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Abstract

:

This review summarizes recent progress in understanding the pathogenesis of IgG4-related disease (IgG4-RD), with a focus on fibrosis. Several studies reported that CD4+ T cells with cytotoxic activity promoted by the secretion of granzyme and perforin, cytotoxic CD4+ T cells (CD4+CTLs), and disease-specific activated B cells, infiltrated inflamed tissues and cooperated to induce tissue fibrosis in autoimmune fibrotic diseases such as IgG4-RD, systemic sclerosis, and fibrosing mediastinitis. An accumulation of cells undergoing apoptotic cell death induced by CD4+CTLs and CD8+CTLs followed by macrophage-mediated clearing and finally tissue remodeling driven by cytokines released by CD4+CTLs, activated B cells, and M2 macrophages may contribute to the activation of fibroblasts and collagen production. In IgG4-RD, this process likely involves the apoptosis of non-immune, non-endothelial cells of mesenchymal origin and subsequent tissue remodeling. In summary, CD4+CTLs infiltrate affected tissues where they may cooperate with activated B cells, CD8+CTLs, and M2 macrophages, to induce apoptosis by secreting cytotoxic cytokines. These immune cells also drive fibrosis by secreting pro-fibrotic molecules in IgG4-RD.
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1. Introduction and Clinical Features


Autoimmune fibrotic diseases including systemic sclerosis (SSc), lupus nephritis, fibrosing mediastinitis, and IgG4-related disease (IgG4-RD) are being studied by many rheumatologists and immunologists because of their variety of symptoms and difficulty in treatment, especially in relapse cases. IgG4-RD is still a poorly understood fibrotic disease because details of the immune responses, autoantigens, and roles of autoantibodies and IgG4 have not yet been established. However, the availability of accessible tissue and blood samples, and the ability to compare samples before and after treatment, both provide an opportunity to investigate the underlying mechanisms of the pathogenesis of IgG4-RD and related autoimmune fibrotic diseases, with the hope that this will ultimately lead to a better understanding of the basic immunology related to human immune disease mechanisms. Rather than be part of a unified systemic disease condition, the pathogenesis of IgG4-RD was thought to be an isolated organ-specific condition, a group which includes autoimmune pancreatitis (AIP), Mikulicz’s disease, Ormond’s disease and idiopathic pseudotumor [1,2,3,4]. At the beginning of this century, findings related to its shared disease features, common history, and response to immunosuppression therapy, led to the disease concept of IgG4-RD. A number of reviews have described the clinical features of IgG4-RD, a multi-organ inflammatory condition characterized by elevated serum IgG4 levels and lymphoplasmacytic infiltrate composed of a large population of IgG4+ plasma cells, storiform fibrosis, and obliterative phlebitis [5,6,7,8]. This disease often presents with multiple enlarged organs that mimic many malignant, infectious, and inflammatory disorders. The most frequently affected organs are the lacrimal glands, salivary glands, pancreas, kidney, lung, lymph nodes, bile duct, liver, aorta, prostate, and retroperitoneum. Microscopic examination suggests that the enlargement of these affected organs is related to infiltration by activated lymphocytes and storiform fibrosis (Figure 1). The characteristic histopathological appearance and aggressive infiltration of IgG4+ plasma cells into the tissues are the major features of IgG4-RD, whereas the presence of epithelioid cell granulomas and prominent neutrophilic infiltration are relatively inconsistent with the diagnosis of IgG4-RD except for those with a background typical for IgG4-RD [3,9]. These features are suspicious of granulomatosis with polyangiitis.



Since IgG4-RD was first described, many studies have attempted to clarify its pathogenesis, and our knowledge of this disease is being updated daily [10,11,12,13,14,15,16,17]. Here, we review the current state of knowledge regarding the underlying immune mechanisms related to IgG4-RD with a focus on fibrosis.




