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Abstract

:

IgA nephropathy (IgAN) is characterized by immune-mediated glomerulonephritis, with the accumulation of galactose-deficient IgA1 (Gd-IgA1) in the glomeruli and increased levels of circulating Gd-IgA1 and Gd-IgA1-containing immune complexes. An incomplete understanding of the underlying mechanisms and differences in clinical and pathological features between individuals and ethnicities has contributed to the lack of established treatments for IgAN. A tumor necrosis factor (TNF) family member, a proliferation-inducing ligand (APRIL), is a crucial cytokine essential for the generation and survival of plasma cells. Recent studies demonstrated that APRIL is a pivotal mediator in the production of Gd-IgA1 in IgAN. As our understanding of the autoimmune pathogenesis underlying IgAN has improved, various pharmacological therapeutic targets, including APRIL antagonists, have emerged. Preliminary results showed that APRIL-targeting agents effectively reduced proteinuria and Gd-IgA1 levels without significantly increasing adverse events, indicating their potential as novel therapeutic agents for IgAN. In the present review, we discuss the current understanding of the role of APRIL in the pathogenesis of IgAN and novel therapeutic strategies focusing on APRIL-targeting agents for IgAN. APRIL inhibitors may offer new hope to patients with IgAN.
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1. Introduction


IgA nephropathy (IgAN) is the most common primary glomerulonephritis globally [1]. Approximately 30–40% of patients with IgAN progress to end-stage kidney disease (ESKD) within 20 years of the estimated time of disease onset [2,3]. Furthermore, the development of IgAN can reduce life expectancy by approximately 10 years [2]. Disease-specific treatments for IgAN are yet to be established. One reason is that the pathogenesis of IgAN remains unclear. Interactions between genetic predisposition and environmental factors determine susceptibility to IgAN [4]. Another reason is that the clinical and pathological manifestations of IgAN exhibit considerable heterogeneity among individuals and ethnicities [5]. Consequently, treatment modalities may vary among geographical regions. A tonsillectomy is considered an option in some regions, particularly in Japan, based on recent clinical studies. Some studies have reported that a tonsillectomy, either alone or in combination with steroid therapy, decreased hematuria and proteinuria while attenuating the progression of renal dysfunction [6,7]. Current guidelines recommend non-specific conservative management, including salt reduction, smoking cessation, blood pressure control, and the maximum tolerated dose of renin–angiotensin–aldosterone system inhibitors [8], which potentially worsen kidney function. Despite these interventions, there remains a notable residual risk of disease progression. The safety and efficacy of systemic corticosteroids for IgAN have been previously investigated multiple times [9,10]. However, there is currently insufficient evidence to support the recommendation of corticosteroids, owing to the persistent uncertainty about their benefits and risks. Therefore, optimal therapeutic strategies targeting the pathogenic mechanisms underlying IgAN to halt disease progression have been developed in recent years.



Our understanding of the underlying complex autoimmune mechanisms has advanced in recent years. Aberrant O–glycosylated IgA1 (commonly termed galactose-deficient [Gd]-IgA1) and immune complexes formed by glycan-specific autoantibodies are crucial for the development of IgAN (Figure 1) [4,11]. Most human IgA is produced by plasma cells residing in mucosal-associated lymphoid tissues (MALTs). Two major regions are involved in IgAN, including gut-associated lymphoid tissues (GALTs) and nasopharynx-associated lymphoid tissue (NALT). Mucosae and lymphoid organs are regarded as sites of Gd-IgA1 production. Antigen-experienced IgA+ B cells leave MALTs and migrate to effector sites through the lymphatic system and circulation (Figure 1). It has been hypothesized that the dysregulated expression of homing receptors may redirect certain mucosa-derived B cells/plasma cells to the bone marrow instead of their intended mucosal destination in patients with IgAN [12,13] (Figure 1). Plasma cells with sustained production of IgA antibodies, derived from the mucosa or bone marrow, may produce and release Gd-IgA1 into circulation. Gd-IgA1-containing immune complexes are considered nephritogenic. Their deposition of immune complexes on mesangial cells stimulates the production of proinflammatory cytokines, resulting in the infiltration of inflammatory cells into the glomeruli, the proliferation of mesangial cells, and an uncontrolled inflammatory cascade via the activation of the complement pathway. Complement component 3 (C3) co-localizes with IgA in more than 90% of biopsies with IgAN, indicating complement activation. Complement activation may occur predominantly through the alternative and/or lectin pathways and serves as a central mediator of glomerular inflammation and damage [14]. These responses contribute to inflammation and scarring. Therefore, it has been hypothesized that Gd-IgA1 and Gd-IgA1-containing immune complexes are potential therapeutic targets. A reduction in the levels of these key molecules can potentially attenuate disease activity and improve kidney prognosis.



