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Abstract

:

IgG4-related disease (IgG4-RD) is a fibro-inflammatory disease characterized by elevated serum IgG4 levels and massive infiltration of IgG4+plasma cells. Although storiform fibrosis, obliterative phlebitis and IgG4+plasma cell infiltration are well described pathological features in this disease, the excessive formation of tertiary lymphoid organs (TLOs), particularly in the early phase of the disease lesions, has gained much attention. TLOs of IgG4-RD are orchestrated by specific immune cell subsets including follicular helper T cells (Tfh), CD20+ B cells, and CD21+ follicular dendritic cells (FDCs). Tfh is the key player of this disease because recent studies have suggested the pathological role of this immune cell subset in formation of TLOs, helping IgG4+plasma cell differentiation, inducing storiform fibrosis by secreting interleukin-4, and activating cytotoxic T cells by secreting interleukin-21. We have recently identified a new Tfh subset which expresses T cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT). TIGIT+Tfh efficiently produces interleukin-21 through OX40 signal, and the increase in peripheral TIGIT+Tfh cells reflects disease activity in IgG4-RD. TIGIT is important to mediate the retention and positioning of TIGIT+Tfh within TLOs through interaction with CD155 expressed on CD21+ FDCs. In this review, we summarize and discuss recent progress in understanding the pathogenesis of IgG4-RD, focusing on TIGIT+Tfh.
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1. Introduction


IgG4-related disease (IgG4-RD) is a fibro-inflammatory disease, which was initially first reported from Japan [1,2]. Since the establishment of the disease concept [3,4], it has been revealed that this disease can affect any organ of the body [5,6,7,8,9], and the prevalence of this disease has increased rapidly in recent years. High infiltration of IgG4+plasma cells in affected organs and marked fibrosis can cause swelling, hypertrophy, and dysfunction of systemic organs, but the underlying pathophysiology remains unknown. Considering that various other inflammatory diseases such as ANCA-associated vasculitis and idiopathic multicentric Castleman’s disease can mimic IgG4-RD [10,11,12,13,14,15,16,17,18], the elucidation of pathophysiological features to distinguish between IgG4-RD and its mimickers is essential. Glucocorticoids are still the mainstream of treatment in this disease, and the initial response to treatment is usually good [19,20], however, the disease relapses at a high rate during glucocorticoid tapering or discontinuation, and side effects caused by long-term glucocorticoid use are a big clinical problem in IgG4-RD [21,22]. Therefore, identification of potential target molecules for treatment is an urgent issue. In this review, we summarize and discuss recent progress in understanding the pathogenesis of IgG4-RD, focusing on T cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT) + follicular helper T (Tfh) cells, a newly identified high interleukin (IL)-21 producing a Tfh subset.




2. Hyper Formation of Tertiary Lymphoid Organs in the Inflamed Tissues of IgG4-RD


Although storiform fibrosis, obliterative phlebitis and IgG4+plasma cell infiltration are well recognized pathological findings in IgG4-RD, the excessive formation of tertiary lymphoid organs (TLOs) has gained much attention. TLOs are ectopic germinal centre formations that develop in non-lymphoid tissues at sites of chronic inflammation such as tumours, infections, allograft rejections, and autoimmune diseases [23,24,25]. TLOs mainly consist of aggregates of T cells, B cells, and follicular dendritic cells (FDCs) networks. TLOs can display the activities of germinal centres, contributing to the local adaptive immune responses at chronic inflammatory lesions. Hyperformation of TLOs can frequently be found In IgG4-RD inflamed tissues (Figure 1a,b).



In IgG4-RD, head and neck lesions such as lacrimal and salivary glands, and retroperitoneal fibrosis more frequently exhibit TLOs formation than pancreas and kidneys [26,27,28,29,30]. The difference of the frequencies of TLOs formation according to the affected organs of IgG4-RD might result from the difference in timing of obtaining tissue samples. A recent study has reported that kidney tissue affected by IgG4-RD demonstrated TLOs formation without fibrosis in the renal parenchyma and around medium-sized vessels when the biopsy was conducted in the very early stages of the disease [29]. Therefore, TLOs formation is the early event of the affected lesions, while fibrosis formation occurs in the later stage of the disease. Interestingly, in the other fibro-inflammatory diseases such as rheumatoid arthritis-associated interstitial lung disease, TLOs formation in lungs emerges first, followed by the formation of fibrotic areas around them [31,32,33,34].



