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Anti-glomerular basement membrane (GBM) disease is a rare but life-threatening autoimmune disorder characterized by rapidly progressive glomerulonephritis with or without pulmonary hemorrhage. Renal biopsies of anti-GBM patients predominantly show linear deposition of IgG and complement component 3 (C3), indicating a close association between antigen-antibody reactions and subsequent complement activation in the pathogenesis of the disease. All three major pathways of complement activation, including the classical, lectin, and alternative pathways, are involved in human anti-GBM disease. Several complement factors, such as C3, C5b-9, and factor B, show a positive correlation with the severity of the renal injury and act as risk factors for renal outcomes. Furthermore, compared to patients with single positivity for anti-GBM antibodies, individuals who are double-seropositive for anti-neutrophil cytoplasmic antibody (ANCA) and anti-GBM antibodies exhibit a unique clinical phenotype that lies between ANCA-associated vasculitis (AAV) and anti-GBM disease. Complement activation may serve as a potential “bridge” for triggering both AAV and anti-GBM conditions. The aim of this article is to provide a comprehensive review of the latest clinical evidence regarding the role of complement activation in anti-GBM disease. Furthermore, potential therapeutic strategies targeting complement components and associated precautions are discussed, to establish a theoretical basis for complement-targeted therapies.
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1 Introduction

Over 100 years ago, it was discovered that complement serves as a mediator to activate the innate immune pathway, playing a crucial role in defending against microbial invasion and immune surveillance. However, upon exposure to pathogens or contact with foreign surfaces, improper activation, and immune dysregulation can cause the complement system to shift from a defense mechanism to an attacking system, thereby becoming a primary pathogenic mechanism for numerous diseases (1). Specifically, autoimmune system dysregulation leads to the accumulation of immune complexes that cannot be cleared from the body. Subsequently, the complement system remains continuously activated due to stimulation by immune complexes, recruiting immune cells to launch attacks against self-tissues, resulting in tissue and organ damage and the occurrence of autoimmune diseases (2).

Anti-glomerular basement membrane (anti-GBM) disease is a rare autoimmune disease characterized by the deposition of anti-GBM antibodies in the kidneys and/or lungs, primarily affecting the glomerular capillaries or pulmonary capillaries. The annual incidence of the disease is 1.64 per million, with a 5-year renal survival rate of 34% (3, 4). It is worth noting that low levels of anti-GBM antibodies can also be detected in the general population, even when they fall below the “clinically positive” range (5).

In addition to anti-GBM disease, autoimmune disorders such as rheumatoid arthritis and systemic lupus erythematosus have also exhibited immune responses targeting self-antigens several years before the clinical onset (6, 7). Undeniably, antibodies have the potential to induce immune system attacks and directly damage target organs. However, in cases where antibodies persist for a prolonged period before clinical symptoms appear, complement system dysregulation may serve as a major contributing factor in the amplification of pathogenic factors, ultimately disrupting immune tolerance and leading to disease progression (5, 8). It is worth noting that the presence of antineutrophil cytoplasmic antibody (ANCA) positivity in patients with anti-GBM disease may be associated with more severe clinical manifestations and a poorer prognosis (9, 10). The coexistence of these two conditions could be attributed to intermolecular epitope spreading or the emergence of new antigenic epitopes (11, 12). However, the exact relationship between this phenomenon and complement system activation is currently unclear. Given that the kidney is highly sensitive to complement-mediated damage, it becomes particularly important to clarify the role of complement in anti-GBM disease. Furthermore, targeting the complement system to protect cells or tissues from immune system attack may provide benefits that outweigh the potential harms associated with suppressing complement and weakening the body’s defenses (13). Therefore, targeted therapies aimed at the complement system may hold tremendous potential in the treatment of autoimmune kidney diseases.




2 Overview of anti-GBM disease

The main characteristic of anti-GBM disease is the production of pathogenic autoantibodies called anti-GBM antibodies, which primarily target the type IV collagen antigen in the glomerular and alveolar basement membranes (14). Research has revealed that type IV collagen is a triple-helical structure composed of α3, α4, and α5 chains, and the interactions between non-collagenous domains, such as hydrogen bonds, ionic bonds, and van der Waals forces, lead to the formation of hexameric structures in the GBM (15). The hexameric structure of the GBM serves as a barrier to prevent the interaction between antigens and antibodies. However, under the influence of specific factors, the hexameric structure becomes disrupted, resulting in the exposure of the cryptic antigenic α3 chain non-collagenous domain (α3NC1). This exposed domain is recognized by anti-GBM antibodies, leading to the formation of immune complexes and serving as the initial trigger for the autoimmune response (16). Subsequently, the complement system is activated, leading to a cascade reaction, generating complement cleavage products and inflammatory mediators, recruiting neutrophils to the damaged glomerular basement membrane area, and releasing cytokines and chemokines to attract and activate other immune cells, amplifying the inflammatory response (17, 18). Eventually, the excessive inflammatory reaction causes damage to the glomerular basement membrane and alveolar basement membrane, resulting in acute glomerulonephritis and pulmonary hemorrhage syndrome (19, 20) (Figure 1).




Figure 1 | Complement-mediated acute glomerulonephritis and pulmonary hemorrhage. In the human glomerular basement membrane (GBM), the non-collagenous domain of the α3 chain of type IV collagen binds to self-anti-GBM antibodies, forming immune complexes and activating the complement system in situ. This triggers the recruitment of immune cells to attack the GBM and alveolar basement membrane, leading to the development of acute glomerulonephritis and pulmonary hemorrhage syndrome.



It is commonly postulated that a complex interplay of genetic factors, environmental influences, infections, and medications may contribute to the onset of anti-GBM disease (21). It has been observed that α3(IV)NC1 is predominantly localized to the basement membranes of the glomeruli, alveoli, brain, eyes, and inner ear, exhibiting a relatively restricted distribution (22). According to available data, around 90% of patients exhibit renal involvement, primarily presenting as acute glomerulonephritis, and in severe cases, it can progress to renal failure (23). About 40%-60% of patients experience pulmonary inflammation and injury, with pulmonary hemorrhage being the initial symptom in severe cases. Failure to intervene promptly can result in respiratory distress and pose a life-threatening risk (23–25). It is reassuring to note that this percentage has been trending downward in recent studies (15%-35%) due to early detection and early intervention of the disease (3, 4, 26). The treatment of anti-GBM disease, along with other autoimmune disorders in this category, remains a significant challenge. Although treatment modalities such as high-dose corticosteroids, plasma exchange, and immunosuppressive agents can mitigate the progression of anti-GBM disease, they do not offer a definitive cure (14). Of greater concern, our understanding of the disease’s recurrence patterns and triggers remains limited. Anti-GBM disease may relapse at various time points or be influenced by different triggering factors, ultimately leading to the occurrence of end-stage renal failure.




3 Complement activation found in anti-GBM disease

Complement, a group of endogenously produced proteins, constitutes an essential component of the immune system, closely intertwined with both innate and adaptive immune responses. The primary functions of the complement system encompass pathogen elimination, inflammatory reactions, antibody-mediated cytotoxicity, and immune modulation (27). Particularly in autoimmune diseases, including anti-GBM disease, the excessive activation of the complement system plays a pivotal role in the onset and progression of the disease. Research suggests that in a mouse model of anti-GBM-mediated glomerulonephritis, mice lacking the Fc-γ receptors chain, which is essential for complement receptor binding, in either inflammatory cells or resident kidney cells, exhibit near-complete complement system paralysis (28). Consequently, no urinary albumin was observed following kidney injury. As anticipated, the absence of albuminuria was also observed in FcR-γ chain and component 3 (C3) double-knockout mice, providing robust evidence for the involvement of the complement system in the pathogenesis of anti-GBM disease (28). Complement primarily induces localized rather than systemic immune responses leading to renal damage (29). Additionally, the levels of serum C3 deposition in glomeruli are positively correlated with the risk of renal failure (30). Complement appears to be linked not only to the extent of renal injury but also to the formation of crescents. For example, glomeruli with crescents demonstrate more intense complement deposition and greater severity of renal damage compared to glomeruli without crescents (31). Specifically, complement activation triggers the formation of the membrane attack complex (MAC), which subsequently mediates endothelial cell apoptosis and paves the way for crucial damage caused by neutrophils and other immune cells to the GBM (32, 33). Ultimately, crescents consisting of endothelial cells, immune cells, and cellular debris are formed within the glomeruli, exacerbating glomerular injury and deterioration of renal function (34–36). Conversely, in mice deficient in C6, the inability to assemble the C6-C9 complex and form the MAC helps them resist renal damage induced by anti-GBM antibodies. This study’s findings offer further confirmation, from an alternative standpoint, of the complement system’s role in renal injury in anti-GBM disease (37). Next, we will discuss the role of complement in anti-GBM disease by examining each of the three complement pathways individually. And evidence for complement activation in anti-GBM patients is presented in Table 1.