The tumor necrosis factor (TNF) family proliferation-inducing ligand (APRIL, also known as TNFSF13) plays a crucial role in regulating B cell activation, survival of long-lived plasma cells, and immunoglobulin isotype class switching [15,16,17]. This regulation is essential for maintaining effective immune responses and ensuring proper functioning of the immune system. B-cell activating factor of the TNF family (BAFF), which is closely associated with APRIL, acts as a pivotal survival factor for transitional and mature B cells. APRIL plays a pivotal role in the pathogenesis of IgAN, other autoimmune diseases such as lupus erythematosus and Sjögren’s syndrome [18], and some mature B cell neoplasms such as chronic lymphocytic leukemia and non-Hodgkin lymphoma [19,20]. BAFF is also thought to be involved in the pathogenesis of IgAN. As discussed in Section 3 on the role of APRIL in IgAN, emerging evidence indicates that APRIL is involved in the production of Gd-IgA1. Given the involvement of APRIL in the pathogenesis of IgAN, it is hypothesized that blocking the binding of APRIL to its receptors would potentially be a promising treatment option for IgAN that prevents downstream events such as the production of Gd-IgA1 and the subsequently formed Gd-IgA1 containing immune complexes, ultimately leading to the prevention of kidney damage and loss of function. Recent clinical trials have demonstrated the efficacy and safety of anti-APRIL and dual APRIL/BAFF treatments in patients with IgAN. Here, we review the physiological function of APRIL, the current knowledge on the role of APRIL in the pathogenesis of IgAN, and therapeutic strategies focusing on APRIL-targeting agents for IgAN.




2. Biology and Physiological Functions of APRIL


APRIL, which belongs to the TNF superfamily of ligands, is a type two transmembrane protein involved in late-stage B cell differentiation, generation and maintenance of antibody-secreting plasma cells, and IgA class switching [18]. Myeloid cells, including macrophages, dendritic cells, and blood monocytes, as well as polymorphonuclear cells, such as neutrophils, eosinophils, and mucosal epithelial cells, are responsible for APRIL production [21,22,23,24].



A related cytokine, B cell-activating factor from the TNF family (BAFF, also known as BLyS or TNFSF13B), has been identified as a crucial survival factor for B cells and is essential for their maturation. BAFF supports the survival of both transitional and mature B cells, plays a critical role in their maturation into immunoglobulin-producing cells, and contributes to their longevity. It has also been extensively studied, particularly in the field of autoimmunity. BAFF shares 48% homology with APRIL. APRIL and BAFF are produced as type II transmembrane proteins and are cleaved at the furin protease site, resulting in their secretion in a soluble form [25]. A recent study reported the expression of APRIL-δ isoforms lacking the consensus motif for the furin convertase, which remains membrane-bound on leukemia cell precursors [26]. BAFF exists in a membrane-bound state; however, its processed soluble form is essential for maintaining B cell homeostasis [27]. The homology between APRIL and BAFF also results in the sharing of these two receptors; however, BAFF possesses a unique receptor known as the BAFF receptor (BAFF-R; also known as TNFRSF13C) (Figure 2). APRIL and BAFF have two common receptors: the transmembrane activator and CAML interactor (TACI; also referred to as TNFRSF13B) and the B cell maturation antigen (BCMA; also known as TNFRSF17). APRIL exhibits a robust binding affinity to BCMA and moderate affinity to TACI, whereas BAFF exhibits a weak binding to BCMA and strong affinity to TACI [28]. Furthermore, BAFF has a high binding affinity for BAFF-R [28]. The three primary receptors, BAFF-R, TACI, and BCMA, exhibit unique expression patterns during the various stages of B cell development, reflecting their distinct functions. It has been hypothesized that APRIL and BAFF engage with their respective receptors through distinct mechanisms characterized by varying affinities [29]. Because of these subtle differences, targeting APRIL, BAFF, or both may be a therapeutic approach for other diseases caused by immune dysregulation. APRIL plays a pivotal role in mediating class switch recombination to IgA in T-cell-independent responses, primarily through its interaction with TACI (Table 1) [30]. In vitro experiments have demonstrated that recombinant APRIL can also enhance the T-cell-dependent switch [31]. There are two well-defined antibody-producing cells that represent the late differentiation stages of B lymphocytes: plasmablasts, generated within secondary lymphoid organs, and fully differentiated plasma cells, originating from plasmablasts. In a steady state, plasma cells migrate and become established in the bone marrow. Similar to autoimmune responses, this response can also be elicited in the presence of inflammation. In contrast to plasmablasts, plasma cells are characterized by their significant longevity. Myeloid-derived APRIL further supports plasma cell survival by promoting the formation of survival niches within the bone marrow and mucosal compartments, thereby establishing reservoirs for long-lived antibody-secreting cells. Plasma cell survival is primarily mediated by BCMA and TACI. While all plasma cells express BCMA, BCMA on these cells does not respond to BAFF stimulation [32]. BAFF-R exhibits an expression pattern closely resembling that of CD20, including the complete loss of expression during the plasma cell differentiation stage. BAFF-R is not expressed on B cell precursors within the bone marrow. However, it is expressed on immature B cells following the acquisition of a functional B cell receptor (BCR) [33]. BAFF-R is indispensable for the survival and maturation of immature B cells [34]. BAFF-R is also present in human mesangial cells and tubular epithelial cells (TECs) [35,36]. BAFF induces increased expression of BAFF-R in human tubular epithelial cells (TECs), possibly resulting in an autocrine loop [37]. TACI interacts with APRIL and heparan sulfate proteoglycans (HSPG) to exert its physiological effects [38]. BCMA expression is limited to plasmablasts and plasma cells [39], where it supports the survival of long-lived plasma cells.




