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IgG4-related disease (IgG4-RD) is a recently described autoimmune disorder characterized by elevated serum IgG4 levels and tissue infiltration of IgG4+ plasma cells in multiple organ systems. Recent advancements have significantly enhanced our understanding of the pathological mechanism underlying this immune-mediated disease. T cell immunity plays a crucial role in the pathogenesis of IgG4-RD, and follicular helper T cells (Tfh) are particularly important in germinal center (GC) formation, plasmablast differentiation, and IgG4 class-switching. Apart from serum IgG4 concentrations, the expansion of circulating Tfh2 cells and plasmablasts may also serve as novel biomarkers for disease diagnosis and activity monitoring in IgG4-RD. Further exploration into the pathogenic roles of Tfh in IgG4-RD could potentially lead to identifying new therapeutic targets that offer more effective alternatives for treating this condition. In this review, we will focus on the current knowledge regarding the pathogenic roles Tfh cells play in IgG4-RD and outline potential therapeutic targets for future clinical intervention.
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1 Introduction

IgG4-related disease (IgG4-RD) is a systemic fibro-inflammatory disease affecting multiple organs, characterized by a significant elevation in serum IgG4 concentration and infiltration of IgG4-positive plasma cells into affected tissues (1–3). The histopathological features of IgG4-RD lesions include lymphoplasmacytic infiltration, obliterative phlebitis, and storiform fibrosis (1). Within two decades, since IgG4-RD was originally recognized as a distinct systemic multi-organ disease entity in patients with autoimmune pancreatitis, substantial progress has been achieved in the field of IgG4-related disease (4, 5). Recent advancements in the pathophysiology have shed light on the immunological mechanism in IgG4-RD, highlighting the dysregulation of various T and B cell subsets along with their cytokines as contributors to tissue damage and fibrosis (6). Despite extensive research in identifying the underlying immunopathogenesis, the etiology of the disease remains incompletely understood. Currently, available conventional therapies such as glucocorticoids and immunosuppressors have notable limitations. Although significant strides have been made in identifying treatments for this condition over recent decades, it still lacks curability with a high risk of recurrence. Therefore, further efforts are imperative to improve the prognosis of IgG4-RD. Consequently, enhancing our comprehension of the pathogenesis is of paramount importance for developing more potent and specific treatments while identifying novel therapeutic targets. Emerging evidence suggests that follicular helper T (Tfh) cells may play a critical role in the pathogenesis of IgG4-RD. Moreover, recent insights into the pathological roles played by Tfh cells offer promising potential for targeting these cells to optimize therapeutic strategies.

Tfh cells, a subset of CD4+ T cells, play a crucial role in GC formation, B cell expansion, and differentiation for antibody production (7, 8). They are characterized by their distinct features of high expression of surface molecules, including the chemokine receptor CXCR5, the costimulatory molecule ICOS, and the coinhibitory molecule PD-1 (9). Tfh cells are regulated by multiple transcription factors, including B cell lymphoma 6 (BCL-6), and exhibit a distinct cytokine production pattern, notably IL-4 and IL-21 (10). They are predominantly localized in lymphoid organs, although they can also be found in peripheral blood and lesions of diseases (11). Based on their distribution, Tfh cells can be classified into two groups: Tfh cells in GCs and circulating follicular helper T (cTfh) cells in peripheral blood. More specifically, according to the expression patterns of chemokine receptors, the cTfh population can be further divided into three major subsets: Tfh1 (CXCR3+ CCR6-), Tfh2 (CXCR3- CCR6-), and Tfh17 (CXCR3- CCR6+) (12, 13). Functionally, Tfh cells contribute to antibody affinity maturation, IgG4 class-switching, and somatic hypermutation by assisting B cell development and plasma cell differentiation (14). The substantial accumulation of Tfh cells at affected sites provides compelling evidence of their active role in the pathogenesis of the disease (15). Excessive expansion and dysfunctional activity of Tfh cells have been associated with aberrant immune response and disease progression, leading to tissue damage and IgG4 production in individuals with IgG4-RD (7).

The co-occurrence analysis of keywords using VOS viewer software has effectively summarized the latest advancements related to Tfh in IgG4-RD, depicting the participation of T cell subsets in the pathogenesis of IgG4-RD as well as suggesting potential molecule targets for targeted therapeutic interventions. (Figure 1) This review aims to elucidate the pathogenic roles of Tfh cells in IgG4-RD by focusing on the recent progress, thereby providing valuable insights into the function of Tfh cells in IgG4-RD pathogenesis and identifying potential therapeutic targets associated with Tfh cells.




Figure 1 | Clusters of keywords co-occurrence analysis of the most recent publications regarding Tfh and IgG4-related disease with VOS viewer.






2 Pathophysiology



2.1 Molecules of Tfh cells associated with the pathogenesis of IgG4-RD

Tfh cells undergo several stages of differentiation when they migrate to the T-B border and interact directly with antigen-specific B cells (16). Throughout this process, the expression of multiple molecules is upregulated for intercellular recognition and signal transduction, which play an essential role in Tfh-B interaction as well as the pathogenesis of IgG4-RD (17). The increased expression of Tfh-related molecules in affected tissues is essential for the pathogenesis of IgG4-RD (18, 19). An in-depth exploration into the molecular mechanisms of Tfh differentiation may provide novel perspectives to the treatment for IgG4-RD.