Table 1 | Evidence for complement activation in anti-GBM disease.






4 Complement activation pathways in anti-GBM disease



4.1 The classical pathway

The complement system is primarily activated through three main pathways: the classical pathway, the lectin pathway, and the alternative pathway. In patients with anti-GBM disease, IgG antibodies are produced, which subsequently target self-antigens, forming immune complexes that bind with C1q. This sequential activation involves complement components such as C4 and C2, leading to the formation of C3 convertase and C5 convertase. Ultimately, the terminal pathway of the three pathways is activated, resulting in the cleavage of C5 into C5b, which then associates with C6, C7, C8, and C9 to form the MAC (46). The MAC formation creates pores on the cell surface, inducing cell lysis and subsequent death of cells or pathogens. This process is regarded as the activation of the classical complement pathway (Figure 2).




Figure 2 | Complement cascade schematic illustration. There are three pathways involved in complement-mediated renal involvement, namely the classical, lectin, and alternative pathways. The classical pathway can be activated by the complex formation of antigens and antibodies. When mannose-binding lectin (MBL) binds to serine proteases, known as mannose-associated serine proteases (MASP1 and MASP2), the lectin pathway is activated. The alternative pathway is initiated when complement C3 covalently binds to microbial surfaces and undergoes cleavage, resulting in the formation of C3b. Each pathway ultimately generates active C3 convertases, leading to the cleavage of C3 into C3a and C3b fragments. C3b can then interact with C4b2a or C3bBb, generating C5 convertases. Under the action of C5 convertases, C5 is cleaved into C5a and C5b. C5b binds to cell membranes and, along with C6, C7, C8, and C9, forms the membrane attack complex (MAC), leading to cell lysis. Additionally, complement products such as C3a, C4a, and C5a act as anaphylatoxins and chemotaxis, attracting and activating immune cells, thereby inducing an inflammatory response.



Research has demonstrated that in the presence of C1q, administration of anti-C1q antibodies results in the binding and deposition of C1q and anti-C1q antibodies in the glomeruli, leading to increased renal damage in anti-GBM antibody-pre-treated mice (38). Moreover, in patients with the anti-GBM disease, C1q deposition along the glomerular capillary wall (GCW) and Bowman’s capsule is detectable in nearly all examined glomeruli, and it co-localizes well with the terminal complement complex C5b-9 (39). In contrast, in a model of renal injury induced by exogenous anti-GBM antibodies, mice deficient in C1q exhibit significantly reduced renal damage (28). This outcome can be partially attributed to the blockade of classical pathway initiation following C1q knockout, thereby inhibiting complement activation and preventing renal injury. However, conventional renal biopsy examinations often fail to demonstrate C1q deposition in immunofluorescence tests (47). Additionally, other research has not found a correlation between the intensity of C1q deposition and the clinical characteristics of patients (39). One potential explanation is that, compared to other autoimmune diseases such as systemic lupus erythematosus, anti-C1q antibodies in anti-GBM patients are generally present at lower levels, making it difficult for them to bind to C1q and deposit in the kidneys (38).




4.2 The lectin pathway

Mannose-binding lectin (MBL) is an important soluble pattern recognition molecule that activates the lectin pathway. In contrast to the classical pathway, which primarily relies on antigen-antibody interactions, the lectin pathway primarily depends on the binding of lectins on the pathogen surface to activated lectin receptors on the cell surface, and this binding typically occurs on immune cell surfaces (48). Specifically, when the MBL complex binds to the surface of pathogens, MBL-associated serine proteases (MASP-1 and MASP-2) are activated, initiating the complement cascade, leading to the cleavage and activation of C4 and C2, and subsequently activating the complement system (49) (Figure 2). The lectin pathway primarily contributes to the inflammatory response by activating immune cells and releasing inflammatory mediators to combat pathogens (50). In contrast, the classical pathway not only triggers an inflammatory response but also directly destroys pathogens and marks them for clearance by immune cells. Overall, these two pathways play complementary roles in the immune system.

In anti-GBM patients, the elevation of plasma and urinary MBL levels indicates the involvement of the lectin pathway (29). It has been reported that MBL diffusely deposits in the glomerular capillary walls, mesangial areas, GBM, and even crescents (39, 40). MBL co-localizes with partial C4d but not with C5b-9. Based on this, a study suggests that the lectin pathway may not be involved in complement activation in human anti-GBM disease (45). However, considering that MBL primarily participates in the early stages of complement activation, its triggering role in complement activation cannot be ruled out, even though it does not co-localize with C5b-9. Indeed, both MASP-2 deficient mice and mice treated with MASP-2 inhibitors exhibit reduced tubulointerstitial damage and decreased proteinuria, demonstrating the protective effect of inhibiting the lectin pathway on the kidneys (41). Previously, anti-GBM antibodies were thought to mainly belong to the immunoglobulin G subclass 1 (IgG1). Interestingly, there have been reports suggesting the presence of circulating anti-GBM antibodies predominantly of the IgG4 subclass, which may lead to false-negative results in immune detection of anti-GBM disease (51, 52). Despite IgG4 subclass antibodies being considered to have lower complement activation capacity due to their inability to bind to C1q, they can still activate the lectin complement pathway by binding to MBL, leading to complement system activation and substantial deposition in the kidneys (42, 43).




4.3 The alternative pathway

Compared to the other two pathways, the alternative pathway does not require the involvement of antibodies or lectins. Instead, it primarily relies on the activation or cleavage of endogenous molecules within the body, such as complement C3, factor B, factor D, and others (53). This also means that the activation of the alternative pathway is largely a spontaneous and non-specific process. Specifically, C3 in the plasma is cleaved into C3a and C3b. C3b, along with blood proteins like factor B and factor D, binds to specific surface structures of microbes and self-molecules in the bodily fluid, forming the C3 convertase and activating the terminal complement pathway (Figure 2). It is important to note that the alternative pathway and the classical pathway are not isolated entities; they can mutually influence and cross-activate each other under certain circumstances (54). For example, specific surface structures of pathogens may simultaneously activate these two pathways, thereby triggering a more robust immune response (55).

In the anti-GBM model, the occurrence of inflammatory cell infiltration and renal damage has been observed in mice with a specific knockout of the shared complement component C4 in the classical and lectin pathways. Similarly, in mice with a double knockout of C1q and C4, deposition of C3 complexes can also be detected (28, 44). These facts demonstrate that despite the blockade of the classical and lectin pathways, complement activation can still occur solely through the alternative pathway, ultimately leading to kidney injury. Factor B, which is exclusive to the alternative complement pathway, plays a distinct role in differentiating it from the other two pathways. It has been reported that Factor B can deposit along the GCW in a linear and granular pattern and exhibits good co-localization with C5b-9 (45). Compared to non-crescentic glomeruli, crescentic glomeruli exhibit significantly stronger deposition of Factor B (45). These findings provide clearer indications of alternative complement pathway activation. Notably, one major function of the alternative pathway is to amplify the activation of the classical pathway. Once the classical pathway is activated, components of the alternative pathway, such as Factor B, Factor D, and C3b, are recruited and participate in the complement activation process, interacting with the activation products of the classical pathway to further enhance complement activation (53, 54). Therefore, through this amplification loop, the alternative pathway not only engages in the complement activation process but also reinforces the activation effect of the classical pathway (56).