2. Targeted Therapy Has Proven the Contribution of B Cell Lineages to IgG4-RD


Most clinical manifestations in patients with IgG4-RD respond to glucocorticoid treatment, which is the current standard of care for IgG4-related disease worldwide [18,19]. Glucocorticoids regulate gene transcription by binding to cytosolic glucocorticoid receptors, and then inhibiting inflammation and regulating immune responses [20]. Several studies including a multicenter phase II prospective clinical trial and a randomized controlled trial have shown the effectiveness of glucocorticoid therapy for IgG4-RD [21,22]. Conventional treatment starts with a prednisolone dose of 0.6–1.0 mg/kg daily. After 2–4 weeks, the dose is tapered by 5 mg every 1–2 weeks, based on clinical responses [23]. Glucocorticoid therapy is characterized by rapid responsiveness and clinical improvement after its initiation in patients with IgG4-RD, and a follow-up serological evaluation should be performed approximately 2 weeks after the end of treatment. Exclusion of IgG4-RD from diagnosis should be considered if the patient fails to respond to an adequate course of glucocorticoids following exclusion criteria definitions of the ACR–EULAR IgG4-RD classification [24].



Glucocorticoids are well established as a treatment for patients with IgG4-RD. However, the regimens involve high doses that can induce diabetes and exacerbate existing diabetes and infections, furthermore, glucocorticoids sometimes fail to induce treatment-free remission [25]. Because hypergammaglobulinemia and plasmablast expansion can occur in patients with IgG4-RD, anti-CD20 mediated B-cell therapy using rituximab was studied in IgG4-RD patients as an alternative therapy to glucocorticoids [26,27,28]. B cell killing by rituximab is largely mediated by antibody dependent cell-mediated cytotoxicity; however, complement-mediated lysis and the induction of apoptosis might also contribute to B cell killing depending on the tissue microenvironment [29,30,31,32,33]. B cell depletion therapy by rituximab induced a period of remission and swift clinical improvement in patients with IgG4-RD [28]. The therapy also induced rapid reductions in serum IgG4, the number of plasmablasts and CD4+CTLs in the blood and tissues, and tissue fibrosis by attenuating the secretory phenotype of myofibroblasts [26,34,35]. These clinical observations following B-cell depletion therapy consistently suggest the central role of B cells in the pathogenesis of IgG4-RD.



2.1. Plasmablasts


Circulating plasmablasts and activated B cells that express high levels of surface IgG4+ and SLAMF7 are expanded in high numbers and undergo somatic hypermutation in IgG4-RD, suggesting that these cells can present peptide antigens by MHC class II molecules to CD4+ T cells, which likely contributes to the pathogenesis of IgG4-RD [36] (Figure 2). The subsequent study reported B cells including plasmablasts obtained from patients with IgG4-RD produced pro-fibrotic molecules including platelet-derived growth factor (PDGF)-B and lysyl oxidase like (LOXL)-2, which stimulated collagen production by fibroblasts through production of the chemotactic factors CCL4, CCL5, and CCL11 [37]. They also showed that plasmablasts expressed sets of genes implicated in fibroblast activation and proliferation, and concluded that B cells contributed directly to tissue fibrosis in patients with IgG4-RD.




2.2. Other B Cell Subsets


Regulatory B cells (Breg), which produce IL-10 and TGF-β that have immunoregulatory effects, were also reported to be involved in the pathogenesis of IgG4-RD. Sumimoto et al. revealed a significant increase in CD19+CD24highCD38high Breg and a relative decrease in CD19+CD24highCD27+ Breg in the peripheral blood of type 1 AIP patients, although IL-10 producing B cells were not significantly different from those in type 1 AIP patients and controls [38]. Lin et al. reported the opposite result: IgG4-RD patients had a lower frequency of CD19+CD24highCD27+ Breg compared with primary Sjogren syndrome patients and healthy controls [39]. Considering these inconsistent results and uncertainty about the actual role of Breg, further studies are needed to determine their role in the pathogenesis of IgG4-RD.



Another B cell subpopulation, CD27+ memory B cells, may suppress the activity of IgG4-RD. Glucocorticoid therapy-induced disease remission was accompanied by reductions in naïve B cells, plasmablasts, and plasma cells, and an increase in CD27+ memory B cells [40]. Given that memory B cells also express high affinity B cell receptors, resemble antigen-presenting cells (APC), and produce high affinity antibodies, elucidating the role of memory B cells in the pathogenesis of IgG4-RD is important [41,42].