2.1.1 CXCR5

CXCR5 serves as a surface marker of Tfh cells, facilitating their migration into germinal centers through interaction with its ligand CXCL13. CXCL13 is produced by follicular stromal cells at high levels within B-cell follicles (20). The crucial interactions between CXCR5 and its ligand CXCL13 are indispensable for promoting Tfh cell migration and their interaction with B cells in GCs (21). Enhanced expression of both CXCL13 and CXCR5 in affected tissues of IgG4-RD indicated their participation in Tfh migration and ectopic germinal center formation (22). Noticeably, Tfh cells can also produce CXCL13, therefore contributing to germinal center formation in inflamed tissue. Given the significant role of CXCL13-CXCR5 chemokine axis in follicular reaction, insights from one study considered CXCL13 an important plasma biomarker of germinal center activity (23).




2.1.2 ICOS

ICOS/ICOSL is another signaling pathway that maintains Tfh cell differentiation and facilitates GCs formation, T-B interactions, and antibody production (24), while PD-1/PD-L1 signaling acts as a counterbalance by inhibiting ICOS signaling and restraining Tfh cell proliferation, thereby preventing excessive B cells proliferation and antibody production (20). In IgG4-RD, it has been observed that infiltrating submandibular glands express ICOS on Tfh cells, which enhances their ability to assist B cells in producing IgG4 (25). Furthermore, engagement between ICOS and its ligand on B cells can in turn trigger and sustain the differentiation of Tfh cells.




2.1.3 PD-1

PD-1 plays a crucial role in the selection and maturation of B cells within GCs, making it a potential marker for cell activation. Dysfunction of PD-1 may be associated with the development of IgG4-RD (26). A study has demonstrated that PD-1 expression in cTfh cells positively correlates with serum IgG and IgG4 levels, IgG4:IgG ratio, number of involved organs, and frequency of plasmablasts (27). Recent findings have highlighted the significance of PD-1+Tfh2 cells in providing B-cell assistance through direct interaction and cytokine production in IgG4-RD, suggesting that PD-1 holds promise as both a disease biomarker and a potential target for immunotherapy (25).




2.1.4 CD40L

In germinal center Tfh-B interactions, the interaction between CD40L expressed by Tfh cells and CD40 on B cells plays a pivotal role in providing signals for B cells proliferation, differentiation, and antibody class switching, ultimately contributing to GC formation (28, 29). In one case report, expression of CD40 and its ligand CD40L was detected to be augmented in affected lesions of IgG4-RD patients, which indicated the activation of the signaling pathway involved in Tfh-B interactions (18).




2.1.5 OX40

The activation of OX40 by OX40L serves as a T-cell co-stimulator, while OX40/OX40L signaling plays a role in Tfh cell differentiation and improves the helper function of Tfh for B cells (30). Recent research has focused on exploring the potential therapeutic benefits of both agonists and blockers targeting the OX40-OX40L interaction for treating T cell-mediated autoimmune diseases, which have attracted much attention (31, 32).




2.1.6 Transcription factors

The activation and differentiation of Tfh are also crucial at transcriptional levels, which involves the activation and regulation of multiple transcription factors, including positive factors such as Bcl-6 and Batf, as well as negative factors such as Blimp-1. Bcl-6 and Blimp-1 play critical roles in regulating Tfh development and differentiation but exhibit antagonistic effects (33). Bcl-6 is highly expressed in ectopic GCs of affected tissues in IgG4-RD patients, especially sinus tissues and gland tissues (27, 34), which initiates the early-stage differentiation of Tfh cells (35). Conversely, upregulation of Blimp-1 is mainly observed in Tfh cells in the peripheral blood (27), inhibiting both Bcl-6 expression and Tfh cell differentiation (36). Batf is also essential in the differentiation of Tfh cells and is connected to switched antibody responses (37). Batf+Tfh cells are abundant in tissues of patients with IgG4-RD (38), playing a positive role in promoting IL-4 production (39).





2.2 Tfh and B cells in affected tissue and ectopic GC formation

The presence of numerous ectopic germinal centers (GC) in affected tissues is considered to be a typical pathological characteristic of IgG4-RD (25, 40, 41). Histologically, a GC typically consists of two regions, the dark zone, where B cells undergo proliferation, and the light zone, where follicular dendritic cells (FDCs) and CD4+Tfh cells are located (42). FDCs can produce CXCL13 and contribute to ectopic GC formation by interacting with CXCR5, therefore leading to the accumulation of Tfh cells and B cells in affected sites of IgG4-RD (43). In GCs of lymphoid organs, Tfh cell assistance is essential to provide signals necessary for B cell proliferation and affinity selection. By enhancing IL-4 production and expression of surface molecules such as CD40L and ICOS, Tfh cells assist the expansion of naive B cells and their differentiation into high-affinity memory B cells and long-lived plasma cells (7). Additionally, Tfh cells secrete IL-21 and induce the transcription factor Bcl-6 expression to facilitate neighboring GC-B cells in completing class-switch recombination and affinity maturation (44). Abnormal expansion or dysfunction of Tfh cells may lead to ectopic GC formation and excessive immune responses associated with IgG4-related disease (8).