5 Comparing complement pathways in anti-GBM disease and other autoimmune disorders

Autoimmune diseases refer to a group of conditions in which the immune system abnormally turns against the body’s own healthy tissues and cells. In addition to anti-GBM disease, this category encompasses disorders such as systemic lupus erythematosus (SLE), rheumatoid arthritis, ANCA-associated vasculitis (AAV), and more (57). In comparison to anti-GBM disease, other autoimmune disorders also involve the activation of multiple complement pathways, but the antibodies forming immune complexes differ significantly. These include antinuclear antibodies, double-stranded DNA antibodies, ANCA, and rheumatoid factors, marking a fundamental distinction from anti-GBM disease (58, 59). In addition, in the context of anti-GBM disease, the activation of complement and the deposition of its components occur specifically on the glomerular basement membrane of the kidneys. This triggers a cascade of inflammatory reactions and cellular damage, ultimately resulting in the development of acute glomerulonephritis. However, in other autoimmune diseases, this pathological process occurs across multiple organs and tissues, such as the kidneys, skin, and joints, leading to a wide range of inflammatory responses and tissue injuries (60, 61). Notably, in SLE, complement levels reflect disease activity and severity to some extent, whereas measuring complement components in anti-GBM diseases has limited application in diagnostic and therapeutic monitoring (62, 63). In the management of these diseases, interventions targeting the complement pathway exhibit variations. In patients with anti-GBM disease, the primary approach involves the utilization of immunosuppressants and plasma exchange to suppress the production of self-antibodies and reduce complement activation (64, 65). Conversely, for other autoimmune diseases, treatment strategies may encompass the administration of immunosuppressants, nonsteroidal anti-inflammatory drugs (NSAIDs), and biologic agents to alleviate inflammatory responses and modulate the functionality of the immune system (66, 67). Excitingly, there is a growing anticipation that complement modulators hold promising potential as a potential therapeutic target for the majority of autoimmune diseases, including anti-GBM disease (57, 67, 68).




6 Double-seropositive for ANCA and anti-GBM antibodies

Among all autoimmune diseases, anti-GBM patients are most prone to develop anti-neutrophil cytoplasmic antibody (ANCA) positivity, typically in the form of anti-myeloperoxidase (MPO) antibodies. These individuals, referred to as antibody double-seropositive patients (DPPs), comprise approximately 20-35% of the total anti-GBM population (22). Conversely, up to 10% of ANCA-positive patients exhibit circulating anti-GBM antibodies as well (9, 69). In this patient population, a confluence of features is observed, combining ANCA-associated vasculitis and anti-GBM disease traits. These include severe renal illness, pulmonary hemorrhage, and diverse symptoms across various organs and tissues due to vascular damage (such as fever, fatigue, sinusitis, joint pain, etc.). Unfortunately, the majority of these patients demonstrate a suboptimal response to treatment and experience a poorer renal prognosis (70, 71). However, studies have also reported that DPPs have a higher average age compared to single-antibody-positive patients, and it is believed that the prognosis of DPPs depends on the titers of the antibodies (26, 72). Currently, known factors predicting survival rates include severe renal failure, advanced age, and the presence of pulmonary hemorrhage at the onset of the disease (73). Interestingly, ANCA positivity can also occur in circulating antibody-negative anti-GBM disease patients (74). Although the mechanisms and underlying connections between the simultaneous occurrence of these two diseases are not fully elucidated, research suggests that there are no significant specific differences in the antigens present in the serum between double-seropositive and single-antibody-positive patients (anti-GBM antibody or ANCA) (75). However, whether these two diseases involve interconnected complement activation pathways or mutually influence each other’s complement activation mechanisms remains uncertain.

Based on available data, anti-GBM antibodies can appear years to decades after ANCA antibodies. Both antibodies can coexist and persist for several years before experiencing a sharp increase in levels weeks to months before clinical disease onset (5). Traditionally, it has been believed that the self-degradation and remodeling of basement membranes lead to the exposure of hidden epitopes (76). However, recent research in AAV has uncovered that proteases released by ANCA-activated neutrophils digest Col (IV), leading to the exposure of α3(IV)NC1. CD11c+ macrophages then present GBM epitopes, triggering the host’s immune system to generate anti-GBM antibodies (12). In simple terms, AAV disrupts the hexameric structure of the GBM, exposing self-antigens stored within the GBM and triggering an anti-GBM response. Furthermore, due to varying affinities of antibodies for different tissues, both clinically and histologically, double-seropositive patients (DPPs) exhibit extrarenal manifestations similar to those observed in AAV patients, while their renal manifestations resemble those seen in anti-GBM disease patients (70). However, the precise role of the complement system in this process remains inadequately understood. Reports indicate a decrease in serum complement levels and an increase in renal complement deposition in patients with ANCA-associated glomerulonephritis (77, 78). Furthermore, in comparison to single antibody-positive patients, DPPs exhibit a lower trend in serum C3 and C4 levels, indicating a higher degree of complement activation in DPPs (79). And DPPs demonstrate a higher rate of primary disease recurrence, suggesting that the cascading complement activation might be one of the reasons for the more severe pathological changes observed in DPPs (73). It is worth noting that the total complement capacity appears to be limited within a short period, which may explain the less pronounced decrease in complement levels in DPPs compared to single antibody-positive diseases.




7 The impact of therapeutic plasma exchange on the complement system

Standard treatment for anti-GBM disease includes cyclophosphamide, corticosteroids, and therapeutic plasma exchange (TPE), a combined therapy that was first proposed in 1976 and continues to be used today (80). Currently, guidelines still recommend adopting the mentioned approach for treatment, even in the absence of pulmonary hemorrhage, except in cases of limited renal function (those on dialysis at presentation, with 100% crescents or > 50% global glomerulosclerosis in an adequate biopsy sample, and no pulmonary hemorrhage) (81, 82). Additionally, as long as renal function is viable, TPE should be continued until anti-GBM titers are no longer detectable (81). Some researchers have even proposed that high-dose intravenous glucocorticoids may not be necessary for anti-GBM disease following timely TPE and other necessary treatments (23). TPE involves the removal of plasma along with large molecular substances such as self-antibodies, immune complexes, and toxins through centrifugation or filtration. Studies have shown that the addition of TPE to corticosteroids and cyclophosphamide treatment improves overall survival, particularly in anti-GBM patients with initial treatment presenting a serum creatinine level higher than 6.8 mg/dL and concurrent pulmonary hemorrhage when conventional therapy fails to improve renal outcomes (83). DPPs exhibit multi-organ damage, including renal involvement, and TPE has been demonstrated to rapidly and effectively remove antibodies and inflammatory mediators, including complement (84). Immunoadsorption (IAS) is an alternative therapy to TPE, offering increased specificity. After blood separation in separator device, plasma passes through highly selective adsorption columns, targeting specific antibodies or complement molecules for precise and rapid removal of pathogenic factors. The impact of immunoadsorption on anti-GBM antibody titers is currently being investigated (NCT02765789). Existing research has demonstrated that IAS can effectively remove cellular cytokines, such as complement C3a and tumor necrosis factor-α. Moreover, IAS has shown comparable efficacy to TPE in clearing anti-GBM antibodies and promoting renal repair (85, 86).

In fact, most studies primarily focus on the clearance rate of antibodies during TPE, while the clearance effect on complement remains understudied. Furthermore, despite improvements, non-self materials can still activate complement during the process of blood passing through dialyzers and extracorporeal circuits, leading to dialysis-related inflammation (87, 88). Currently, complement C3 inhibitors (such as peptide-based matrix metalloproteinase inhibitor 101 or complement c5 convertase inhibitor 40) may hold promise in intervening in dialysis-related inflammation for patients undergoing chronic dialysis (89, 90). Additionally, the risks associated with dialysis have also spurred the development of complement inhibitors for non-dialysis patients.