3. Therapeutic Drugs That Might Change the Treatment of IgG4-RD


The short-term prognosis of IgG4-RD after immunosuppression therapy with glucocorticoids and rituximab is relatively good but some cases exhibit relapses following treatment [43,44]. In addition, the long-term outcomes of treatment are unknown, although several unknown factors were reported to affect long-term outcomes including the development of fibrosis and associated malignancy [45,46]. Therefore, further improvements in treatment are expected.



Other therapeutic drugs that target B cells have been studied in the past few years and some are currently in phase 3 clinical trials [15,47,48]. First, a clinical trial of obexelimab (XmAb5871), a monoclonal anti-CD19 antibody with high affinity for FcγRIIb on B cells, has been completed in the US [49]. A clinical phase 3 trial has been initiated for inebilizumab, a humanized anti-CD19 monoclonal antibody. Yamamoto et al. recently reported the usefulness of belimumab, an anti-B-cell activating factor of the tumor necrosis factor family, for treating IgG4-RD [50]. A clinical trial of elotuzumab, a monoclonal antibody directed against SLAMF7, is also underway. The surface marker SLAMF7 is expressed on B cells and CD4+ CTLs, and therefore might affect T cells. Molecular-targeted Bruton’s tyrosine kinase inhibitors such as zanubrutinib and rilzabrutinib have also been advanced to clinical trials. Current therapeutic targets and novel potential targets are summarized in Figure 3. Further studies focusing on the interactions between B cells and T cells are needed to develop promising therapies for the treatment of IgG4-RD [50].




4. CD4+ T Cells


B cells are thought to have a critical role in the pathogenesis of IgG4-RD; however, CD4+ T cells are also the main population of infiltrating immune cells in IgG4-RD tissue lesions [51]. Several types of CD4+ T cell subsets were reported to be involved in IgG4-RD pathogenesis, but given the complexity of the immune mechanisms involved, it is unlikely that a single or few subsets are involved in the pathogenesis. Here, we describe and focus on CD4+ T cell subsets that were reported to be associated with the pathogenesis of IgG4-RD.



4.1. Tfh Cells


Given the elevation of serum IgG4 levels and presence of clonally expanded class-switched plasmablasts in IgG4-RD, germinal center (GC) reactions should be investigated. T follicular helper (Tfh) cells, which express high levels of the chemokine receptor CXCR5, are specialized providers of T cell help to B cells, and they promote isotype switching, somatic hypermutation, GC formation, and the selection of high-affinity B cells in GCs [52,53]. Tfh cells are related to the class-switching of B cells in a T-cell dependent manner [53].



IL-4 and IL-10 are key cytokines that regulate IgG4 production [54]. Therefore, Tfh cells that produce these cytokines may be involved in the pathogenesis of IgG4-RD. Because of their accessibility, circulating Tfh cells were investigated first in IgG4-RD [55,56]. On the basis of the differential expression pattern of their surface chemokine receptors, circulating Tfh cells can be classified into three subsets: Tfh1, Tfh2, and Tfh17 cells. Akiyama et al. revealed that circulating Tfh2 cells were expanded in the blood of IgG4-RD patients, and their levels were associated with levels of circulating plasmablasts, serum IgG4, and IL-4 [56]. The same authors also showed that Tfh2 cells helped naive B cells differentiate into plasmablasts and produce IgG4 through co-culture experiments [56]. Another group recently reported that IL-4+BATF+ Tfh cells were expanded in lymphoid organs from patients with IgG4-RD, and that this Tfh subset was linked to specific class-switching to IgG4 after contact with activation-induced cytidine deaminase (AID)-expressing B cells in extrafollicular sites [57].