3. The Role of APRIL in IgAN


Basic research, including biochemical, genetic, and physiological investigations, has suggested a potential role for APRIL in pathogenesis of IgAN. Genome-wide association studies (GWASs) identified a risk allele at the 17p23 TNFSF13 locus, which encodes APRIL [40]. Furthermore, a recent GWAS revealed that TACI, located on chromosome 17p11, is a novel susceptibility locus in addition to TNFSF13 [41]. A high serum level of APRIL was noted, which correlated with the urine protein/creatinine ratio (UPCR) and was observed to affect the prognosis of kidney function in patients with IgAN [42,43]. However, the organ and cellular origins of APRIL, the mechanisms underlying its overexpression, and its role in the pathogenesis of IgAN remain unknown. We have previously demonstrated that APRIL is overexpressed in tonsils, especially in germinal center (GC) B cells [44]. We also found that these GC B cells express not only the common cleavable APRILα mRNA but also the membrane-bound APRIL-δ/ζ mRNAs, which are less frequently expressed and not cleavable due to the lack of furin cleavage sites. APRIL-δ has also been identified as a novel APRIL isoform in patients with B cell precursor acute lymphoblastic leukemia [26,43]. Studies have demonstrated that mature B cell neoplasms, including chronic lymphocytic leukemia and follicular lymphoma, and B cells from patients with autoimmune diseases, such as systemic lupus erythematosus, generate APRIL [45,46,47]. This uncleavable membrane-bound variant of APRIL may persist on the B cell membrane for an extended period and enhance the synthesis of Gd IgA1, which is further accelerated by an excess of the soluble form of APRIL. Moreover, aberrant APRIL expression in tonsillar GC was correlated with clinical severity, and the patients exhibiting an APRIL overexpression in their tonsillar GC responded favorably to a tonsillectomy, which was accompanied by concurrent reductions in their serum levels of Gd-IgA1. We have also demonstrated that the TLR9 ligands CpG-oligonucleotides (CpG-ODN) increase gene expression and serum levels of APRIL in grouped ddY mice, which spontaneously develop IgAN, and that serum levels of APRIL are associated with those of Gd-IgA1 in these mice [48]. Moreover, in vitro experiments using human IgA1-secreting cell lines have shown that the knockdown of APRIL siRNA completely inhibits the overproduction of Gd-IgA1 [48]. The treatment of grouped ddY mice with an anti-APRIL antibody led to a reduction in IgA, aberrantly galactosylated IgA, and immune complexes in the serum, in addition to a reduction in proteinuria and markedly reduced kidney deposits of IgA, IgG, and C3, highlighting the potential therapeutic benefits of anti-APRIL agents for the treatment of IgAN [49]. However, to the best of our knowledge, no study has elucidated the role of APRIL in the direct modulation of IgA glycosylation. RNA sequencing and quantitative polymerase chain reaction (PCR) both showed that recombinant human TNFSF13 did not modulate the expression of glycosyltransferase enzymes in vitro using human B cells [50]. However, excess APRIL expression may contribute to a relative increase in the secretion of Gd-IgA1 by prolonging B cell survival [50].