8 The application of complement regulators in anti-GBM disease

There is no doubt that significant progress has been made in the development of drugs targeting the complement system. Serine proteases, including Cinryze, Cetor, Berinert, Ruconest, and C5 inhibitors such as eculizumab, have been approved for the treatment of complement-related disorders (2, 91). Eculizumab, an anti-C5 humanized monoclonal antibody, can block the cleavage of C5 and inhibit the formation of C5b-9 (92). Currently, it is primarily approved for paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome, or used for its non-specific anti-inflammatory effects in the intervention of AAV (93). Considering the crucial role of C5 in complement activation, targeting C5 may represent an effective therapeutic approach for anti-GBM disease, although C5 blockade does not reverse the initial driving factors of the disease. High circulating levels of C5b-9, along with positive staining in renal biopsies of anti-GBM patients, confirm the activation of the terminal complement cascade, providing a rationale for the use of Eculizumab. It is important to note that the C5-blocking effect of Eculizumab can alleviate glomerular inflammation and reduce proteinuria, but it does not decrease complement deposition in the kidneys (94). In life-threatening organ damage seen in Goodpasture syndrome, Eculizumab even has the potential to block complement-driven lung injury (95). Therefore, despite the high cost of treatment, C5 and C5a inhibitors may serve as targeted anti-inflammatory agents to mitigate renal injury.

In addition to treating primary anti-GBM disease, further research is warranted on targeting the complement system to improve outcomes related to post-transplant recurrence. Among 224 patients who underwent renal allograft transplantation for anti-GBM disease between 1963 and 2010, six patients experienced a recurrence of anti-GBM disease, with graft failure occurring in two cases (96). As early as 20 years ago, when immunosuppressive agents were limited, studies reported a high recurrence rate of 14% in anti-GBM disease (97). Therefore, considering the higher incidence of disease recurrence following allograft kidney transplantation in the presence of anti-GBM antibodies, it is crucial to ensure low titers of anti-GBM antibodies before transplantation. Indeed, despite delaying transplantation and implementing standardized immunosuppressive regimens, sporadic cases of recurrence still occur (98, 99). Furthermore, disease recurrence has been observed even in the absence of serum anti-GBM antibodies (100, 101). The occurrence of such cases may be attributed to the presence of specific subtypes of anti-GBM antibodies that are not detectable by the tests currently employed (102, 103). Additionally, it cannot be ruled out that the levels of anti-GBM antibodies may fall below the detection range, while the amplifying effect of the complement cascade could potentially contribute to disease recurrence. Currently, research has shown that blocking complement activation through the use of serine protease inhibitors, such as C1 esterase inhibitors, or terminal complement pathway inhibitors can prevent delayed graft function and reduce rejection reactions, ultimately improving graft survival (104, 105). Currently, the use of eculizumab is being investigated in kidney transplant recipients to counteract antibody-mediated rejection and complement-mediated injury (NCT02113891, NCT01327573).




9 Considerations for complement-targeted therapy

The deficiency of complement components can also lead to the accumulation of immune complexes and cellular debris, reflecting the intricate role of complement in renal diseases (106). For instance, in an experimental animal model of anti-GBM disease, the knockout of C3 worsened glomerular injury (28). This may be attributed to the loss of C3-mediated clearance of antigen-antibody complexes, resulting in increased deposition of immune complexes and exacerbation of glomerular injury. Furthermore, studies have reported that defects in factor H of the alternative pathway lead to uncontrolled complement activation and deposition of complement on glomeruli, while supplementation of factor H can inhibit C3 deposition on the GBM (106, 107). Therefore, not all detected complement components are pathogenic, and the activation of the complement system is not always harmful to the body. When using complement-targeted therapies, it is essential to rigorously evaluate the effects on complement to avoid the inappropriate use of complement modulators. Furthermore, inhibiting or modulating the function of the complement system may reduce the body’s ability to resist infections, making patients more susceptible to pathogen invasion. Studies have reported that patients treated with eculizumab may face a significant risk of severe infections caused by microorganisms such as gonococcus and meningococcus (108, 109). Therefore, during complement-targeted treatment, it is crucial to closely monitor the risk of treatment-related infections and assess the potential benefits and risks. The continuation of this treatment approach is only meaningful when the benefits outweigh the risks.

Notably, complement inhibition therapy is an emerging treatment strategy, and currently, there are no available biomarkers to predict the response of renal diseases to complement inhibition (110). Thus, the identification of biomarkers that can predict the response of kidney disease patients to complement blockade therapy is one of the current research priorities. Due to the complexity of renal diseases and individual variations, the response of patients to complement inhibition therapy can vary significantly. The use of complement inhibitors requires individualized strategies based on the severity of the condition and complement levels. For instance, during the acute phase of complement-mediated renal diseases, the choice of complement modulators tends to focus on directly targeting key steps in complement activation, such as C3/C5 antibodies or C3a/C5a receptor antagonists. These drugs can effectively inhibit the effects of C3a/C5a and the formation of MAC, thereby reducing the release of inflammatory mediators and cell damage (110). Conversely, in the chronic phase, the treatment goal is to alleviate complement-mediated inflammation and fibrosis while preserving renal function stability. For example, the therapeutic effects of small interfering RNA may be delayed but could prove cost-effective in long-term strategies (111). Overall, in different scenarios, the selection of appropriate complement modulators may require a more comprehensive consideration of the underlying pathological mechanisms of the disease and individual characteristics.




10 Conclusion

In conclusion, the role of complement in anti-GBM disease is both complex and crucial. It plays a dual role in regulating the antigen-antibody immune response and activating the inflammatory process through complement cascade reactions, thereby directly or indirectly causing damage to the glomeruli. It is evident that all three complement activation pathways are involved in the pathogenesis of anti-GBM disease. Moreover, complement activation is present not only in patients with classic anti-GBM disease, but also in patients who are double positive for ANCA and anti-GBM antibodies. The degree of complement activation is positively correlated with the severity of the disease. Research on the complement system contributes to a deeper understanding of the pathogenesis of anti-GBM disease and provides a foundation for the development of complement-targeted therapeutics.





Author contributions

This study was a collaborative effort among all authors. AT and XZ were involved in writing the manuscript. TT, DX, and BX contributed to manuscript revisions. YH, and ML provided final approval. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the National Natural Science Foundation of China (81973831, 82274482), and the Research Project of Hospital of Chengdu University of Traditional Chinese (H2021107). Chuan Cai She [2023] No. 2 Healthcare Service and Protection Capacity Enhancement (Traditional Chinese Medicine Business Inheritance and Development Part) Scientific Research (CJDB2023079).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Ricklin, D, Reis, ES, and Lambris, JD. Complement in disease: A defence system turning offensive. Nat Rev Nephrol (2016) 12(7):383–401. doi: 10.1038/nrneph.2016.70

2. Ricklin, D, Mastellos, DC, Reis, ES, and Lambris, JD. The renaissance of complement therapeutics. Nat Rev Nephrol (2018) 14(1):26–47. doi: 10.1038/nrneph.2017.156

3. van Daalen, EE, Jennette, JC, McAdoo, SP, Pusey, CD, Alba, MA, Poulton, CJ, et al. Predicting outcome in patients with anti-gbm glomerulonephritis. Clin J Am Soc Nephrol (2018) 13(1):63–72. doi: 10.2215/CJN.04290417

4. Canney, M, O'Hara, PV, McEvoy, CM, Medani, S, Connaughton, DM, Abdalla, AA, et al. Spatial and temporal clustering of anti-glomerular basement membrane disease. Clin J Am Soc Nephrol (2016) 11(8):1392–9. doi: 10.2215/CJN.13591215

5. Olson, SW, Arbogast, CB, Baker, TP, Owshalimpur, D, Oliver, DK, Abbott, KC, et al. Asymptomatic autoantibodies associate with future anti-glomerular basement membrane disease. J Am Soc Nephrol (2011) 22(10):1946–52. doi: 10.1681/ASN.2010090928

6. Bemis, EA, Norris, JM, Seifert, J, Frazer-Abel, A, Okamoto, Y, Feser, ML, et al. Complement and its environmental determinants in the progression of human rheumatoid arthritis. Mol Immunol (2019) 112:256–65. doi: 10.1016/j.molimm.2019.05.012

7. Weinstein, A, Alexander, RV, and Zack, DJ. A review of complement activation in sle. Curr Rheumatol Rep (2021) 23(3):16. doi: 10.1007/s11926-021-00984-1

8. Cui, Z, Wang, HY, and Zhao, MH. Natural autoantibodies against glomerular basement membrane exist in normal human sera. Kidney Int (2006) 69(5):894–9. doi: 10.1038/sj.ki.5000135

9. Rutgers, A, Slot, M, van Paassen, P, van Breda Vriesman, P, Heeringa, P, and Tervaert, JW. Coexistence of anti-glomerular basement membrane antibodies and myeloperoxidase-ancas in crescentic glomerulonephritis. Am J Kidney Dis (2005) 46(2):253–62. doi: 10.1053/j.ajkd.2005.05.003