In addition to IL-4, IL-10 secreting T cells may contribute to the pathogenesis of IgG4-RD, and the presence of IL-10 producing Tfh cells in IgG4-RD patients was reported recently [58]. Furthermore, T follicular regulatory (Tfr) cells, a specialized Tfh cell subset regulated by forkhead box P3 (Foxp3), similar to Treg cells, were reported to be expanded and produce IL-10 in IgG4-RD [59,60]. Taken together, a specific Tfh subset may contribute to the pathogenesis of IgG4-RD but some fundamental mechanisms are still poorly understood. Are circulating Tfh cells and tissue-resident Tfh cells in tissues from the same lineage, and do IL-4 producing Tfh cells also produce IL-10 and other cytokines related to IgG4 class-switching? Further experiments, including single-cell approaches, are urgently needed.




4.2. Th2 Cells


Early studies suggested the expression of Th2-related cytokines such as IL-4, IL-5, and IL-13 were upregulated in affected tissues of patients with IgG4-RD; it was concluded that Th2 cells had a critical role in the pathogenesis of IgG4-RD [61,62]. However, because these studies did not identify which cells were the source of cytokines, this hypothesis requires further study although the upregulation of Th2-related cytokines in IgG4-RD has been confirmed by several groups [63,64].



Controversial results were reported by another group. A study of Th2 cells in IgG4-RD demonstrated that their expansion in the circulation was highly correlated with concurrent atopic disease, indicating the importance of identifying diseases that occur concomitantly with allergic diseases [65]. In their follow-up study, they analyzed the T cell repertoire and revealed Th2 cells were expanded in IgG4-RD patients with atopic disease, although there was no clonal expansion of Th2 cells, which were clonally diverse. This suggests the accumulation of T-cell memory acquired over time against a wide range of environmental allergens [66]. The link between Th2 cells, allergic diseases, and IgG4-RD is still unclear and requires further study.




4.3. CD4+CTLs


As noted above, early studies suggested that Th2 cells may have a central role in IgG4-RD, but Pillai et al. caused controversy with a population-level gene expression analysis study. They revealed the dominant gene signatures were CD4+CTLs in total CD4+ effector memory T cells. This gene signature included the upregulation of genes associated with cytotoxicity, including perforin, granzyme A, granzyme B, and granulysin. CD4+CTLs were markedly expanded in the blood of patients with IgG4-RD and were highly clonally expanded demonstrated by T cell receptor Vβ repertoire assays, whereas Th2 cells were clonally diverse [66]. They also quantitatively analyzed tissue sections from the affected organs of patients with IgG4-RD [67], showing that infiltrating CD4+CTLs outnumbered the sparse Th2 cells in all IgG4-RD patients studied. Another group revealed the oligoclonal expansion of CD4+CTLs in the blood and affected tissues, and indicated that glucocorticoid-induced remission in patients with IgG4-RD was associated with a decrease in circulating CD4+CTLs [68]. These findings suggested that CD4+CTLs might be critically involved in the pathogenesis of IgG4-RD and might be a therapeutic target. Subsequent work by investigators who were the first to report the expansion of CD4+CTLs performed additional phenotyping of CD4+CTLs and revealed that CD27loCD28loCD57hiCD4+SLAMF7+ T cells were the dominant effector subset, and exhibited marked clonal expansion, and differentially expressed genes relevant to cytotoxicity, activation, and enhanced metabolism [69] (Figure 2). This subset correlated with a more severe clinical phenotype of IgG4-RD and, consistent with the effector phenotype in an anti-viral context, had upregulated CX3CR1 and GPR56 and downregulated CD127 in patients with IgG4-RD.



In summary, the remarkable clonal expansion of CD4+CTLs in patients with IgG4-RD suggests that these cells proliferated following antigen presentation by MHC class II molecules. Identifying the antigens that promote CD4+CTL expansion in patients with IgG4-RD and determining whether different epitopes derived from the same antigen are responsible for the expansions of CD4+CTLs and B cells remain critical questions.