A study demonstrated that Tfh cells constituted over 70% of CD4+ T cells infiltrating the salivary gland in IgG4-RD (15). Specifically, in one case of IgG4-RD, Tfh cells were observed infiltrating the GC light zone (45). In an analysis of tissue samples from patients with IgG4-RD, Tfh cells were predominantly located around glandular cells or within ectopic GCs and diffusely infiltrated the affected sinus tissue. Comparably, few Tfh cells were detected in tissues of non-IgG4-RD patients (27). Furthermore, the upregulated expression of Tfh-related molecules, such as CXCR5 and Bcl-6, was also identified in ectopic GCs from patients with IgG4-RD. Research has suggested that excessive production of Tfh cytokine IL-21 was associated with the formation of ectopic GCs in IgG4-RD, correlating with their abundance as well as IgG4/IgG ratio (34).

Much attention lately has also been drawn to the pathogenic subsets of B cells infiltrating and accumulating in affected sites of IgG4-RD. Recent studies have revealed the expansion of activated naïve B cells and IgD-CD27- double-negative (DN) B cells in IgG4-RD using immunofluorescence analyses (46). They are considered as precursors of activated antibody-secreting cells (47, 48). DN B cells with high expression of CD80 and CD86 were indicated to interact with infiltrating T cells. Specifically, DN3 B cells are reported to be abundant and clonally expanded in IgG4-RD lesions, contributing to tissue inflammation and fibrosis (49). Furthermore, it is also suggested that extrafollicularly derived DN B cells with low expression of CXCR5 are correlated with production of pathogenic autoantibodies and IgG4 isotype switch by linking to pre-GC Tfh cells (46). Further elucidation of T and B cell subsets within affected sites will enable more precise targeting therapies for clinical intervention.




2.3 Participation of Tfh in plasmablast differentiation and IgG4 production

During follicular response, Tfh cells play a pivotal role in driving the differentiation of naïve B cells into plasmablasts before causing IgG4-related immune responses (50). Circulating plasmablast levels have been remarkably increased in patients with active IgG4-RD, showing a correlation with disease activity (40, 51, 52) and the extent of organ involvement (53). Given that the proportion of plasmablasts correlate with that of Tfh cells (54), this connection between plasmablasts and Tfh cells can be described as the plasmablast-Tfh cell axis (55). Meanwhile, the proportions of plasmablasts and Tfh cells have both experienced a significant decrease under glucocorticoid treatment in IgG4-RD (56, 57). A recent study even identified the baseline count of plasmablasts as an independent predictive factor of disease relapse among patients treated with glucocorticoids (58). Therefore, besides serving as a valuable biomarker for disease activity assessment, plasmablast counts also provide insights into treatment response and disease relapse. Controlling the Tfh cell-plasmablast axis may offer a potential therapeutic strategy for managing IgG4-RD.

Elevated levels of IgG4 are considered a characteristic feature of IgG4-RD, although the precise underlying mechanism remains incompletely understood. One study illustrated that the expanded cTfh cells in IgG4-RD are associated with the proliferation of IgG4-producing B cells and class switch to IgG4 (25). Another report also found positive correlations between the number of activated cTfh cells and serum IgG4 levels (59). In addition, according to one recent study, the number of IL-4+ Tfh cells in affected tissues of IgG4-RD patients positively correlated with serum IgG4 concentrations and IgG4/IgG-positive cell ratios (60). To be more specific, analysis of Tfh subsets has demonstrated that the subset of cTfh2 cells have a closer relation to IgG4 production and class switch (27). Consistent with these findings, another research also reported an increased number of cTfh2 correlating with serum IgG4 levels and IgG4/IgG ratio (55). Therefore, it can be concluded that Tfh cells, especially the Tfh2 subset, play an important role in IgG4 production and class-switch recombination.




2.4 Tfh-related cytokines contributing to IgG4 class switch recombination

Generally, class switch recombination involves rearrangement of B cell DNA that leads to a change in antibody class while remaining specificity. In class switch towards IgG4, cytokines of Th2, such as IL-4 and IL-13, and regulatory T (Treg) cytokines, including IL-10, are suggested to be associated with the production of IgG4 antibodies and antibody response towards IgG4 (50). In patients with IgG4-RD, this process also involves the participation and activation of multiple cytokines produced by disease-specific Tfh cells, such as IL-4, IL-10, and IL-21 (61). Tfh2 cells can produce IL-4 and IL-21, therefore are presumed to play a role in IgG4 class switch (38, 62, 63). According to results of one experiment, IgM-positive B cells can be stimulated by T cells and switch to IgG4 and IgE with the presence of IL-4 (12, 64). Research has proved an elevation of both IgG4 levels and IgG4/IgG ratio under IL-4 stimulation, confirming that IL-4-induced IgG4 class switch may be one of the mechanisms in the pathogenesis of IgG4-RD (38, 63). Furthermore, IL-10 and IL-21 expressing Tfh cells were reported to be abundant in affected lesions from IgG4-RD patients. Evidence from experiments in vitro indicated that IL-10 can facilitate class switch mediated by IL-4 into IgG4 instead of IgE, therefore contributing to IgG4 class switch (61). In addition, IL-21 is another important cytokine secreted by Tfh cells, which regulates B cell expansion and Tfh cell development in GC formation and IgG4 class switch (65). Numerous studies have mentioned its pivotal role in IgG production in IgG4-RD (34, 66, 67).