10. Dammacco, F, Battaglia, S, Gesualdo, L, and Racanelli, V. Goodpasture's disease: A report of ten cases and a review of the literature. Autoimmun Rev (2013) 12(11):1101–8. doi: 10.1016/j.autrev.2013.06.014

11. Yu, JT, Li, JN, Wang, J, Jia, XY, Cui, Z, and Zhao, MH. Deglycosylation of myeloperoxidase uncovers its novel antigenicity. Kidney Int (2017) 91(6):1410–9. doi: 10.1016/j.kint.2016.12.012

12. Nishibata, Y, Nonokawa, M, Tamura, Y, Higashi, R, Suzuki, K, Hayashi, H, et al. Possible implication of intermolecular epitope spreading in the production of anti-glomerular basement membrane antibody in anti-neutrophil cytoplasmic antibody-associated vasculitis. Clin Exp Rheumatol (2022) 40(4):691–704. doi: 10.55563/clinexprheumatol/6oq9du

13. Cheung, CK, Dormer, JP, and Barratt, J. The role of complement in glomerulonephritis - are novel therapies ready for prime time? Nephrol Dial Transplant (2022) 38(8):1789–97. doi: 10.1093/ndt/gfac296

14. Lahmer, T, and Heemann, U. Anti-glomerular basement membrane antibody disease: A rare autoimmune disorder affecting the kidney and the lung. Autoimmun Rev (2012) 12(2):169–73. doi: 10.1016/j.autrev.2012.04.002

15. Kuang, H, Liu, J, Jia, XY, Cui, Z, and Zhao, MH. Autoimmunity in anti-glomerular basement membrane disease: A review of mechanisms and prospects for immunotherapy. Am J Kidney Dis (2023) 81(1):90–9. doi: 10.1053/j.ajkd.2022.07.006

16. Pedchenko, V, Bondar, O, Fogo, AB, Vanacore, R, Voziyan, P, Kitching, AR, et al. Molecular architecture of the goodpasture autoantigen in anti-gbm nephritis. N Engl J Med (2010) 363(4):343–54. doi: 10.1056/NEJMoa0910500

17. Gronloh, MLB, Arts, JJG, and van Buul, JD. Neutrophil transendothelial migration hotspots - mechanisms and implications. J Cell Sci (2021) 134(7). doi: 10.1242/jcs.255653

18. Ooi, JD, Holdsworth, SR, and Kitching, AR. Advances in the pathogenesis of goodpasture's disease: from epitopes to autoantibodies to effector T cells. J Autoimmun (2008) 31(3):295–300. doi: 10.1016/j.jaut.2008.04.005

19. Koopman, JJE, van Essen, MF, Rennke, HG, de Vries, APJ, and van Kooten, C. Deposition of the membrane attack complex in healthy and diseased human kidneys. Front Immunol (2020) 11:599974. doi: 10.3389/fimmu.2020.599974

20. Koscielska-Kasprzak, K, Bartoszek, D, Myszka, M, Zabinska, M, and Klinger, M. The complement cascade and renal disease. Arch Immunol Ther Exp (Warsz) (2014) 62(1):47–57. doi: 10.1007/s00005-013-0254-x

21. Segelmark, M, and Hellmark, T. Autoimmune kidney diseases. Autoimmun Rev (2010) 9(5):A366–71. doi: 10.1016/j.autrev.2009.11.007

22. Hellmark, T, and Segelmark, M. Diagnosis and classification of goodpasture's disease (Anti-Gbm). J Autoimmun (2014) 48-49:108–12. doi: 10.1016/j.jaut.2014.01.024

23. McAdoo, SP, and Pusey, CD. Anti-glomerular basement membrane disease. Clin J Am Soc Nephrol (2017) 12(7):1162–72. doi: 10.2215/CJN.01380217

24. Lazor, R, Bigay-Game, L, Cottin, V, Cadranel, J, Decaux, O, Fellrath, JM, et al. Alveolar hemorrhage in anti-basement membrane antibody disease: A series of 28 cases. Med (Baltimore) (2007) 86(3):181–93. doi: 10.1097/md.0b013e318067da56

25. Reggiani, F, L'Imperio, V, Calatroni, M, Pagni, F, and Sinico, RA. Goodpasture syndrome and anti-glomerular basement membrane disease. Clin Exp Rheumatol (2023) 41(4):964–74. doi: 10.55563/clinexprheumatol/tep3k5

26. Zhu, M, Wang, J, Le, W, Xu, F, Jin, Y, Jiao, C, et al. Relationship between Anti-Gbm antibodies and kidney outcomes in patients with Anti-Gbm disease. J Nephrol (2023) 36(3):789–97. doi: 10.1007/s40620-022-01508-5

27. Pouw, RB, and Ricklin, D. Tipping the balance: intricate roles of the complement system in disease and therapy. Semin Immunopathol (2021) 43(6):757–71. doi: 10.1007/s00281-021-00892-7

28. Otten, MA, Groeneveld, TW, Flierman, R, Rastaldi, MP, Trouw, LA, Faber-Krol, MC, et al. Both complement and Igg fc receptors are required for development of attenuated antiglomerular basement membrane nephritis in mice. J Immunol (2009) 183(6):3980–8. doi: 10.4049/jimmunol.0901301

29. Ma, R, Cui, Z, Liao, YH, and Zhao, MH. Complement activation contributes to the injury and outcome of kidney in human anti-glomerular basement membrane disease. J Clin Immunol (2013) 33(1):172–8. doi: 10.1007/s10875-012-9772-2

30. Zhu, M, Wang, J, Le, W, Xu, F, Jin, Y, Jiao, C, et al. Relationship between Serum Complement C3 Levels and Outcomes among Patients with Anti-Gbm Disease. Front Immunol (2022) 13:929155. doi: 10.3389/fimmu.2022.929155

31. Shen, CR, Jia, XY, Cui, Z, Yu, XJ, and Zhao, MH. Clinical-pathological features and outcome of atypical anti-glomerular basement membrane disease in a large single cohort. Front Immunol (2020) 11:2035. doi: 10.3389/fimmu.2020.02035

32. Hughes, J, Nangaku, M, Alpers, CE, Shankland, SJ, Couser, WG, and Johnson, RJ. C5b-9 membrane attack complex mediates endothelial cell apoptosis in experimental glomerulonephritis. Am J Physiol Renal Physiol (2000) 278(5):F747–57. doi: 10.1152/ajprenal.2000.278.5.F747

33. Riedl, M, Noone, DG, Khan, MA, Pluthero, FG, Kahr, WHA, Palaniyar, N, et al. Complement activation induces neutrophil adhesion and neutrophil-platelet aggregate formation on vascular endothelial cells. Kidney Int Rep (2017) 2(1):66–75. doi: 10.1016/j.ekir.2016.08.015

34. Anguiano, L, Kain, R, and Anders, HJ. The glomerular crescent: triggers, evolution, resolution, and implications for therapy. Curr Opin Nephrol Hypertens (2020) 29(3):302–9. doi: 10.1097/MNH.0000000000000596

35. Lan, HY, Nikolic-Paterson, DJ, and Atkins, RC. Involvement of activated periglomerular leukocytes in the rupture of bowman's capsule and glomerular crescent progression in experimental glomerulonephritis. Lab Invest (1992) 67(6):743–51.

36. Magil, AB, and Wadsworth, LD. Monocyte involvement in glomerular crescents: A histochemical and ultrastructural study. Lab Invest (1982) 47(2):160–6.