4.4. CD8+ T Cells


In addition to the roles of CD4+CTLs, CD8+CTLs have been implicated in the pathogenesis of IgG4-RD, although only a few reports are available. Cory et al. recently reported that GZMA+CD8+CTLs infiltrated into tissue lesions in numbers that approximated those of infiltrating CD4+CTLs, and that most tissue infiltrating CD8+CTLs had an activated phenotype [69]. Furthermore, they reported that the accumulation of circulating CD8+CTLs with cytotoxic activity in the blood of IgG4-RD patients corresponded with disease severity and circulating effector CD4+CTL expansion. In the same report, the authors proposed an interesting idea about the synergistic effect between CD4+CTLs and CD8+CTLs: naive CD8+ T cells are activated by the presentation of self-peptides on MHC class Ⅰ molecules related to the cytotoxic effects of CD4+CTLs in the pathogenesis of IgG4-RD. This hypothesis should be verified by functional studies.





5. What Is the Target of T Cells with a Cytotoxic Phenotype?


As already mentioned, the abundance of CD4+CTLs has been reported in several autoimmune fibrotic diseases including SSc, fibrosing mediastinitis, rheumatoid arthritis, multiple sclerosis, and IgG4-RD [66,70,71,72,73,74]. In an SSc study by Maehara et al., CD4+CTLs were in frequent contact with apoptotic cells expressing MHC class II molecules, and CD4+CTL-mediated cell death was suggested as a mechanism leading to tissue remodeling and fibrosis in the context of SSc. Similarly, circulating CD4+ T cells from IgG4-RD patients acquired a cytotoxic phenotype following TCR activation and the massive accumulation of CD4+CTLs and apoptotic cells with HLA-DR expression were observed in tissue lesions, suggesting CD4+CTL mediated cell death is MHC class II-restricted in IgG4-RD [69]. The question then arises as to which type of cell presents self-antigens on MHC class II and are being targeted by CD4+CTLs? Although endothelial cells are a common target of apoptosis in SSc, consistent with the clinical feature of prominent vasculopathy, in IgG4-RD, nonendothelial, nonimmune vimentin+ mesenchymal cells, rarely of endothelial origin, were the most frequent cell type undergoing apoptosis [69,70]. This frequency was markedly greater than that observed in chronic sialadenitis or salivary glands affected by Sjogren syndrome, a disease linked to increased apoptosis. A potential mechanism of fibrosis in IgG4-RD may involve the antigen-directed MHC class II-restricted killing of target cells by CD4+CTLs, in addition to fibroblasts that are activated to fill the space left by the cytotoxic process. Additionally, given their relative abundance in the affected tissues, CD8+CTLs may contribute to apoptotic cell death in lesional tissues in IgG4-RD [69]. Additional studies are required to determine the antigen specificity of clonally expanded CD4+CTLs and CD8+CTLs, and whether such antigens are overexpressed by cells undergoing apoptotic cell death.




6. M2 Macrophages Participate in the Pathogenesis of IgG4-RD


A current question in IgG4-RD research is which cells remove the apoptotic cells targeted by cytotoxic cells such as CD4+CTLs and CD8+CTLs? Macrophages are thought to also contribute to the pathogenesis of IgG4-RD. Macrophages can be broadly classified into two categories: classically activated macrophages (M1) stimulated by Th1 responses and alternatively activated macrophages (M2) stimulated by Th2 responses [75]. M1 macrophages produce proinflammatory cytokines such as IL-6, IL-12, and TNF-α, whereas M2 macrophages contribute to angiogenesis, immune suppression, wound healing, and fibrosis [76].



Several quantitative studies of tissues from salivary glands affected by IgG4-RD demonstrated the presence of abundant macrophages that expressed M2 markers [77,78,79,80,81,82]. A recent study showed infiltrating M2 macrophages frequently interacted with activated T and B cells, and apoptotic cells in the tissue lesions [79]. Given that macrophages secrete pro-fibrotic molecules and are preferentially accumulated within highly fibrotic areas of diseased tissues, M2 macrophages may act as “cleaners and repairers”, via interactions with T cells and B cells, by phagocytosing apoptotic cells in IgG4-RD.



