163,174,175,176]. Specifically, in the inflammatory infiltrate of OA-associated synovitis, the most numerous NKs are CD56+CD3. These cells also seem to lose their cytotoxic characteristics and show low expression of perforin, Gzm, and KIRs and instead express CD27 and CD94/NKG2A. Synovial NKs also express CCR5 and CCR3 receptors, which, stimulated by their respective ligands present in the synovial fluid, could recruit other NKs into the joint, amplifying the inflammatory response. Huss et al. showed that the number of NKs in synovial tissue is different at different stages of OA and could correlate with disease progression [162,177]. Then NKs, through a complicated network of mediators and interfacing with synovial fibroblasts, play a regulatory role in inflammation and subsequent subchondral bone resorption. In fact, synovial NKs can switch on these processes by amplifying the RANK-RANKL axis in SF [178]. Indirectly, they also stimulate synovial secretion of IL-6 and TNF-α [179]. Conversely, SF in OA patients may reduce the production of IFN-γ and TNF-α, attenuating the pro-inflammatory effects exerted by NKs via the RANK-RANKL axis. Finally, SFs can secrete CXCL8, which attracts and activates NKs [178]. This interaction appears to be an important control system for OA-associated synovitis. Synovial NKs also have the task of eliminating senescent SFs by degranulation. This is triggered by the interaction of NKG2D with its ligand [180]. NKs are also linked to pain perception. Noticeably, the percentage of NK cells expressing Mu opioid receptors was lower in blood samples from OA patients than in pain-free patients [181].




5.10. A Final Glance at Innate Immunity Cells and Synovitis


For a concluding synthetic overview, Figure 2 surveys all the different types of innate immune cells mentioned throughout the text and the corresponding spectrum of mediators they release in OA synovitis, recapping key information.





6. Conclusions


Synovitis is an inflammatory state of synovial tissue contributing to OA progression through the induction of multiple pathogenic mechanisms.



The present review summarized the substantial role played by innate immune cells in triggering and sustaining the low-grade inflammation and synovitis that insidiously fuels OA over time.



We collected important literature data supporting the key role of proinflammatory mediators released in the synovium by immune cells in OA progression and pain sensitization.



While we collected numerous studies on macrophages, we found a smaller number of studies on other cell types, such as that of basophils. Nonetheless, the evidence that has emerged encourages further investigation.



Intriguing counterintuitive findings are emerging regarding eosinophils (or perhaps eosinophil subpopulations) and their putative pro-resolving anti-inflammatory role in osteoarticular diseases.



More work is required to unravel and conceptually connect all the molecular mechanisms through which the synovial innate immune response mediates OA pathogenesis and impacts joint pain, the main symptom of OA.



The evidence available so far and discussed in this review highlights the chance for a switch in the conceptualization of OA treatment from regenerative to immune response-based approaches.



Given the critical role of immunity, targeting synovitis by fine-tuning innate immunity may help not only in identifying novel therapeutic strategies for OA management but also relevant targets for early-stage intervention.
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Figure 1. Cellular mechanisms involved in OA synovitis in osteoarthritis. OA is a multifactorial disease characterized by several risk factors such as mechanical stress, injury, metabolic dysregulation, but, above all, loss of chondrocyte cellular homeostasis that affects all other cells resident in the joint tissues. Deregulation at the cellular level triggers inflammatory mechanisms and determines the establishment of a self-sustaining low-grade inflammation, also known as “inflammaging”. The triggering of synovitis in OA is not entirely clear due to the overlap and mutual dependence of the mechanisms involved. The most accepted theory is that the loss of chondrocyte homeostasis is the first step in the chain of events. Chondrocytes are the only cell type of articular cartilage. Activation of inflammation-related signaling pathways induces the release of cartilage matrix-degrading enzymes such as MMP-13 and MMP-3, responsible for ECM remodeling in articular cartilage. ECM fragments (through the DAMPs they expose and the subsequent interaction of DAMPs with PRRs of immune cells) and proinflammatory mediators (such as cytokines) stimulate the inflammatory response of the synovium (1). Activation of inflammation leads to the recruitment of innate immune cells from the bloodstream (2) along with the activation of immunocompetent cells that reside in the synovium (mainly macrophages). The interaction between different immune cells in the synovium (3) fuels the production of multiple proinflammatory factors (4) that cause further tissue damage (5). This endless cycle is pivotal in sustaining the inflammatory milieu leading to the progression of the OA. Abbreviations: DAMPs, danger-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; PRRs, pattern recognition receptors; CCL, C-C motif chemokine ligand; IL, interleukin; TNF-α, tumor necrosis factor-α; MMP, matrix metalloprotease. 
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Figure 2. Cells of innate immunity and network of mediators in OA synovitis. Synovitis in osteoarthritis is mainly driven by the activation of innate immunity. This activation is triggered by proinflammatory factors released following the loss of cellular homeostasis. Each type of immunocompetent cell releases mediators to promote/counteract low-grade inflammation. Eosinophils and M2 macrophages exert an anti-inflammatory activity under the modulation of the JAK/STAT signaling pathway and the release of anti-inflammatory cytokines (IL-4, IL-10, IL-13). Thus, boosting these immune cells and the release of their mediators could be useful to re-establish cellular homeostasis and counteract synovitis. In contrast, M1 macrophages, NK cells, DCs, neutrophils, and MCs actively fuel the vicious cycle that keeps low-grade inflammation and synovitis alive, leading to OA progression. The release of proinflammatory mediators (such as IL-1, TNF-α, and ROS) following immune cell activation leads to worsening of synovitis features, cartilage degradation, and bone remodeling. Furthermore, the chemotactic activity of these molecules attracts more immunocompetent cells from the bloodstream, thus corroborating the proinflammatory milieu. Abbreviations: IL, interleukin; CD, cluster of differentiation; NKs, natural killer cells; M2, anti-inflammatory macrophages; M1, proinflammatory macrophages; DCs, dendritic cells; MCs, mast cells; Th, T helper; JAK/STAT, Janus kinase/signal transducer and activator of transcription; MHC, major histocompatibility complex; NF-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; TLR-2/4, Toll-like receptor 2/4; GNLY, Granulysin; PAR-2, protease-activated receptor 2; FcεRI, high-affinity IgE receptor; C5aR, complement receptor C5a; ROS, reactive oxygen species; MCP-1, Monocyte Chemotactic Protein 1; MMP-13, metalloprotease 13; ECM, extracellular matrix. 
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