37. Groggel, GC, Salant, DJ, Darby, C, Rennke, HG, and Couser, WG. Role of terminal complement pathway in the heterologous phase of antiglomerular basement membrane nephritis. Kidney Int (1985) 27(4):643–51. doi: 10.1038/ki.1985.59

38. Trouw, LA, Groeneveld, TW, Seelen, MA, Duijs, JM, Bajema, IM, Prins, FA, et al. Anti-C1q autoantibodies deposit in glomeruli but are only pathogenic in combination with glomerular C1q-containing immune complexes. J Clin Invest (2004) 114(5):679–88. doi: 10.1172/JCI21075

39. Hu, SY, Jia, XY, Yang, XW, Yu, F, Cui, Z, and Zhao, MH. Glomerular C1q deposition and serum anti-C1q antibodies in anti-glomerular basement membrane disease. BMC Immunol (2013) 14:42. doi: 10.1186/1471-2172-14-42

40. Lhotta, K, Wurzner, R, and Konig, P. Glomerular deposition of mannose-binding lectin in human glomerulonephritis. Nephrol Dial Transplant (1999) 14(4):881–6. doi: 10.1093/ndt/14.4.881

41. Alghadban, S, Kenawy, HI, Dudler, T, Schwaeble, WJ, and Brunskill, NJ. Absence of the lectin activation pathway of complement ameliorates proteinuria-induced renal injury. Front Immunol (2019) 10:2238. doi: 10.3389/fimmu.2019.02238

42. Ma, H, Sandor, DG, and Beck, LH Jr. The role of complement in membranous nephropathy. Semin Nephrol (2013) 33(6):531–42. doi: 10.1016/j.semnephrol.2013.08.004

43. Chinello, C, de Haan, N, Capitoli, G, Trezzi, B, Radice, A, Pagani, L, et al. Definition of igg subclass-specific glycopatterns in idiopathic membranous nephropathy: aberrant igg glycoforms in blood. Int J Mol Sci (2022) 23(9):4664. doi: 10.3390/ijms23094664

44. Sheerin, NS, Springall, T, Carroll, MC, Hartley, B, and Sacks, SH. Protection against anti-glomerular basement membrane (Gbm)-mediated nephritis in C3- and C4-deficient mice. Clin Exp Immunol (1997) 110(3):403–9. doi: 10.1046/j.1365-2249.1997.4261438.x

45. Ma, R, Cui, Z, Hu, SY, Jia, XY, Yang, R, Zheng, X, et al. The alternative pathway of complement activation may be involved in the renal damage of human anti-glomerular basement membrane disease. PloS One (2014) 9(3):e91250. doi: 10.1371/journal.pone.0091250

46. Bomback, AS, Markowitz, GS, and Appel, GB. Complement-mediated glomerular diseases: A tale of 3 pathways. Kidney Int Rep (2016) 1(3):148–55. doi: 10.1016/j.ekir.2016.06.005

47. Fischer, EG, and Lager, DJ. Anti-glomerular basement membrane glomerulonephritis: A morphologic study of 80 cases. Am J Clin Pathol (2006) 125(3):445–50. doi: 10.1309/nptp-4ukv-7ju3-elmq

48. Garred, P, Genster, N, Pilely, K, Bayarri-Olmos, R, Rosbjerg, A, Ma, YJ, et al. A journey through the lectin pathway of complement-Mbl and beyond. Immunol Rev (2016) 274(1):74–97. doi: 10.1111/imr.12468

49. Dobo, J, Pal, G, Cervenak, L, and Gal, P. The emerging roles of Mannose-Binding Lectin-Associated Serine Proteases (Masps) in the lectin pathway of complement and beyond. Immunol Rev (2016) 274(1):98–111. doi: 10.1111/imr.12460

50. De Pascale, G, Cutuli, SL, Pennisi, MA, and Antonelli, M. The role of mannose-binding lectin in severe sepsis and septic shock. Mediators Inflammation (2013) 2013:625803. doi: 10.1155/2013/625803

51. Ohlsson, S, Herlitz, H, Lundberg, S, Selga, D, Molne, J, Wieslander, J, et al. Circulating anti-glomerular basement membrane antibodies with predominance of subclass Igg4 and false-negative immunoassay test results in anti-glomerular basement membrane disease. Am J Kidney Dis (2014) 63(2):289–93. doi: 10.1053/j.ajkd.2013.08.032

52. Qin, J, Zhu, T, Zhang, H, and Ou, S. An atypical anti-gbm disease complicated by idiopathic nodular glomerulosclerosis: case report. Clin Nephrol (2023) 99(2):98–104. doi: 10.5414/CN110962

53. Liszewski, MK, and Atkinson, JP. Alternative pathway activation: ever ancient and ever new. Immunol Rev (2023) 313(1):60–3. doi: 10.1111/imr.13132

54. de Boer, EC, Thielen, AJ, Langereis, JD, Kamp, A, Brouwer, MC, Oskam, N, et al. The contribution of the alternative pathway in complement activation on cell surfaces depends on the strength of classical pathway initiation. Clin Transl Immunol (2023) 12(1):e1436. doi: 10.1002/cti2.1436

55. Shaughnessy, J, Chabeda, A, Lewis, LA, and Ram, S. Alternative pathway amplification and infections. Immunol Rev (2023) 313(1):162–80. doi: 10.1111/imr.13160

56. Lukawska, E, Polcyn-Adamczak, M, and Niemir, ZI. The role of the alternative pathway of complement activation in glomerular diseases. Clin Exp Med (2018) 18(3):297–318. doi: 10.1007/s10238-018-0491-8

57. Galindo-Izquierdo, M, and Pablos Alvarez, JL. Complement as a therapeutic target in systemic autoimmune diseases. Cells (2021) 10(1):148. doi: 10.3390/cells10010148

58. Xiao, ZX, Miller, JS, and Zheng, SG. An updated advance of autoantibodies in autoimmune diseases. Autoimmun Rev (2021) 20(2):102743. doi: 10.1016/j.autrev.2020.102743

59. Thurman, JM, Frazer-Abel, A, and Holers, VM. The evolving landscape for complement therapeutics in rheumatic and autoimmune diseases. Arthritis Rheumatol (2017) 69(11):2102–13. doi: 10.1002/art.40219

60. Chen, M, Jayne, DRW, and Zhao, MH. Complement in anca-associated vasculitis: mechanisms and implications for management. Nat Rev Nephrol (2017) 13(6):359–67. doi: 10.1038/nrneph.2017.37

61. Jia, C, Tan, Y, and Zhao, M. The complement system and autoimmune diseases. Chronic Dis Transl Med (2022) 8(3):184–90. doi: 10.1002/cdt3.24

62. Ayano, M, and Horiuchi, T. Complement as a biomarker for systemic lupus erythematosus. Biomolecules (2023) 13(2):367. doi: 10.3390/biom13020367

63. Lindblom, J, Mohan, C, and Parodis, I. Diagnostic, predictive and prognostic biomarkers in systemic lupus erythematosus: current insights. Curr Opin Rheumatol (2022) 34(2):139–49. doi: 10.1097/BOR.0000000000000862

64. Cervantes, CE, Bloch, EM, and Sperati, CJ. Therapeutic plasma exchange: core curriculum 2023. Am J Kidney Dis (2023) 81(4):475–92. doi: 10.1053/j.ajkd.2022.10.017

65. Moroni, G, and Ponticelli, C. Rapidly progressive crescentic glomerulonephritis: early treatment is a must. Autoimmun Rev (2014) 13(7):723–9. doi: 10.1016/j.autrev.2014.02.007

66. Scott, DL, Wolfe, F, and Huizinga, TW. Rheumatoid arthritis. Lancet (2010) 376(9746):1094–108. doi: 10.1016/S0140-6736(10)60826-4

67. Mohamed, A, Chen, Y, Wu, H, Liao, J, Cheng, B, and Lu, Q. Therapeutic advances in the treatment of Sle. Int Immunopharmacol (2019) 72:218–23. doi: 10.1016/j.intimp.2019.03.010

68. Chen, K, Deng, Y, Shang, S, Tang, L, Li, Q, Bai, X, et al. Complement factor B inhibitor lnp023 improves lupus nephritis in Mrl/Lpr mice. BioMed Pharmacother (2022) 153:113433. doi: 10.1016/j.biopha.2022.113433

69. Jayne, DR, Marshall, PD, Jones, SJ, and Lockwood, CM. Autoantibodies to gbm and neutrophil cytoplasm in rapidly progressive glomerulonephritis. Kidney Int (1990) 37(3):965–70. doi: 10.1038/ki.1990.72

70. Srivastava, A, Rao, GK, Segal, PE, Shah, M, and Geetha, D. Characteristics and outcome of crescentic glomerulonephritis in patients with both antineutrophil cytoplasmic antibody and anti-glomerular basement membrane antibody. Clin Rheumatol (2013) 32(9):1317–22. doi: 10.1007/s10067-013-2268-5

71. Levy, JB, Hammad, T, Coulthart, A, Dougan, T, and Pusey, CD. Clinical features and outcome of patients with both anca and anti-Gbm antibodies. Kidney Int (2004) 66(4):1535–40. doi: 10.1111/j.1523-1755.2004.00917.x

72. Bosch, X, Mirapeix, E, Font, J, Borrellas, X, Rodriguez, R, Lopez-Soto, A, et al. Prognostic implication of anti-neutrophil cytoplasmic autoantibodies with myeloperoxidase specificity in anti-glomerular basement membrane disease. Clin Nephrol (1991) 36(3):107–13.