One of the important observations in the TLOs of IgG4-RD is that IgG4 class switching and production develop locally inside the TLOs (Figure 1c,d). Once IgG4-producing B cells differentiate into plasmablasts and plasma cells, they go out of the TLOs and infiltrate into the interfollicular area. This means that a germinal centre reaction similar to that of lymph nodes is occurring at the TLOs of tissues inflamed by IgG4-RD. Although this disease has been initially recognized as the massive infiltration of B cells and plasma cells in the affected lesions, recent studies have emphasized that not only B cells but also T cells dominate the tissue infiltrates (Figure 1e,f). Recent advances in this field have further clarified the importance of the specific T helper subset, Tfh, at the TLOs in inducing IgG4 class switching as well as plasma cell differentiation and maturation in the pathogenesis of IgG4-RD [35,36].



More recently, we and others have identified that CD21+ follicular dendritic cells (FDCs) reside inside the TLOs of IgG4-RD (Figure 2) [37,38]. FDCs secrete CXCL13 (the ligand of CXCR5) and recruit CXCR5+ Tfh and B cells into the target tissues to form TLOs. In fact, CXCL13 were detected at a high level in the affected tissues [39], and our recent study using serum proteomic analysis identified that CXCL13 was one of the most significantly elevated proteins in patients with IgG4-RD [40]. FDCs are crucial not only for recruiting Tfh and B cells to form TLOs but also for intimate interaction with those immune cells.



FDCs are shaped like a “meshwork” inside the TLOs of IgG4-RD to contact intimately with Tfh and B cells and directly activate Tfh to promote germinal centre reaction. Thus, we believe that FDCs are one of the culprit immune cells which play a crucial role in the upstream events of the IgG4-RD disease process.




3. Tfh Is Essential for TLOs Formation


It has been known since the 1960s that helper T cells are important for inducing differentiation of naive B cells into plasmablasts and plasma cells and antigen-specific antibody production. IL-4 was identified as a B cell regulator in the 1980s, and the importance of co-stimulatory molecules such as CD40-CD40 ligand was reported in the 1990s [41]. As noted above, ectopic germinal centres in TLOs are essential for antibody production in the local inflammatory sites. Importantly, deficiency of the gene involved in Th2 cells, which was thought to control humoral immunity, did not impair the formation of germinal centres, suggesting the existence of other T helper subsets that control humoral immunity [42]. Then, CXCR5+ Tfh, which are present in lymphoid tissues such as tonsils, lymph nodes, and TLOs, were discovered in 2000 [43,44,45], and IL-21, which assists B cell differentiation and maturation and immunoglobulin class switching, was found to be produced from Tfh [42]. In 2009, the transcription factor Bcl6 was reported as a master regulator of Tfh, and Tfh was established as an independent T helper subset [46,47,48]. Of note, deficiency of Bcl6 impaired germinal centre formation [46,47]. Co-culture of Tfh and naïve B cells actually induced differentiation into plasmablasts/plasma cells and assisted antibody production [49]. B cells have antibodies that have a higher affinity for antigens by causing somatic mutations in the genes in the immunoglobulin variable region during proliferation and maturation by the help of Tfh in the germinal centres. Furthermore, in recent years, Tfh in human peripheral blood was classified into three subsets, Tfh1, Tfh2, and Tfh17, and it has been revealed that each subset has different cytokine secretion and B cell assisting ability [49]. It was now clarified that Tfh is a specific and independent T helper subset that exerts functions specialized in humoral immunity such as formation of germinal centres, B cell differentiation, affinity maturation, and antibody production.




4. Tfh in IgG4-RD


We previously reported a characteristic increase in circulating plasmablasts in IgG4-RD [50]. High-throughput sequencing study proved that the plasmablasts of this disease are oligoclonal and the immunoglobulin gene has a high degree of somatic mutation [51]. These findings suggest that B cells are differentiated and matured into plasmablasts in a Tfh-dependent manner in this disease. Thus, we further examined Tfh and their subsets in patients with IgG4-RD and found that Tfh, particularly Tfh2 subset was characteristically increased in peripheral blood [50,52]. Tfh2 count showed a strong correlation with serum IgG4 level, IgG4/IgG ratio, and plasmablast count in treatment-naïve patients with IgG4-RD [50,52]. The magnitude of IgG4+plasma cell infiltration at the lesion site was also positively correlated with circulating Tfh2 count [53]. The analysis of biopsy samples from patients with IgG4-RD further demonstrated that about 70% of tissue-infiltrating CD4+ T cells were Tfh; Tfh2 was most dominant among Tfh subsets [54,55]. Our in vitro functional analysis revealed that patient-derived Tfh2 actually induced naive B cells to differentiate into IgG4-producing plasmablasts/plasma cells at a high rate [52]. Therefore, Tfh2 was established as the central immune cell subset which induces plasmablast differentiation and IgG4 production in IgG4-RD.