Inappropriate signaling by Toll-like receptors (TLRs), a family of transmembrane receptors that have a critical role in the activation of innate immunity and antigen-specific acquired immunity, exacerbates autoimmune diseases [83,84]. Another study showed that TLR7-expressing M2 macrophages secreted IL-33 and fibrotic molecules, leading to IgG4 class-switching and fibrosis in IgG4-RD [78]. The authors of that study established human TLR7-transgenic mice that developed symptoms including organ enlargement and fibrosis, which are characteristic symptoms of IgG4-RD. Further experiments using TLR7-transgenic mice are awaited. Furthermore, the authors examined whether the fibrotic mechanism involved the TLR7 pathway and demonstrated that M2 macrophages promoted fibrosis in IgG4-RD by increasing the production of fibrotic cytokines via TLR7/IL-1 receptor-associated kinase 4 (IRAK4)/NF-κB signaling [85].




7. The Role of IgG4 in IgG4-RD


Although elevated serum levels of IgG4 are a clinical characteristic of IgG4-RD, the role of IgG4 itself in the pathogenesis of IgG4-RD is still unclear. Furthermore, the elevation of serum IgG4 levels is not observed in all cases, which has made it difficult to determine its specific role in IgG4-RD [34,86].



IgG4 is an immunoglobulin with two unique properties: Fab-arm exchange, and low-affinity binding to C1q and Fc receptors [87,88]. Because of these features, IgG4 is thought to be an anti-inflammatory antibody, which might have a protective role [89]. For example, beekeepers, animal laboratory workers, and individuals undergoing allergen immunotherapy have high serum IgG4 protection against anaphylactic reactions [90,91].



Animal studies have helped elucidate the role of IgG4 in the pathogenesis of IgG4-RD. The subcutaneous injection of purified IgG1 and IgG4 from patients with IgG4-RD into neonatal BALB/c mice induced pancreatic and salivary gland injuries, organs commonly affected by IgG4-RD in humans [92]. The authors also reported that destructive changes in the pancreas were induced by IgG1 rather than by IgG4, and that the potent pathogenic activity of patient IgG1 was significantly inhibited by the simultaneous injection of patient IgG4. The binding of patient IgG1 and IgG4 to pancreatic tissues was confirmed in a mouse model of IgG4-RD and AIP tissue samples, although the antigenic specificity was not established in these studies.



Of note, another recent study showed a synergistic effect of IgG4 and CTLs in the pathogenesis of IgG4-RD [93]. They established mice expressing ovalbumin (OVA) in the pancreatic islets and evaluated the pathogenic function of IgG4 by using recombinant OVA-specific human IgG4 monoclonal antibodies. No inflammatory effect was found after the transfer of IgG4 alone. However, co-transfer of OVA-specific human IgG4 monoclonal antibodies with OVA-specific CTLs induced severe tissue damage with dense lymphocytic inflammation in the pancreas of mice. Subsequently, they have shown that the transfer of OVA-specific CD4+ helper T cells into these mice induced anti-OVA antibody production through the acquisition of a Tfh phenotype mediated by the JAK/STAT signaling pathway.



These seemingly contradictory results suggest IgG4 itself may contribute to some aspects of disease onset or progression of IgG4-RD. Specific autoantibodies with unequivocal pathogenic significance remain to be identified and whether IgG4 produced by patients with IgG4-RD have antigen-specificity to peptides recently reported such as prohibitin, annexin A11, laminin 511-E8, galectin-3, and IL-1 receptor antagonist (IL-1RA) should be further investigated [94,95,96,97,98].




8. Potential Triggers of IgG4-RD: Autoantigens


Antigenic triggers that induce an immune response and the clonal expansion of T and B cells in patients with IgG4-RD have not been identified to date. Recently, antibodies against prohibitin, annexin A11, and laminin 511-E8 have been described as potential autoantigens [94,95,96,97]. However, another group reported that antibodies against prohibitin, annexin A11, and laminin 511-E8 were present only in a small proportion of IgG4-RD patients, suggesting ethnic factors might influence the formation of autoantigens.