73. McAdoo, SP, Tanna, A, Hruskova, Z, Holm, L, Weiner, M, Arulkumaran, N, et al. Patients double-seropositive for anca and anti-gbm antibodies have varied renal survival, frequency of relapse, and outcomes compared to single-seropositive patients. Kidney Int (2017) 92(3):693–702. doi: 10.1016/j.kint.2017.03.014

74. Guo, N, Yin, Q, Lei, S, He, Y, and Fu, P. Atypical anti-glomerular basement membrane disease with anti-gbm antibody negativity and anca positivity: A case report. BMC Nephrol (2021) 22(1):53. doi: 10.1186/s12882-021-02232-1

75. Hellmark, T, Niles, JL, Collins, AB, McCluskey, RT, and Brunmark, C. Comparison of anti-gbm antibodies in sera with or without anca. J Am Soc Nephrol (1997) 8(3):376–85. doi: 10.1681/ASN.V83376

76. Abrahamson, DR, and St John, PL. Loss of laminin epitopes during glomerular basement membrane assembly in developing mouse kidneys. J Histochem Cytochem (1992) 40(12):1943–53. doi: 10.1177/40.12.1280666

77. Xing, GQ, Chen, M, Liu, G, Heeringa, P, Zhang, JJ, Zheng, X, et al. Complement activation is involved in renal damage in human antineutrophil cytoplasmic autoantibody associated pauci-immune vasculitis. J Clin Immunol (2009) 29(3):282–91. doi: 10.1007/s10875-008-9268-2

78. Choi, H, Kim, Y, Jung, SM, Song, JJ, Park, YB, and Lee, SW. Low serum complement 3 level is associated with severe anca-associated vasculitis at diagnosis. Clin Exp Nephrol (2019) 23(2):223–30. doi: 10.1007/s10157-018-1634-7

79. Hu, X, Shen, C, Meng, T, Ooi, JD, Eggenhuizen, PJ, Zhou, YO, et al. Clinical features and prognosis of Mpo-anca and Anti-Gbm double-seropositive patients. Front Immunol (2022) 13:991469. doi: 10.3389/fimmu.2022.991469

80. Lockwood, CM, Rees, AJ, Pearson, TA, Evans, DJ, Peters, DK, and Wilson, CB. Immunosuppression and plasma-exchange in the treatment of goodpasture's syndrome. Lancet (1976) 1(7962):711–5. doi: 10.1016/s0140-6736(76)93089-0

81. Beck, LH Jr., Ayoub, I, Caster, D, Choi, MJ, Cobb, J, Geetha, D, et al. Kdoqi us commentary on the 2021 kdigo clinical practice guideline for the management of glomerular diseases. Am J Kidney Dis (2023) 82(2):121–75. doi: 10.1053/j.ajkd.2023.02.003

82. Rovin, BH, Adler, SG, Barratt, J, Bridoux, F, Burdge, KA, Chan, TM, et al. Executive summary of the kdigo 2021 guideline for the management of glomerular diseases. Kidney Int (2021) 100(4):753–79. doi: 10.1016/j.kint.2021.05.015

83. Cui, Z, Zhao, J, Jia, XY, Zhu, SN, Jin, QZ, Cheng, XY, et al. Anti-glomerular basement membrane disease: outcomes of different therapeutic regimens in a large single-center chinese cohort study. Med (Baltimore) (2011) 90(5):303–11. doi: 10.1097/MD.0b013e31822f6f68

84. Gulati, K, and Pusey, CD. Plasma exchange as an adjunctive therapy in anti-neutrophil cytoplasm antibody-associated vasculitis. Expert Rev Clin Immunol (2023) 19(4):417–30. doi: 10.1080/1744666X.2023.2184354

85. Biesenbach, P, Kain, R, Derfler, K, Perkmann, T, Soleiman, A, Benharkou, A, et al. Long-term outcome of anti-glomerular basement membrane antibody disease treated with immunoadsorption. PloS One (2014) 9(7):e103568. doi: 10.1371/journal.pone.0103568

86. Tetta, C, Cavaillon, JM, Schulze, M, Ronco, C, Ghezzi, PM, Camussi, G, et al. Removal of cytokines and activated complement components in an experimental model of continuous plasma filtration coupled with sorbent adsorption. Nephrol Dial Transplant (1998) 13(6):1458–64. doi: 10.1093/ndt/13.6.1458

87. DeAngelis, RA, Reis, ES, Ricklin, D, and Lambris, JD. Targeted complement inhibition as a promising strategy for preventing inflammatory complications in hemodialysis. Immunobiology (2012) 217(11):1097–105. doi: 10.1016/j.imbio.2012.07.012

88. Ekdahl, KN, Soveri, I, Hilborn, J, Fellstrom, B, and Nilsson, B. Cardiovascular disease in haemodialysis: role of the intravascular innate immune system. Nat Rev Nephrol (2017) 13(5):285–96. doi: 10.1038/nrneph.2017.17

89. Mastellos, DC, Reis, ES, Biglarnia, AR, Waldman, M, Quigg, RJ, Huber-Lang, M, et al. Taming hemodialysis-induced inflammation: are complement C3 inhibitors a viable option? Clin Immunol (2019) 198:102–5. doi: 10.1016/j.clim.2018.11.010

90. Reis, ES, DeAngelis, RA, Chen, H, Resuello, RR, Ricklin, D, and Lambris, JD. Therapeutic C3 inhibitor cp40 abrogates complement activation induced by modern hemodialysis filters. Immunobiology (2015) 220(4):476–82. doi: 10.1016/j.imbio.2014.10.026

91. Mastellos, DC, Ricklin, D, and Lambris, JD. Clinical promise of next-generation complement therapeutics. Nat Rev Drug Discovery (2019) 18(9):707–29. doi: 10.1038/s41573-019-0031-6

92. Nithagon, P, Cortazar, F, Shah, SI, Weins, A, Laliberte, K, Jeyabalan, A, et al. Eculizumab and complement activation in anti-glomerular basement membrane disease. Kidney Int Rep (2021) 6(10):2713–7. doi: 10.1016/j.ekir.2021.07.001

93. Jayne, DRW, Merkel, PA, Schall, TJ, Bekker, P, and Group, AS. Avacopan for the treatment of anca-associated vasculitis. N Engl J Med (2021) 384(7):599–609. doi: 10.1056/NEJMoa2023386

94. Smith, RJH, Appel, GB, Blom, AM, Cook, HT, D'Agati, VD, Fakhouri, F, et al. C3 glomerulopathy - understanding a rare complement-driven renal disease. Nat Rev Nephrol (2019) 15(3):129–43. doi: 10.1038/s41581-018-0107-2

95. Sobotta, M, Moerer, O, and Gross, O. Case report: eculizumab and ecmo rescue therapy of severe ards in goodpasture syndrome. Front Med (Lausanne) (2021) 8:720949. doi: 10.3389/fmed.2021.720949

96. Tang, W, McDonald, SP, Hawley, CM, Badve, SV, Boudville, NC, Brown, FG, et al. Anti-glomerular basement membrane antibody disease is an uncommon cause of end-stage renal disease. Kidney Int (2013) 83(3):503–10. doi: 10.1038/ki.2012.375

97. Briggs, JD, and Jones, E. Renal transplantation for uncommon diseases. Scientific advisory board of the era-edta registry. European renal association-european dialysis and transplant association. Nephrol Dial Transplant (1999) 14(3):570–5. doi: 10.1093/ndt/14.3.570