In the analysis of serum cytokines in IgG4-RD, the increase in Tfh2 counts was significantly correlated with serum IL-4 and IgG4 levels [50]. In addition, Tfh2 counts and IgG4 levels tended to be high in cases with high IL-21 levels [50]. Functional analysis also demonstrated that IL-4 induced IgG4 class switching, while IL-21 promoted plasmablast/plasma cell differentiation in IgG4-RD [56]. In addition, IL-21 was proved to be important for hyperplastic TLOs formation in IgG4-RD [26,57]. IL-4 also plays a role in inducing CCL18-producing M2 macrophages, which contribute to the generation of fibrosis observed in IgG4-RD [58,59,60]. The study of M2 macrophages in the inflamed submandibular glands of IgG4-RD reported that fibrosis scores positively correlated with the frequency of M2 macrophages [59]. Furthermore, CCL18 expression was co-localized with M2 macrophages in the IgG4-related submandibular glands [59]. Not only the inflamed submandibular glands but also the mediastinal fibrosis tissue of IgG4-RD demonstrated the localization of many M2 macrophages in the lesions of storiform fibrosis [8]. These findings suggest that Tfh2 is a source of IL-4 and IL-21, which are involved in IgG4 production, induction of plasmablast/plasma cell differentiation, and fibrosis process.



We examined the serial changes in the number of Tfh2, plasmablasts, serum IgG4, and IL-4 before and after glucocorticoid treatment; plasmablast counts, IgG4, and IL-4 levels were decreased, whereas the increase of Tfh2 counts was not corrected [50]. A recent study also reported that Tfh2 counts in IgG4-RD remained unchanged, even after clinical improvement by rituximab treatment [61]. Furthermore, we also found the re-activation of Tfh2 at recurrence of the disease [52]. These results indicate that glucocorticoid or rituximab is not sufficient to suppress the number of Tfh2 and/or their pathogenic function, resulting in the future relapse of the disease.



Collectively, Tfh2 is associated with the upstream pathogenic process of the disease mechanisms such as TLOs formation, IgG4 class switching, and fibrosis. Identification of new target molecules involved in Tfh2 differentiation, proliferation and function is desired for the development of new, more effective and less side-effect therapies.




5. Newly Identified Tfh Subset, “TIGIT+ Tfh”


IL-21 is a pleiotropic cytokine vital for the generation and function of Tfh, formation and maintenance of germinal centres, differentiation and maturation of plasmablasts, and activation of cytotoxic T cells [62,63]. Thus, identification of the molecular marker for detecting high IL-21 producing Tfh population is essentially important to assess and understand functionally active Tfh responses. We previously reported the increase of activated PD-1+ CXCR5+ Tfh in peripheral blood in patients with IgG4-RD, correlating with their disease activity [52]. On the other hand, among CXCR5- T helper cells, PD-1+ cell fractions have been reported as T peripheral helper (Tph) cells that produce IL-21 and have the ability to assist the differentiation of memory B cells into plasmablasts [64]. Therefore, PD-1 expression is no longer specific to Tfh. Furthermore, when we consider PD-1, which is an immune checkpoint receptor, as a therapeutic target for autoimmune diseases, it may suppress both Tfh and Tph in a non-specific manner.



It would be ideal to target Tfh-specific molecules as therapeutics for diseases with Tfh-dominant pathology, while targeting Tph-specific molecules with Tph-dominant pathological conditions. Hence, we have discovered that TIGIT, another immune checkpoint receptor, is a novel surface molecule preferentially expressed on Tfh but not other T helper cells [65]. In human tonsils, TIGIT expression was limited to Tfh residing within the germinal centre (Figure 3 and Figure 4), while TIGIT was not expressed in dendritic cells, macrophages, and B cells [66]. Of interest, TIGIT+Tfh highly produced IL-21, suggesting that TIGIT+Tfh population is a functionally active Tfh [65]. Mechanistically, we have identified OX40 as the responsible signal involved in the high production of IL-21 in TIGIT+Tfh [65]. On the other hand, the expression of CD155 (PVR), a ligand of TIGIT, was limited to FDCs closely contacting with TIGIT+Tfh within germinal centres [67]. Considering the capacity of TIGIT to mediate strong adhesion to CD155, TIGIT may facilitate retention of Tfh within germinal centres. Additionally, FDCs express OX40 ligand to induce high IL-21 production from OX40+ TIGIT+Tfh [68,69]. The involvement of TIGIT in Tfh-dependent B-cell responses is also supported by a study showing a defect in IgG production in CD155-deficient mice [70]. Together, these findings suggest that TIGIT-CD155 interactions may be crucial in regulating function and positioning of Tfh within germinal centres, contributing to Tfh-dependent B-cell responses. Therefore, when TIGIT is considered a therapeutic target, Tfh-targeted treatment can be achieved.