Recently, the role of BAFF in IgAN has been discussed. Some studies reported elevated serum BAFF levels in patients with IgAN [42,43,51]. The serum levels of BAFF correlate with the severity of clinical data, such as the estimated glomerular filtration rate, serum creatinine levels, and histopathological findings of kidney biopsy, including the severity of tubular atrophy/interstitial fibrosis [51]. Furthermore, the stimulation of tonsillar mononuclear cells with CpG-ODNs resulted in the markedly higher production of IgA and BAFF in the patients with IgAN than in those without IgAN [52]. Transgenic mice overexpressing BAFF exhibited increased levels of polymeric IgA and mesangial IgA deposits, although extreme elevations in serum IgA levels were observed in these mice [42]. This condition depends on commensal flora and involves the disruption of the normal barrier between the mucosal and peripheral compartments [42]. An imbalance in the interactions between the immune system and commensal organisms contributes to the development of autoimmune disorders such as inflammatory bowel disease [53]. However, the treatment of grouped ddY mice with anti-BAFF agents failed to improve IgA and C3 deposition, urinary albumin excretion, serum levels of IgA-IgG immune complexes, and serum levels of Gd-IgA1 [54].



Preclinical studies in nonhuman primates have shown that treatment with sibeprenlimab (VIS649), a humanized IgG2 monoclonal antibody directed against APRIL, results in a dose-dependent decrease in serum IgA levels by up to 70%, highlighting the critical role of APRIL in regulating IgA production [49]. Treatment with belimumab, a monoclonal antibody targeting soluble BAFF, resulted in a modest 16% reduction in serum IgA levels, implying a restricted impact of BAFF on IgA production [55].




4. Current and Perspective Therapeutic Strategies Focusing on APRIL-Targeted Therapy


4.1. Systemic Corticosteroid Therapy and Targeting Gut-Associated Lymphoid Tissues (GALTs)


Clinical trials on the use of systemic corticosteroids for IgAN have been conducted over the years; however, their efficacy and safety remain controversial. However, the exact mechanism of action of corticosteroids in IgAN is not fully understood. Systemic corticosteroids have been thought to suppress the production of Gd-IgA1 and Gd-IgA1-containing immune complexes. However, the absence of a reduction in Gd-IgA1-positive plasmablasts/plasma cells in patients with IgAN treated with prednisone indicates that systemic corticosteroids may not effectively suppress Gd-IgA1 production. The efficacy and safety of systemic corticosteroids for the treatment of IgAN have shown variable results in multiple randomized controlled trials (RCTs). Two RCTs, Supportive Versus Immunosuppressive Therapy of Progressive IgA Nephropathy (STOP-IgAN) and Therapeutic Evaluation of Steroids in IgA Nephropathy Global (TESTING), which included a run-in period to optimize supportive care, did not demonstrate efficacy with complete safety [56,57]. The STOP-IgAN study did not show a significant improvement in the rate of estimated glomerular filtration rate (eGFR) decline with systemic corticosteroid administration in patients with IgAN, proteinuria above 0.75 g/day, and an eGFR greater than 60 mL/min/1.73 m2 [56]. In the TESTING trial, oral methylprednisolone was compared with placebo in patients with IgAN at a high risk of progression to renal failure, with a urinary protein >1 g/day and an eGFR of 20 to 120 mL/min. This study was terminated early because of a high incidence of adverse events such as serious infections in the corticosteroid group, although the corticosteroid group demonstrated a reduction in the composite endpoint, which include a reduction of over 40% in eGFR and the incidence of end-stage renal failure [57]. Although the TESTING II study found that tapering methylprednisolone (0.4 mg/kg/day over six months) slowed the decline of kidney function in patients with IgAN, this treatment also led to more adverse events [9]. In contrast, a survey involving a Japanese cohort confirmed that the incidence of adverse events such as severe infections and hyperglycemia due to corticosteroid use was low [58]. The corticosteroid doses commonly used in Japan are lower than those used in clinical trials.