Perugino et al. used next-generation sequencing to identify the clonal expansion of circulating plasmablasts and the sequencing of IgH and L chain genes at the single B cell level to generate antibodies produced by the most clonally expanded activated B cells in active IgG4-RD patients. As a result, antibodies to galectin-3 were observed in 28% of patients with IgG4-RD and were rare in healthy controls or patients with idiopathic pulmonary fibrosis. Furthermore, another group confirmed galectin-3 was overexpressed in lesional tissues from IgG4-RD patients using a proteomic approach (liquid chromatography mass spectrometry) [99]. Given that galectin-3 drives processes associated with fibrosis in many fibrotic diseases, it may contribute to tissue fibrosis in IgG4-RD [100].



A recent study by Jarrell et al. identified another autoantibody against human IL-1RA by sequencing clonally expanded plasmablast-derived monoclonal antibody repertoires from a patient with IgG4-RD [98]. They found anti-IL-1RA autoantibodies were associated with a number of affected organs and promoted proinflammatory and pro-fibrotic meditator production in vitro. Therefore, novel immunological mechanisms that promote inflammation and fibrosis in B cell-mediated autoimmune diseases should be further investigated.




9. Playing Fibrosis in IgG4-RD


Tissue fibrosis is a representative characteristic of IgG4-RD but an overview of the mechanisms in affected tissues is still unclear. Several types of cells may activate fibroblasts by the secretion of pro-fibrotic molecules, resulting in the production of extracellular matrix proteins that fill the space created by target cell apoptosis.



B cells are an important cell type involved in fibrosis. Activated B cells, plasmablasts, and plasma cells are a feature of many inflammatory diseases, and these cells present antigens to CD4+ T cells, secrete cytokines, and may contribute to fibrosis by the secretion of pro-fibrotic molecules. Emanuel et al. recently reported B cells from patients with IgG4-RD produced PDGF-B and LOXL-2, and the direct contributions of B cells to tissue fibrosis in patients with IgG4-RD [37].



T cells are also key participants in IgG4-RD. CD4+CTLs, the predominant population in IgG4-RD tissue lesions, were reported to directly contribute to fibrosis by activating fibroblasts via the secretion of TGF-β, IFN-γ, and IL-1β [66,67]. Moreover, CD4+CTLs activate macrophages via TGF-β, which promotes the clearance of apoptotic cells by efferocytosis, suggesting these cells also contribute indirectly to fibrosis. Although the direct contribution of CD8+ T cells has not yet been proven, these cells may promote fibrosis indirectly through their cytotoxic activity and killing target cells by the presentation of peptides on MHC class Ⅰ molecules [101].



Given the preferential accumulation of M2 macrophages within highly fibrotic areas of affected tissue lesions and strong correlations with the degree of tissue fibrosis, M2 macrophages may have a critical role in remodeling and fibrosis. Fibrosis in IgG4-RD is promoted through the secretion of pro-fibrotic molecules such as TGF-β, IL-33, CCL-18, and IL-10 by M2 macrophages [77,79]. The role of M2 macrophages as a bridge between adaptive immune cells and fibroblasts in the generation of fibrosis is a promising area for further investigation.



In summary, fibrosis in IgG4-RD is related to numerous pro-fibrotic cytokines secreted by multiple immune cell types, resulting in complex interactions between these cells. The immune response may be triggered by autoantigens after alterations in the environment and the breakdown of self-tolerance. In addition to immune cells, Sasaki et al. reported that IgG4 itself may contribute to fibrosis indirectly in IgG4-RD through synergistic effects with CD4+CTLs and CD8+CTLs [93]. To complete the current fibrosis model in IgG4-RD, investigations of cells in innate immune responses, such as plasmacytoid dendritic cells, basophils, and neutrophils, are also needed.