Collectively, Tfh cells and their associated cytokines play a crucial role in the pathophysiology of IgG4-RD, exerting influence at every stage of disease progression, ranging from GC formation and plasmablast differentiation to the class switch of IgG4 antibodies. (Figure 2) A better understanding of their participation in IgG4-RD may provide novel therapeutic strategies targeting Tfh cells and Tfh-related cytokines against disease progression.




Figure 2 | Tfh cells involved in ectopic GC formation of IgG4-RD. Chronic exposure to unknown antigens activates APCs and leads to T cell differentiation and polarization. The interaction of CXCR5 and CXCL13 promotes Tfh2 migration into the B-cell-rich zone, which eventually leads to the accumulation of Tfh2 and B cells, contributing to GGC formation in affected organs. In the ectopic GC, Tfh2 cells directly interact with B cells and, therefore, induce their differentiation from naïve B cells into plasmablasts and plasma cells capable of IgG4 secretion. Cytokines released by Tfh2, such as IL-4 and IL-21, play a role in IgG4 class switch, affinity maturation, and somatic hypermutation. Other subsets of T cell immunity also participate in the pathogenesis of IgG4-RD, resulting in IgG4-related tissue damage and fibrosis. APC, antigen presenting cell; Tfh2, T follicular helper 2 cells; Tfh1, T follicular helper 1 cell; FDC, follicular dendritic cell; CD40L, CD40 ligand. Created with BioRender.com.






2.5 Circulating Tfh cells and correlations with disease activity

Circulating Tfh cells, exhibiting similar phenotypes and functions to Tfh cells, exist in blood circulation, which can be accessed within peripheral blood (11, 27). Circulating Tfh1, Tfh2 and Tfh17 are three major subsets of cTfh population (12, 13). Each subset has distinct cytokine profiles and functions in B cell differentiation, suggesting their respective pathogenic roles in IgG4-RD (68). Both cTfh1 and cTfh2 cells play an essential role in promoting B cell proliferation, whereas especially cTfh2 cells contribute to the differentiation of B cells into IgG4-producing plasma cells. In addition to Tfh cells, another subset known as follicular regulatory (Tfr) T cells has recently been identified to play a role in the pathogenesis of IgG4-RD.

Evaluation of disease activity holds significant value in early intervention to prevent irreversible organ fibrosis in IgG4-RD. Numerous studies have consistently demonstrated a positive correlation between cTfh and disease activity, as evidenced by the notable increase in Tfh cell count, particularly Tfh2 cells, among patients with IgG4-RD (16, 25, 69). Therefore, considering cTfh as a potential biomarker for monitoring disease activity in IgG4-RD shows promising prospects (11, 70).



2.5.1 Tfh2 cells

Recent studies have demonstrated a significant increase in the number of circulating Tfh2 cells in patients with IgG4-RD compared with healthy controls (16, 55). Meanwhile, unlike Tfh1 cells, the number of Tfh2 cells was reported to be positively associated with the serum levels of IgG4 and the IgG4:IgG ratio (55, 71). Furthermore, a positive correlation was also observed between cTfh2 counts and the number of organs involved, implying their potential as indicators of disease activity and progression (55, 59, 71). Moreover, the number of activated cTfh2 cells in patients exhibited a decrease following glucocorticoid treatment yet demonstrated an increase during disease relapse (69, 71). Therefore, the number of activated cTfh2 cells may serve as a potential biomarker for monitoring disease activity and predicting relapse. These findings demonstrate that Tfh2 cells play a key role in plasmablast differentiation and IgG4 class switch, highlighting its involvement in the pathogenesis of IgG4-RD.




2.5.2 Tfh1 cells

According to recent studies, the number of circulating activated Tfh1 cells is elevated in IgG4-RD (71). Tfh1 cells possess the ability to secrete IFN-γ but exhibit limited class-switching activity compared with the other two subsets. The quantity of Tfh1 cells exhibits a correlation with the disease activity of IgG4-RD. However, it does not vary with serum IgG4 levels. Therefore, it is inferred that Tfh1 cells may be involved in the pathogenesis of IgG4-RD but not in the production of IgG4 antibodies (71). On the other hand, another research extended these findings, showing that the activated SLAMF7+ cTfh1 cells may still affect IgG4 levels in patients by facilitating plasma cell differentiation (59). Therefore, further discussion is warranted regarding the role of Tfh1 cells in IgG4-RD.




2.5.3 Tfh17 cells

Despite the active involvement of Tfh1 and Tfh2 in the pathogenesis of IgG4-RD, no evidence has yet reported the activation of Tfh17 cells in IgG4-RD. According to current knowledge, there appears to be no synchronous variation between the number of Tfh17 cells and serum IgG4 levels or the number of circulating plasmablasts (59, 71). Similarly, IL-17 expression, a hallmark cytokine produced by Tfh17 cells, is rarely detected in patients with IgG4-RD (34).