The local immunosuppressive effect of the targeted-release formulation (TRF) budesonide (Nefecon; Calliditas Therapeutics AB) on the intestinal mucosa may be a promising novel therapeutic candidate for IgAN. Macroscopic hematuria due to upper respiratory tract infections, such as tonsillitis or intestinal tract infections, highlights the involvement of mucosal–kidney connections in the pathogenesis of IgAN [5]. The interaction between the dysregulated immune system in the GALT and IgAN has been a topic of discussion for decades [59,60]. Recent GWASs have identified common risk alleles for IgAN and inflammatory bowel disease (IBD) that are linked to the integrity of the intestinal mucosal barrier [61,62]. Population-based cohort studies have shown that patients with IgAN have an increased risk of developing IBD [63,64]. The gut–kidney axis hypothesis highlights the pivotal role of the imbalance between the immune system and microbiota in the development and progression of IgAN. In patients with IgAN, there is an increase in the serum levels of IgA1, which lacks galactose in its hinge region. This deficiency exposes the N-acetylgalactosamine (GalNAc) residues that are recognized by anti-glycan autoantibodies. The gut microbiota can induce B cell activation via BAFF, and this enhanced stimulation promotes a significant transition from IgA2 to IgA1 production [65]. Notably, high serum levels of gut-homing IgA + B lymphocytes indicates the involvement of intestinal mucosal immune dysregulation in the pathogenesis of IgAN [43]. Budesonide, a novel oral glucocorticoid TRF, was specifically designed to be deployed in the ileum and to deliver glucocorticoids locally to the ileal gut-associated lymphoid system with limited systemic exposure. The global phase 3 NefIgArd trial demonstrated that treatment with Nefecon at 16 mg/day significantly reduced the decline in eGFR and proteinuria in patients with IgAN who were already on an optimized RAS blockade, implying a disease-modifying effect of Nefecon in these patients [66]. Budesonide is recognized for its favorable safety profile compared to systemic corticosteroids, primarily because of its significant hepatic first-pass metabolism, resulting in less than 10% of the drug entering the systemic circulation [67]. Importantly, this study demonstrated a reduction in the serum levels of Gd-IgA1 and IgA/IgG immune complexes. Reduction in the serum levels of APRIL, BAFF, and soluble BCMA were observed following treatment with Nefecon, indicating an impact on disease activity through the direct modulation of APRIL and BAFF [68]. This study highlights the changes in chemokines related to lymphocyte migration to the intestinal mucosa, suggesting that Nefecon impacts immune cells residing in or migrating to gut-associated lymphoid tissues (GALTs). Nefecon received an accelerated approval from the United States Food and Drug Administration (FDA) in December 2021 for the treatment of IgAN. In December 2023, the FDA granted a full approval to Nefecon, making it the first fully approved treatment for IgAN.




4.2. B-Cell and Plasma Cell-Targeted Treatment


Targeting B cells, which are responsible for the production of Gd-IgA1, has recently emerged as a promising strategy for IgAN treatment. Rituximab, a monoclonal anti-CD20 antibody, does not significantly affect urinary protein levels, eGFR, or Gd-IgA1 levels, despite the effective depletion of peripheral B cells [69]. Plasmablasts are rapidly produced as short-lived effector cells that home to either the bone marrow or the mucosa, where they secrete antibodies as terminally differentiated plasma cells. CD20 is highly expressed in mature naïve B cells but is gradually lost during B cell differentiation. As B cells differentiate into plasma cells, plasmablasts and plasma cells lose their CD20 expression [70]. Notably, IgA plasmablasts have been identified in the mucosa following rituximab treatment [71]. Therefore, anti-CD20 treatment may not reduce the number of plasmablasts or plasma cells responsible for the production of Gd-IgA1, thereby perpetuating Gd-IgA1 synthesis even after rituximab treatment in patients with IgAN. An alternative depletion approach currently under evaluation for IgAN and adapted for the treatment of multiple myeloma is CD38 depletion (Table 2). In contrast to B cells, plasma cells exhibit high CD38 expression and low CD20 expression [72]. BAFF has been demonstrated to selectively augment the survival and differentiation of CD38 + plasmablasts derived from activated human memory B cells. Strategies targeting CD38 + plasma cells, such as felzartamab, a human IgG1 monoclonal antibody, are being explored in phase 2 RCTs for their potential to target the cells responsible for the production of Gd-IgA1 (NCT05065970). Mezagitamab, another anti-CD38 human IgG1 monoclonal antibody, is currently being evaluated in phase 1 studies in IgAN (NCT05174221). The proteasome inhibitor bortezomib, a plasma cell-depleting agent, has been used to treat multiple myeloma by inhibiting the transcriptional factor nuclear facto-kappa B (NF-κB) and inducing the apoptosis of myeloma cells through a misfolded protein response. An open pilot study involving eight patients with IgAN was conducted to evaluate the effects of bortezomib [73]. The results showed that three of the eight patients achieved complete remission after four doses of bortezomib at 1 year of follow-up, suggesting that plasma cell depletion could potentially improve outcomes in IgAN. Therefore, larger trials are needed to confirm the efficacy and safety of these drugs.