We have demonstrated that patients with IgG4-RD, a representative Tfh-associated disease, exhibited the significant increase of TIGIT+Tfh in peripheral blood, correlating with disease activity, the number of affected organs, serum IgG4 level, and Tfh-derived IL-21 production (Figure 5) [65]. Thus, the increase of TIGIT+Tfh reflects active, ongoing Tfh responses. TIGIT+Tfh and associated molecules such as CD155, OX40 ligand, and OX40 would be the potential therapeutic targets in this disease.




6. Conclusions


Recent advances in our understanding of the pathogenesis of IgG4-RD have revealed the underlying mechanisms of IgG4+plasma cell differentiation and fibrosis formation (Figure 6). In early stages of the disease, chronic inflammation might induce the accumulation of antigen-presenting FDCs, which further recruit CXCR5+Tfh and B cells by secreting CXCL13. Then, TLOs emerge in the inflamed tissues, orchestrating Tfh cells, B cells, and FDCs networks. TIGIT might play a role in the retention and positioning of Tfh through interaction with CD155 on FDCs. Those TIGIT+Tfh express OX40, and OX40 ligand from FDCs stimulates TIGIT+Tfh to let them produce high amounts of IL-21. IL-21 is important for B cell maturation and differentiation and maintenance of TLOs formation. IL-4 secreted from Tfh specifically induces IgG4 class switching, and in later stages of the disease IL-4 also plays a role in inducing M2 macrophages, which are involved in the process of fibrosis formation by secreting CCL18. Thus, organ swelling and damage is caused in this disease. Further research in the future to determine whether these disease-associated molecules can replace glucocorticoids as therapeutic targets would be desirable.
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Figure 1. Pathological findings of IgG4-RD. The inflamed tissue of lacrimal gland from IgG4-RD shows many formations of tertiary lymphoid organs by hematoxylin-eosin (HE) staining at low power field (a). Tertiary lymphoid organs within yellow circle (a) are further displayed at high power field (b). IgG4 staining (brown) demonstrates active IgG4-producing B cell differentiation within tertiary lymphoid organs at low power field (c). IgG4-producing B cells within tertiary lymphoid organs inside the blue circle (c) are also shown at high power field (d). CD20 staining (brown, low power field) demonstrates that CD20+ B cells mainly reside within tertiary lymphoid organs (e). CD3 staining (brown, low power field) shows that CD3+ T cells infiltrate inside and outside of tertiary lymphoid organs (f). 
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Figure 2. CD21+ follicular dendritic cells in IgG4-RD. CD21 staining (brown, high power field) demonstrates that CD21+ follicular dendritic cells shape like “meshwork” and reside within tertiary lymphoid organs at the affected lacrimal gland of IgG4-RD. 
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Figure 3. Human Tfh residing within the germinal centre highly express TIGIT. In human tonsils, TIGIT expression is most frequently and strongly detected in Tfh located at the germinal centres. The pictures presented in this figure were reused and adapted from Ref [66]. 
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Figure 4. TIGIT is most highly expressed in Tfh among T lymphocyte subsets. In human tonsils, TIGIT expression is predominantly expressed in Tfh located in the germinal centre than CD8+ T cells and FOXP3+ T regulatory cells. The pictures presented in this figure were reused and adapted from Ref [66]. 
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Figure 5. The differences between TIGIT+ and TIGIT- Tfh. TIGIT+Tfh express surface OX40, and OX40 signal induces high IL-21 production in TIGIT+Tfh. The increase in peripheral blood TIGIT+Tfh reflects disease activity and active Tfh responses in IgG4-RD. 
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Figure 6. Scheme of the pathogenesis of IgG4-RD. In early stages of the disease, antigen-presenting follicular dendritic cells (FDCs) recruit CXCR5+ Tfh and B cells by secreting CXCL13. Then, tertiary lymphoid organs (TLOs) develop in the affected tissues, consisting of Tfh cells, B cells, and FDCs networks. TIGIT is important for retention and positioning of Tfh via interaction with CD155 on FDCs. TIGIT+Tfh exhibit OX40, and OX40 ligand from FDCs activates TIGIT+Tfh to let them produce high amounts of IL-21. IL-21 plays a crucial role in B cell maturation and differentiation and maintenance of TLOs formation. Tfh-derived IL-4 induces IgG4 class switching. In later stages of the disease, IL-4 induces M2 macrophages differentiation. M2 macrophages are involved in the process of fibrosis formation by producing CCL18 and ultimately the organ swelling and damage associated with the disease develop. 
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