98. Sauter, M, Schmid, H, Anders, HJ, Heller, F, Weiss, M, and Sitter, T. Loss of a renal graft due to recurrence of anti-gbm disease despite rituximab therapy. Clin Transplant (2009) 23(1):132–6. doi: 10.1111/j.1399-0012.2008.00912.x

99. Khandelwal, M, McCormick, BB, Lajoie, G, Sweet, J, Cole, E, and Cattran, DC. Recurrence of anti-gbm disease 8 years after renal transplantation. Nephrol Dial Transplant (2004) 19(2):491–4. doi: 10.1093/ndt/gfg393

100. Thibaud, V, Rioux-Leclercq, N, Vigneau, C, and Morice, S. Recurrence of Goodpasture Syndrome without Circulating Anti-Glomerular Basement Membrane Antibodies after Kidney Transplant, a Case Report. BMC Nephrol (2019) 20(1):6. doi: 10.1186/s12882-018-1197-6

101. Isobe, S, Tomosugi, T, Futamura, K, Okada, M, Hiramitsu, T, Tsujita, M, et al. A case of recurrent atypical anti-glomerular basement membrane nephritis suspicion after renal transplantation. Nephron (2020) 144 Suppl 1:49–53. doi: 10.1159/000511625

102. Olaru, F, Wang, XP, Luo, W, Ge, L, Miner, JH, Kleinau, S, et al. Proteolysis breaks tolerance toward intact alpha345(Iv) collagen, eliciting novel anti-glomerular basement membrane autoantibodies specific for alpha345nc1 hexamers. J Immunol (2013) 190(4):1424–32. doi: 10.4049/jimmunol.1202204

103. Wang, XP, Fogo, AB, Colon, S, Giannico, G, Abul-Ezz, SR, Miner, JH, et al. Distinct epitopes for anti-glomerular basement membrane alport alloantibodies and goodpasture autoantibodies within the noncollagenous domain of alpha3(Iv) collagen: A janus-faced antigen. J Am Soc Nephrol (2005) 16(12):3563–71. doi: 10.1681/ASN.2005060670

104. Eerhart, MJ, Reyes, JA, Blanton, CL, Danobeitia, JS, Chlebeck, PJ, Zitur, LJ, et al. Complement blockade in recipients prevents delayed graft function and delays antibody-mediated rejection in a nonhuman primate model of kidney transplantation. Transplantation (2022) 106(1):60–71. doi: 10.1097/TP.0000000000003754

105. Yu, ZX, Qi, S, Lasaro, MA, Bouchard, K, Dow, C, Moore, K, et al. Targeting complement pathways during cold ischemia and reperfusion prevents delayed graft function. Am J Transplant (2016) 16(9):2589–97. doi: 10.1111/ajt.13797

106. Casiraghi, F, Ordonez, PYR, Azzollini, N, Todeschini, M, Rottoli, D, Donadelli, R, et al. Amnion epithelial cells are an effective source of factor H and prevent kidney complement deposition in factor H-deficient mice. Stem Cell Res Ther (2021) 12(1):332. doi: 10.1186/s13287-021-02386-7

107. Fakhouri, F, de Jorge, EG, Brune, F, Azam, P, Cook, HT, and Pickering, MC. Treatment with human complement factor H rapidly reverses renal complement deposition in factor H-deficient mice. Kidney Int (2010) 78(3):279–86. doi: 10.1038/ki.2010.132

108. Crew, PE, Abara, WE, McCulley, L, Waldron, PE, Kirkcaldy, RD, Weston, EJ, et al. Disseminated gonococcal infections in patients receiving eculizumab: A case series. Clin Infect Dis (2019) 69(4):596–600. doi: 10.1093/cid/ciy958

109. Konar, M, and Granoff, DM. Eculizumab treatment and impaired opsonophagocytic killing of meningococci by whole blood from immunized adults. Blood (2017) 130(7):891–9. doi: 10.1182/blood-2017-05-781450

110. Fakhouri, F, Schwotzer, N, Golshayan, D, and Fremeaux-Bacchi, V. The rational use of complement inhibitors in kidney diseases. Kidney Int Rep (2022) 7(6):1165–78. doi: 10.1016/j.ekir.2022.02.021

111. Zanchi, C, Locatelli, M, Cerullo, D, Aumiller, V, Corna, D, Rottoli, D, et al. Therapeutic small interfering rna targeting complement C3 in a mouse model of C3 glomerulopathy. J Immunol (2022) 208(7):1772–81. doi: 10.4049/jimmunol.2100730




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Tang, Zhao, Tao, Xie, Xu, Huang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1229806-g001.jpg
! Endothelial
i cell

Podocyte
» foot process

: Glomerular
: basement membrane

____________________________________________

Pulmonary
haemorrhage

Rapidly progressive
glomerulonephritis

Immune-related cells

C1q

,7%36@

Collagen type IV

attract

..................................................

active

Y]

C2-C9
Complemet system





OEBPS/Images/fimmu-14-1229806-g002.jpg
Classical pathway Lectin pathway Alternative pathway
C1q % MBL %

cicts) MASP1JMASP2
@

Active MBL "4 C3a
complex C3b
N j
.CZ
caa O
— I -
convertase
cs I\" @ caa 3 .
eonvertase - S L anaphylatoxin
@ 0 \
o X inflammatory

response






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2023.1229806_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Unleashing the power of complement
activation: unraveling renal damage in
human anti-glomerular basement
membrane disease





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Unleashing the power of complement activation: unraveling renal damage in human anti-glomerular basement membrane disease

      

        		

          1 Introduction

        



        		

          2 Overview of anti-GBM disease

        



        		

          3 Complement activation found in anti-GBM disease

        



        		

          4 Complement activation pathways in anti-GBM disease

        

          		

            4.1 The classical pathway

          



          		

            4.2 The lectin pathway

          



          		

            4.3 The alternative pathway

          



        



        



        		

          5 Comparing complement pathways in anti-GBM disease and other autoimmune disorders

        



        		

          6 Double-seropositive for ANCA and anti-GBM antibodies

        



        		

          7 The impact of therapeutic plasma exchange on the complement system

        



        		

          8 The application of complement regulators in anti-GBM disease

        



        		

          9 Considerations for complement-targeted therapy

        



        		

          10 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Evidence References

Complement involved in

the pathogenesis of anti- (28)
GBM
(29)
(30)
(31)
(37)
Activation of the Classical (28)
pathway
(38)
(39)
Activation of the lectin (29)
pathway
(39, 40)
(41)
(42, 43)
Activation of the (28, 44)

alternative pathway

(45)

y 9s

In a mouse model of anti-GBM-mediated glomerulonephritis, FcR-gamma-chain (-/-) mice were unable to bind to
complement receptors, which in turn failed to activate the complement system and therefore failed to produce
albuminuria.

Patients with anti-GBM diseases have elevated plasma and urine levels of the terminal complement complex C5b-9.
Levels of C3 deposition in glomeruli positively correlate with risk of renal failure.
Higher incidence of complement component deposition in crescent-shaped glomeruli.

C6-deficient mice are unable to form membrane attack complex, which attenuates anti-GBM antibody-induced kidney
injury.
Clq knockout mice have significantly reduced kidney injury.

Clq and anti-Clq antibodies bind to form immune complexes and are deposited in the glomeruli, leading to increased
renal injury in mice pretreated with anti-GBM antibodies.

Clq was detected in the glomeruli of almost all anti-GBM patients examined, where it was deposited linearly along the
glomerular capillary wall and Bowman’s capsule and co-localized with the terminal complement complex C5b-9.

MBL levels are elevated in plasma and urine in anti-GBM patients.

Renal biopsy shows diffuse deposition of MBL in glomeruli.

Renal tissue injury is attenuated in both MASP-2-deficient and MASP-2 inhibitor-treated mice

Circulating anti-GBM antibodies (mainly IgG4 subclass) activate the lectin complement pathway

When the classical and lectin pathways are blocked, complement can be activated by alternative pathways.

Factor B is deposited linearly and granularly along the glomerular capillary wall and is highly co-localized with C5b-9.

In crescentic glomeruli, factor B is deposited at a higher rate.

anti-GBM, Anti-glomerular basement membrane; MBL, Mannose-binding lectin; MASP-2, MBL-associated serine proteases 2.