Based on multiple studies, strategies for APRIL inhibition are currently being explored as potential therapies for IgAN (Table 2). Several novel agents targeting APRIL, including sibeprenlimab, atacicept, telitacicept, povetacicept, and zigakibart are currently being investigated for the treatment of IgAN (Figure 2). These novel treatments exert their therapeutic effects by reducing the production of Gd-IgA1 and the subsequently formed Gd-IgA1-containing immune complexes (Figure 1). Preliminary results suggest that these agents are well-tolerated and reduce Gd-IgA1 levels, leading to an improvement in proteinuria. A phase 2 multicenter double-blind RCT assessed the efficacy of 12 monthly intravenous infusions of sibeprenlimab at doses of 2, 4, or 8 mg/kg body weight versus placebo in patients with IgAN who exhibited a high susceptibility to disease progression [74]. At the end of the 12-month period, the sibeprenlimab cohort showed significantly greater reductions in the 24-h UPCR from the baseline, in a dose-dependent manner, compared to the placebo group. A significant reduction in the rate of eGFR decline was observed in the two higher-dose groups. Importantly, these effects were accompanied by a decrease in the serum levels of APRIL and Gd-IgA1 in the treatment group, although there was no evidence of clinically significant immunosuppression. The decreased UPCR observed in the sibeprenlimab group continued for five months after the treatment was discontinued. However, the APRIL and Gd-IgA1 levels tended to increase, suggesting the need for ongoing therapeutic interventions. Phase 3 trials and open-label extension studies are currently underway (NCT05248646 and NCT05248659).



Blisibimod, a monoclonal antibody against both soluble and membrane-bound BAFF, was one of the first agents approved for the treatment of systemic lupus erythematosus (SLE). Clinical studies have demonstrated benefits, such as steroid reduction, decreased proteinuria, and improvements in serological markers in patients with SLE [75]. Blisibimod has been evaluated for its efficacy and safety in patients with IgAN. The phase 2/3 BRIGHT-SC study (NCT02062684) demonstrated that blisibimod-mediated BAFF inhibition significantly reduced peripheral B cells, immunoglobulins, and UPCR in patients with IgAN compared to a placebo [76]. The long-term efficacy and safety of targeting BAFF alone in IgAN remains uncertain because comprehensive results from relevant studies have not yet been published.



Atacicept is a novel immunomodulatory agent composed of a fully humanized recombinant fusion protein that includes the Fc region of human IgG1 and the TACI-binding domain [77,78]. Atacicept acts by binding soluble BAFF and APRIL and membrane-bound BAFF, thereby interfering with the cellular interactions of these cytokines and their receptors, TACI, BCMA, and BAFF-R. In a phase 2 study, atacicept dose-dependently reduced proteinuria and Gd-IgA1 antibody levels [78]. The phase 2B ORIGIN clinical trial of atacicept, involving 116 patients with IgAN, also showed promising results. The trial met its primary endpoint with the 150-mg-dose group achieving a 33% mean reduction in proteinuria from the baseline at 24 weeks [79]. Notably, atacicept treatment resulted in significant dose-dependent reductions in IgA, IgG, IgM, and Gd-IgA1 levels by week 24, which were sustained until week 72. The safety profile of atacicept was similar to that of the placebo. Additionally, the 72-week data indicated a consistent and sustained reduction in proteinuria and a stabilization of eGFR, further supporting the potential of atacicept as a disease-modifying treatment for IgAN. A phase 3 ORIGIN study is currently evaluating the efficacy and safety of a 150 mg dose of atacicept compared to a placebo in terms of urinary findings, kidney function, and immunomodulatory effects in patients with IgAN (NCT04716231).