2.5.4 Tfr cells

Tfr cells, a subset of CD4+T cells expressing CXCR5, have been demonstrated to collaborate with Tfh cells in the formation of GCs and Ig class switch (72). Tfr cells produce IL-10 and TGF-β, which affect the function of Tfh and B cells and contribute to the formation of GCs (73). Recent studies have demonstrated a significant increase in the number of circulating and tissue-infiltrating Tfr cells in patients with IgG4-RD. In addition, the proportion of Tfr cells is positively correlated with serum IgG4 levels and the number of organs involved, which suggests their potential involvement in the pathogenesis of IgG4-RD (74). Of note, compared with healthy controls, the number of IL-10-expressing circulating Tfr cells in patients with IgG4-RD was significantly increased. Considering the increased expression of IL-10 in affected tissues and its association with IgG4 class-switch, these findings suggest that Tfr cells may contribute to the class-switch recombination of IgG4 (74). Further investigation into the role of Tfr cells in IgG4-RD could provide valuable insight into their pathogenic mechanism.





2.6 Tph cells and their relationship with Tfh in IgG4-RD pathogenesis

T peripheral helper (Tph) cells (PD-1hiCXCR5-CD4+) are another subset of CD4+ T cells recently found to be involved in IgG4-RD development. Similar to Tfh cells, Tph cells can provide help for B cells via IL-21 and CXCL13 production. However, Tph cells express high levels of Blimp1 instead of Bcl6, and their unique expression of chemokine receptors, such as CCR2, CCR5, and CX3CR1, are correlated to their migration to the inflamed tissue (75). According to recent studies, the proportion of Tph cells was detected to be increased in IgG4-RD patients, positively associated with IgG4 serum concentrations as well as the number of organs involved. Additionally, their number experienced a decrease during clinical remission induced by glucocorticoids (60)..

According to recent findings, infiltration of Tph cells in affected lesions of IgG4-RD can be induced by their elevated expression of chemokine receptors. It is suggested that Tph can produce CXCL13, which triggers recruitment and accumulation of Tfh cells and B cells with the expression of CXCR5, leading to the formation of ectopic lymphoid structures and IgG4 production (76). Meanwhile, Tph cells also play a role as CD4+ CTLs by producing cytotoxic granules of GZMA, therefore participating in cytotoxic activity as well as destructive inflammation in affected lesions (60, 77). Results of one research indicated that CX3CR1+ Tph cells, rather than CX3CR1- Tph cells, have a cytotoxic potential as CD4+ CTLs in IgG4-RD (77). Therefore, Tph cells are considered to contribute to persistent tissue injury in IgG4-RD and more insight into Tph cells as therapeutic targets for inhibiting IgG4-RD progression will be of great significance.




2.7 Cytotoxic Tfh cells infiltration of IgG4-RD and their correlations with CD4+CTLs

Cytotoxic Tfh cells are a subset of Tfh that has been novelly detected to infiltrate affected organs of IgG4-RD patients. CD4+CTLs were previously identified to be increased in circulation and affected lesions in patients with IgG4-RD, which contributed to cell apoptosis and tissue fibrosis. A comparative study recently has examined genes of cytotoxic molecules shared by cytotoxic Tfh cells and CD4+CTLs in IgG4-RD, including CRTAM, SLAMF7, NKG7, GZMA, GZMK, CCL4 and CCL5 (78). Meanwhile, it is also demonstrated that about 19 percent of CD4+CXCR5+Tfh cells expressed GZMK in one case of IgG4-RD. Evidence from nuclear distance measurements indicated that CD4+CXCR5+GXMK+Tfh cells were in physical contact with CD19+B cells (61). Additionally, GZMK+ cytotoxic Tfh cells can express fibrotic-related genes and therefore may correlate with tissue fibrosis (78). A thorough investigation will be required to elucidate their potential roles in IgG4-RD pathogenesis.




2.8 Collaborations of T cell subsets in the pathogenesis of IgG4-RD

In fact, the pathogenesis of IgG4-RD involves intricate immunological mechanisms, wherein diverse T cell subsets collaborate and participate in tissue damage and organ fibrosis. It is indicated that chronic exposure to a variety of unknown antigens triggers the activation of T cell immunity. Naïve T cells undergo differentiation and activation before evolving into multiple subsets with distinctive functions.

Tfh cells play a pivotal role in the pathogenesis of IgG4-RD, encompassing ectopic GC formation, IgG4 class switch and affinity maturation. They provide essential signals for B cell differentiation and release cytokines, including IL-4 and IL-21, which enable the differentiation of naïve B cells into plasmablasts and IgG4-secreting plasma cells, thereby augmenting IgG4 secretion. Subsequently, plasmablasts can migrate into inflamed tissues, where they participate in fibroblast activation and collagen production. IgG4 antibodies are characterized by their intrinsic anti-inflammatory properties and the ability to form immune complexes. It is suspected that they may potentially synergize with CTLs in promoting tissue inflammation and leading to organ damage.

Other subsets of T cell immunity, especially Treg, CTL and Th cells, also actively participate in IgG4-RD pathogenesis. There is an observed increase in the number of Treg cells both in circulation and affected tissues in IgG4-RD, suggesting their significant roles as key contributors to IgG4 class-switching and fibrosis (79, 80). Treg cells can express cytokines such as IL-10 and therefore participate in the differentiation of B cells into IgG4-producing plasmablasts and plasma cells, as well as facilitating IgG4 class-switching (81). Furthermore, it has been reported that the expression of the fibrogenic factor TGF-β is increased in fibrosis lesions of IgG4-RD, which indicates a potential association between Treg cells and organ fibrosis through TGF-β secretion (82).