10. Orchestration of Immune Cells in the Pathogenesis of IgG4-RD


An overview model of the pathogenesis of IgG4-RD is presented in Figure 3. The sequential process of immune responses in IgG4-RD is presumably initiated by self-antigens after alterations in the environment and the breakdown of self-tolerance. The presumed self-antigens are presented by APCs by appropriate HLA-class II molecules to naive B and CD4+ T cells, which are activated. At the same time as activated CD4+ T cells and activated B cells seed target organs, some CD4+ T cells differentiate to Tfh cells, which collaborate with antigen-detected B cells to drive IgG4 class switching, somatic hypermutation, and plasmablast differentiation in secondary lymphoid organs. Activated B cells help activated CD4+ T cells differentiate to CD4+CTLs (multicolor immunofluorescence staining shows frequent CD4+CTL and activated B cell contact; see Figure 2), which then expand clonally, infiltrate tissue sites, and induce the apoptotic cell death of target cells in tissues that express HLA class II molecules. During the pathogenesis of IgG4-RD, apoptosis may also be induced by clonally expanded CD8+CTLs, thought to be activated by the presentation of self-peptides (on MHC class Ⅰ molecules (cross-presentation) expressed by APC in secondary lymphoid organs) discharged from apoptotic cells via the cytotoxic effects of CD4+CTLs. IgG4 produced from clonally expanded plasmablasts and plasma cells may also cooperate with CD4+CTLs and CD8+CTLs to induce apoptosis. Macrophages, activated via disease milieu conditions and TGF-β secretion from CD4+CTLs, engulf apoptotic cells by efferocytosis and produce CCL-18, IL-33, IL-10, and TGF-β. The secretion of pro-fibrotic molecules including cytokines, chemokines, and enzymes from various types of immune cell-activated fibroblasts and myofibroblasts, results in the production of extracellular matrix proteins. This sequential process, involving many immune cell types organized like an orchestra, clinically manifests as tumor-like masses and organ enlargement, and those sites histopathologically exhibit lymphoplasmacytic infiltrate and storiform fibrosis.
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Figure 1. Infiltration of lymphocytes and tissue fibrosis in IgG4-RD. Masson trichrome staining in submandibular glands from a healthy control (A) and a patient with IgG4-RD (B). Massive infiltration of lymphocytes and fibrosis are seen in IgG4-RD, while normal glandular structures are observed in healthy control. 
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Figure 2. High numbers of CD4+CTLs and activated B cells are frequently conjugated in IgG4-RD. (A) Representative multi-color immunofluorescence images of CD19 (red), CD4 (blue), SLAMF7 (green), and DAPI (white) staining in a submandibular gland from a patient with IgG4-RD. Orange and pink rectangles represent SLAMF7+CD4+CTLs (blue arrows), SLAMF7+activated B (red arrows) cells, and cells that they are in contact with. (B) SLAMF7+CD4+CTLs (blue arrows), SLAMF7+activated B (red arrows) cells, and cells they are in contact with, in IgG4-RD tissue lesions. 






Figure 2. High numbers of CD4+CTLs and activated B cells are frequently conjugated in IgG4-RD. (A) Representative multi-color immunofluorescence images of CD19 (red), CD4 (blue), SLAMF7 (green), and DAPI (white) staining in a submandibular gland from a patient with IgG4-RD. Orange and pink rectangles represent SLAMF7+CD4+CTLs (blue arrows), SLAMF7+activated B (red arrows) cells, and cells that they are in contact with. (B) SLAMF7+CD4+CTLs (blue arrows), SLAMF7+activated B (red arrows) cells, and cells they are in contact with, in IgG4-RD tissue lesions.



[image: Immuno 02 00013 g002]







[image: Immuno 02 00013 g003 550] 





Figure 3. Schematic model of the pathogenesis and fibrosis of IgG4-RD. Self-antigen presented by MHC-class Ⅱ on antigen presenting cells (APC) activates naïve B cells and CD4+ T cells in lymph nodes. Some CD4+ T cells differentiate into Tfh cells and collaborate with B cells to drive IgG4 class switching, somatic hypermutation, and plasmablast differentiation of antigen-detecting B cells. Activated B cells and CD4+ T cells then traffic to the target organ. In the affected organ, activated B cells help previously activated CD4+ T cells to differentiate into CD4+CTLs, inducing cell apoptosis (possibly mesenchymal cells) with CD8+CTLs, which are activated by self-peptide presented by MHC-class Ⅰ on APC in lymph nodes. The subsequent remodeling orchestrated by proteins secreted by T cells, B cells, and macrophages leads to fibrosis. Current and potential therapeutic drugs and their target cells are shown. These drugs act primarily on B cells and may inhibit fibrotic processes. 
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