Telitacicept, a recombinant fusion protein consisting of TACI and the Fc portion of human IgG, inhibits both APRIL and BAFF. Based on prior efficacy and safety data, telitacicept received approval in China for the management of patients with active SLE [80,81]. A phase 2 RCT showed that 240 mg of telitacicept reduced the mean 24-h proteinuria by 49%, and stabilized the mean eGFR at 24 weeks in 44 Chinese patients with IgAN [82]. In addition, treatment with 160 or 240 mg of telitacicept decreased circulatory Gd-IgA1 and IgA-containing immune complexes at week 24 [83]. These findings suggest that telitacicept reduces the risk of disease progression. A phase 3 trial is currently in progress (NCT05799287).



Povetacicept, a human TACI–Fc fusion protein engineered for dual APRIL/BAFF inhibition, has been studied in patients with IgAN, primary membranous nephropathy (MN), and lupus nephritis. A phase 1B/2A study (NCT05732402) recruited patients with autoimmune glomerulonephritis, including IgAN. Preliminary data presented in 2024 at the World Congress of Nephrology (WCN) indicate that treatment with povetacicept every 4 weeks is associated with a significant reduction in proteinuria, stable kidney function, and significant reductions in circulating Gd-IgA1 levels in patients with IgAN [84].



Zigakibart (BION-1301) is a humanized IgG4 monoclonal antibody that blocks APRIL. The interim results from a phase 1/2 trial of zigakibart in patients with IgAN (NCT03945318) demonstrated clinically meaningful and sustained reductions in proteinuria, accompanied by rapid and sustained decreases in serum levels of IgA and Gd-IgA1 [85,86,87]. Zigakibart was well-tolerated, with no severe adverse effects reported. The BEYOND study, a phase 3, randomized, double-blind, placebo-controlled trial to explore the safety and efficacy of zigakibart in patients with IgAN who are at risk of progressing renal dysfunction is currently in progress (NCT05852938).



Although APRIL/BAFF inhibition has shown promising results with no notable adverse events, the effects of suppressing one on the expression of the other are not fully understood. Some studies have suggested that targeting one of these cytokines may not necessarily lead to the overexpression of the other [88,89]. However, further research is required to clarify this interaction and its implications in immune regulation and potential therapies.





5. Conclusions and Future Perspectives


Our recent understanding of the pathogenesis of IgAN including immune dysregulation has evolved, and various strategies that focus on inhibiting signaling pathways including APRIL/BAFF, depleting plasma cells, modulating mucosal immunity, blocking complement cascades, and other downstream pathways that are activated following IgA deposition to treat different aspects of the pathogenesis of IgAN and the progression, have shown safety and efficacy. However, the appropriate indication or optimal treatment duration with each modulator, including APRIL/BAFF inhibitors, remains unclear. The optimal choice between exclusive APRIL antagonists and combined APRIL/BAFF inhibitors, in terms of safety and efficacy, remains uncertain. Moreover, we may need to consider the nephritogenic mucosal site of each patient based on their clinical characteristics or ethnicity, depending on the treatment options. Further validation studies are required to resolve these issues.
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Figure 1. The proposed pathogenesis of IgA nephropathy and APRIL/BAFF-targeting therapy. After mucosal infection, class switching and recombination (CSR) of naïve B cells to IgA1 + B cells occurs via T-cell-dependent (TD) (cytokine-mediated) and T-cell-independent mechanisms (TID) (Toll-like receptor (TLR) ligation). A proliferation-inducing ligand (APRIL) and B-cell activating factor (BAFF) play key roles in driving both TD and TID CSR, resulting in the generation of IgA + B cells. The upregulation of these cytokines contributes to the production of aberrantly O–glycosylated IgA1 (Gd-IgA1) and the subsequent synthesis of autoantibodies directed against Gd-IgA1. During lymphocyte trafficking, some IgA antibody-secreting cells (ASCs) do not enter the systemic compartment. These displaced IgA ASCs migrate to systemic sites and produce Gd-IgA1, which is released into the systemic circulation. IgA1 secretion by the displaced mucosal ASCs is enhanced by TLR activation through mucosal-derived pathogen-associated molecular patterns that enter the systemic circulation. Some of the Gd-IgA1-containing immune complexes formed in circulation are deposited in the kidneys, where they activate mesangial cells, and induce glomerular injury. 