In terms of tissue damage, CD4 and CD8 CTLs are major players. They produce granzyme, perforin, TGF-β and IL-1β, leading to cytolytic and profibrotic effects. Recently, accumulating experimental evidence has supported the involvement of CTLs in IgG4-RD, suggesting their capacity to induce tissue inflammation and fibrosis (83–85). Moreover, a recent study demonstrated the synergistic effect between CTLs and IgG4 antibodies in promoting tissue inflammation in IgG4-RD (86). Cytotoxic Tfh cells can express fibrotic-related genes similar to CD4+CTL and may also contribute to tissue inflammation and fibrosis.

Th1 and Th2 are the two types of helper T cells initially described in history, and their responses are also suggested to be involved in T and B lymphocyte interaction in the ectopic germinal center, which proved to exert synergistic effects in progression of IgG4-RD (87). Researchers have found that Th1 populations were significantly increased in IgG4-RD, including the substantially elevated serum level of IFN-γ, which can activate Th1 cells (88, 89). The number of Th2 cells and cytokines secreted by them such as IL-4, IL-5 and IL-13 are also much higher at affected sites (85, 90). However, discrepancies exist regarding whether allergic factors related to Th2 are important in IgG4-RD development. (Figure 3, Table 1).




Figure 3 | Overview of T cell subset collaboration in IgG4 production and fibrosis in pathogenesis of IgG4-RD. Antigen-presenting cells can present auto-antigen that stimulates T cells and induces their differentiation into multiple subsets of diverse properties and functions. Tfh cells interact with B cells to assist their maturation into IgG4-producing plasma cells and promote class switching via IL-4 and IL-21. Cytokines such as IL-10 and IL-13 are conducive factors in IgG4 class switch. CD4+ CTLs, CD8+CTLs and Treg cells actively participate in IgG4-related fibrosis via cytokine secretion. M2 macrophages also play a role in fibrosis formation. APC, antigen presenting cell; Tfh, follicular helper T cells. By Figdraw.




Table 1 | Summary of pathogenic roles of T cell subsets in IgG4-related disease development.







3 Therapy



3.1 Established therapeutic interventions in IgG4-RD

Glucocorticoids are currently the first-line therapy in patients with IgG4-RD, as recommended by the international consensus guidance established in 2015. However, there is still ongoing debate regarding optimal dose and duration (92). Studies have shown that glucocorticoids can induce disease remission by reducing levels of circulating activated Tfh2 cells and plasmablasts (93). Randomized controlled trials have been conducted to clarify the optimal dosage and necessity of maintenance glucocorticoid therapy (94, 95). However, due to the high incidence of drug resistance and relapse observed in clinical practice, particularly when tapering to low doses, prolonged courses of corticosteroids are often required for maintaining remission at the expense of increased glucocorticoid toxicity (38, 96, 97). According to collected data, only 5.7% of patients have achieved glucocorticoid discontinuation in routine clinical practice. Therefore, new therapeutic alternatives to glucocorticoids are appealing to optimize long-term intervention for patients with IgG4-RD.

Recent retrospective and prospective studies have shown that the combination of glucocorticoids and conventional immunosuppressants, such as cyclophosphamide and mycophenolate mofetil, is more efficacious than glucocorticoids alone in preventing relapse of IgG4-RD (98, 99). Nonetheless, the limitations of conventional steroid-sparing agents are evident. To date, there is a lack of prospective randomized controlled trials involving a significant number of patients. On the other hand, sustained immunosuppressive treatments may lead to extended toxicity exposure in IgG4-RD patients. Overall, the efficacy of immunosuppressive agents in achieving long-term steroid-free treatment with a safe profile remains suboptimal for patients with IgG4-RD. The contemporary situation highlights the priority to discover novel, safe, and effective therapeutic strategies.

Consequently, to enhance efficacy and reduce steroid-induced toxicity, molecular-targeted therapies have emerged as effective alternatives for glucocorticoid replacement therapy. The B-cell depletion with rituximab (RTX) targets CD20-positive B cells, which also depletes CD20-positive plasmablasts. Numerous studies have shown that RTX appears to be clinically effective, with a relatively high rate of treatment responses in IgG4-RD patients (100–102). However, it remains controversial whether RTX reduces the number of cTfh, as no significant change was observed in IgG4-RD patients after RTX treatment, according to some studies (103, 104). Additionally, challenges remain in terms of disease relapse and drug tolerance. In a prospective, open-label trial, over half of the IgG4-RD patients treated with rituximab experienced relapses. Adverse side events, including infections, were noted in patients after RTX treatment (101). Due to the lack of stable and effective alternatives, novel therapeutic strategies are required as glucocorticoid-sparing and maintenance therapy for IgG4-RD. Advances in understanding the pathophysiology and the pivotal function of Tfh in IgG4-RD will deeply contribute to the emergence of new targeted approaches in treating the disease.




3.2 Potential therapeutic strategies targeting Tfh cells

The remarkable progress in molecular-targeted therapies in recent years has significantly advanced the treatment of autoimmune diseases such as rheumatoid arthritis(RA) and systemic lupus erythematosus(SLE), providing novel therapeutic options for IgG4-RD (105, 106). Recent studies have highlighted the importance of Tfh cells in the pathogenesis of IgG4-RD and their potential as therapeutic targets. Based on mechanistic understanding of the disease, we will briefly discuss several potential promising Tfh-related targets for treating IgG4-RD in the subsequent section. (Figure 4, Table 2).