Figure 1. The proposed pathogenesis of IgA nephropathy and APRIL/BAFF-targeting therapy. After mucosal infection, class switching and recombination (CSR) of naïve B cells to IgA1 + B cells occurs via T-cell-dependent (TD) (cytokine-mediated) and T-cell-independent mechanisms (TID) (Toll-like receptor (TLR) ligation). A proliferation-inducing ligand (APRIL) and B-cell activating factor (BAFF) play key roles in driving both TD and TID CSR, resulting in the generation of IgA + B cells. The upregulation of these cytokines contributes to the production of aberrantly O–glycosylated IgA1 (Gd-IgA1) and the subsequent synthesis of autoantibodies directed against Gd-IgA1. During lymphocyte trafficking, some IgA antibody-secreting cells (ASCs) do not enter the systemic compartment. These displaced IgA ASCs migrate to systemic sites and produce Gd-IgA1, which is released into the systemic circulation. IgA1 secretion by the displaced mucosal ASCs is enhanced by TLR activation through mucosal-derived pathogen-associated molecular patterns that enter the systemic circulation. Some of the Gd-IgA1-containing immune complexes formed in circulation are deposited in the kidneys, where they activate mesangial cells, and induce glomerular injury.



[image: Ijms 25 10340 g001]







[image: Ijms 25 10340 g002] 





Figure 2. APRIL and BAFF signaling, their main physiological functions, and specifically targeted immunomodulatory agents. A proliferation-inducing ligand (APRIL) and B-cell activating factor (BAFF) both interact with two receptors: B-cell maturation antigen (BCMA) and transmembrane activator and calcium-modulator and cyclophilin-ligand interactor (TACI). BCMA is predominantly expressed on plasma cells, whereas TACI is expressed on both mature B cells and plasma cells. BAFF is distinct from APRIL due to its unique capacity to bind to the BAFF receptor (BAFF-R), which is predominantly found on both immature and mature naïve B cells. The heparan sulfate proteoglycan (HSPG), which serves as a receptor for APRIL, allows APRIL to interact with target cells, facilitating efficient signaling through TACI. Atacicept, telitacicept, and povetacicept are dual APRIL/BAFF antagonists, whereas sibeprenlimab and zigakibart exclusively inhibit APRIL signaling. 
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Table 1. Representative physiological functions of a proliferation-inducing ligand (APRIL) and B-cell activating factor of the TNF family (BAFF).
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	Cytokine
	Mediated by
	Function





	APRIL
	TACI
	B cell isotype switching



	
	
	T-cell-dependent and -independent antibody response



	
	
	Differentiation of B cell to plasmablast



	
	
	Plasma cell and long-lived plasma cell survival



	
	
	Production of antiapoptotic protein



	
	BCMA
	Plasmablast and plasma cell survival



	BAFF
	BAFF-R
	B cell survival and maturation



	
	TACI
	Regulation of B cell survival and proliferation



	
	
	T-cell-independent antibody response



	
	
	Promotion of long-lived plasma cell survival



	
	
	Class switch recombination induction



	
	BCMA
	B cell development







TACI, transmembrane activator and calcium-modulator and cyclophilin-ligand interactor; BCMA, B-cell maturation antigen; BAFF-R, the BAFF receptor.













 





Table 2. Recently completed, ongoing, or upcoming clinical trials of anti-plasma cell, and anti-APRIL/BAFF therapies in IgA nephropathy.






Table 2. Recently completed, ongoing, or upcoming clinical trials of anti-plasma cell, and anti-APRIL/BAFF therapies in IgA nephropathy.













	Agent
	Clinical Trial Name
	Phase
	Target
	Registration No.
	Route of Administration





	Felzartamab
	IGNAZ
	II
	CD38
	NCT05065970
	IV (depending on the arms)



	Mezagitamab
	
	I
	CD38
	NCT05174221
	Weekly SC



	Bortezomib
	
	II
	Proteasome
	NCT05383547
	IV (monthly cycle)



	Sibeprenlimab
	ENVISION
	II
	APRIL
	NCT04287985
	4-weekly IV



	
	VISIONARY
	III
	APRIL
	NCT05248646
	4-weekly SC



	
	
	II/III
	APRIL
	NCT05248659
	4-weekly SC (single-arm, open-label)



	Ataticept
	JANUS
	II
	APRIL + BAFF
	NCT02808429
	Weekly SC



	
	ORIGIN
	IIb
	APRIL + BAFF
	NCT04716231
	Weekly SC



	Telitacicept
	
	II
	APRIL + BAFF
	NCT04905212
	4-weekly SC



	
	
	III
	APRIL + BAFF
	NCT05799287
	Weekly SC

/2-weekly SC



	Zigakibart
	ADU-CL-19
	I/II
	APRIL
	NCT0