Figure 4 | Potential therapeutic targets in IgG4-related disease. The picture illustrated Tfh-B interactions in IgG4-RD pathogenesis at different levels, and targeted therapies are used to interfere with these mechanisms at each level. Follicular T helper cells play a central role in assisting B cell differentiation into IgG4 secreting plasmablasts, which therefore also provide valuable targets for therapeutic intervention, including Abatacept and Prezalumab that inhibit B-T cell co-stimulation and Duplimab targeting Tfh-related cytokines. JAK inhibitors, including Tofacitinib, Baricitinib, and ruxolitinib, are potential therapeutic targets in IgG4-RD treatment. Tfh, follicular helper T cell; CTL, cytotoxic T cell; TSLP, Thymic stromal lymphopoietin. Created with BioRender.com.




Table 2 | Emerging targeted monoclonal antibodies with potential therapeutic effects in IgG4-RD.





3.2.1 Targeted Tfh-related surface molecules



3.2.1.1 Targeting CD80/86 –Abatacept

Abatacept is a fusion protein consisting of the extracellular domain of cytotoxic T lymphocyte-associated antigen 4(CTLA4) and an IgG1 Fc fragment (118). T cells rely on both signals of TCR-mediated activation and CD28-mediated co-stimulation to activate and differentiate into effector forms, wherein CD28 on the surface of T cells binds with CD80/CD86 on antigen-presenting cells to produce a co-stimulation effect during this process (118). Abatacept exhibits higher binding affinity for CD80/CD86 and, therefore, can compete with ligation to CD28 on the T cell surface to prevent T cell activation (118). As one of the biologic DMARDs in RA therapy, abatacept reduces the number of Tfh cells and has also achieved favorable clinical response in patients with IgG4-RD (119, 120). It is suspected that in patients with IgG4-RD, abatacept functions mainly by inhibiting Tfh cells and disrupting ectopic GCs formation or directly depleting expanded CD80/86-expressing plasmablasts through Fc-mediated mechanisms (107, 121). Moreover, it has been shown that clinical responses of abatacept are associated with activated Tfh2 cells, circulating plasmablasts and serum IgE levels and can be predicted by baseline proportions of unswitched memory B cells (107). Nevertheless, further clarification regarding its safety and efficacy in a larger cohort of IgG4-RD cases is warranted before widespread clinical application.




3.2.1.2 Targeting ICOSL –Prezalumab

As formerly mentioned, ICOS/ICOSL signaling is essential in sustaining Tfh cell differentiation, facilitating T-B interactions, promoting antibody production, and supporting GC formation (24). Therefore, the blockade of ICOSL could be an effective strategy for treating IgG4-RD. Prezalumab, a fully human IgG2a antibody targeting ICOSL, formerly known as AMG-557, has shown safety and potential efficacy in clinical trials of patients with Sjogren’s syndrome and SLE (108, 122, 123). Rozibafusp alfa (AMG 570), a bispecific inhibitory molecule targeting both ICOSL and B-cell activating factor BAFF, is currently undergoing phase I clinical trials and is expected to be more efficient in the treatment of autoimmune diseases such as SLE and RA (124, 125). In the future, it is promising to be applied for therapy in a broader spectrum of autoimmune diseases, including IgG4-RD.




3.2.1.3 Other possible surface targets for IgG4-RD treatment

Several studies have indicated a positive correlation between upregulated OX40 signaling and autoimmune diseases which are attributed to aberrant Tfh activity (30). Therapeutic interventions targeting OX40/OX40L interaction may help regulate T-cell responses and provide novel solutions to T-cell-mediated autoimmune diseases such as IgG4-RD. Accumulating experiments have been conducted to verify the therapeutic efficacy of blocking OX40 or OX40L, such as anti-OX40 monoclonal antibodies. It is suggested that OX40/OX40L blockade inhibits the proliferation of active CD4+ T cells by preventing their migration, moderating their activation and cytokine production (126). A recent RNA-sequencing study identified a significant correlation between the OX40 signaling and high expression of IL-21 in IgG4-RD patients, indicating the possible contribution of the OX40 signaling in IL-21 production and the pathogenesis of IgG4-RD. Since the production of IL-21 by Tfh cells is associated with serum IgG4 level and disease activity, these findings imply that the OX40 signal inhibition could be a promising therapeutic approach (69).





3.2.2 Targeted Tfh-related cytokines



3.2.2.1 Targeting IL-4R and IL-13 –Dupilumab

Cytokine IL-4 plays a pivotal role in IgG4-RD and is closely related to IgG4 production and IgG4 class switch mediated by Tfh cells (3, 38). Dupilumab, a humanized IgG4 monoclonal antibody targeting the IL-4 receptor-α chain (IL-4Rα), exerts dual antagonistic effects on both IL-4 and IL-13 signaling pathways (127). It has already been approved for treating asthma, chronic rhinosinusitis with nasal polyposis, atopic dermatitis and other type 2 inflammatory diseases (128–130). Recently, several case reports have demonstrated that dupilumab can ameliorate the disease activity and may serve as a steroid-sparing agent in patients with IgG4-RD (109, 131, 132). In addition, one report indicates a reduction in circulating Tfh cell count (133), which explains the ability of dupilumab to suppress the serum IgG4 levels and IgG4-mediated inflammation. Despite the existence of limited case reports, no definitive conclusions can be drawn regarding the efficacy of dupilumab in treating IgG4-RD. However, given the central role of IL-4 and IL-13 in IgG4 class switch and tissue fibrosis, treatment targeting these pathways in IgG4-RD remains promising. Further exploration through randomized clinical trials is warranted to confirm its efficacy.




3.2.2.2 Targeting TSLP –Tezepelumab

Thymic stromal lymphopoietin (TSLP), a cytokine released by a variety of cells, such as epithelial cells and fibroblasts, plays a vital role in maintaining immune homeostasis and type 2 immune responses (134). Dysregulation of TSLP expression is closely related to immunopathology in several diseases, including RA and systemic sclerosis (SSc) (135). Recent studies have shown elevated TSLP expression in IgG4-RD, suggesting its involvement in the pathogenesis of this condition (136). TSLP activates the JAK-STAT signaling pathway and promotes B cell proliferation and IgG4 antibody secretion by acting with receptors TSLPR and IL7Ra on B cells. By upregulating the expression of OX40L, TSLP-activated B cells induce the polarization of CD4+ naïve T cells into Tfh cells that are essential in IgG4-RD pathophysiology (137). Results from emerging clinical trials of anti-TSLP agents have already confirmed the efficacy of treatment in many inflammatory conditions, such as asthma. For instance, recently, Tezepelumab, a human IgG2 monoclonal antibody that inhibits the binding of TSLP to its receptor, has been undergoing clinical trials for asthma treatment (110, 138). Therefore, potential therapeutic strategies targeting the TSLP-TSLP receptor axis may also provide new solutions to IgG4-RD treatment.




3.2.2.3 Other possible cytokine targets for IgG4-RD treatment

In IgG4-RD, expressions of CXCL13 and CXCR5 are elevated, and CXCR5-CXCL13 interaction provides signals for Tfh migration and interaction with B cells in GC (139). Recent findings have suggested the pathogenic roles of the CXCL13/CXCR5 axis in autoimmune diseases, which indicates the potential role of CXCL13 as a disease biomarker and therapeutic target (140). Meanwhile, according to a study conducted on autoimmune pancreatitis (AIP), a common feature in IgG4-RD, it is observed that LTα and LTβ are overexpressed and positively correlate with CXCL13 expression. Through inhibiting LTβR-signaling, disease features can be significantly alleviated, providing new signaling targets for therapeutic strategies (139).





3.2.3 Targeting intracellular signaling pathways

The Janus kinase (JAK) family of intracellular, non-receptor tyrosine kinases is associated with effects of a wide variety of key cytokines. The JAK-STAT pathway is an important signal transducer implicated in immune dysregulation, making it an essential therapeutic target for autoimmune and inflammatory diseases (141). Recently, researchers also have predicted JAK inhibitors might play a significant role in treatment of IgG4-RD based on the complex cytokine network in immune regulation (142). Similar to clinical trials conducted in other autoimmune diseases with promising results, these inhibitors may exhibit potent effects in preventing tissue fibrosis and ameliorating inflammation among patients with IgG4-RD. Tofacitinib, a JAK1/3 inhibitor, can effectively control fibrosis and tissue inflammation by inhibiting synovial fibroblast migration and down-regulating inflammatory cytokine production (143). Through its inhibition of Tfh induction, Tofacitinib can reduce pancreatic inflammation in IgG4-RD (86). Furthermore, since the account of circulating CD28- CTLs increased in patients with IgG4-RD, tofacitinib inhibits IL-2 signaling, which induces CTL proteome and effector molecules, indicating that CTLs could be a potential target for the treatment of IgG4-RD with this drug. Meanwhile, another study found that IL-7 extensively promotes expansion and function of CTLs through activation of the JAK pathway (144). Accordingly, JAK inhibitors may exert a therapeutic effect by blocking the IL-7 signaling pathway, which is a promising strategy worth exploring. Baricitinib, a JAK 1/2 inhibitor, may become an ideal candidate for managing IgG4-RD by inhibiting CD80/CD86 expression and INF-1 production of dendritic cells, including IL-6 production and B cell differentiation. Other JAK inhibitors, such as ruxolitinib and itacitinib, are also promising as they can inhibit IL-4 and IL-13 signaling, which has been shown to be effective in alleviating fibrosis and tissue inflammation (145, 146).






4 Conclusions and perspectives

Current evidence suggests the involvement of Tfh cells in IgG4-RD. It is concluded that the participation of Tfh subsets may play a crucial role in ectopic GC formation in affected tissues as well as differentiation of B cells into IgG4-producing plasmablasts, leading to abnormal IgG4 production and irreversible tissue damage. Targets at signals required for Tfh cell development or function, along with cytokines, could potentially reduce the proportion of Tfh cells or modulate their functions in GC responses to control IgG4-RD development. A better understanding of the pathogenic roles of Tfh cells will pave the way for advances in novel targeted immunotherapies for IgG4-RD patients. Future research will focus on conducting more clinical trials for novel biologically targeted treatment in exploration of the optimal scheme for clinical intervention. This will provide guidance in improving long-term outcomes of IgG4-RD patients.
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