

[image: Urinary complement biomarkers in immune-mediated kidney diseases]
Urinary complement biomarkers in immune-mediated kidney diseases





REVIEW

published: 03 June 2024

doi: 10.3389/fimmu.2024.1357869

[image: image2]


Urinary complement biomarkers in immune-mediated kidney diseases


Vartika Kesarwani 1†, Muhammad Hamza Bukhari 2†, J. Michelle Kahlenberg 3 and Shudan Wang 4*


1 Division of Rheumatology, Department of Medicine, Emory University School of Medicine, Atlanta, GA, United States, 2 Department of Medicine, Johns Hopkins Howard County Medical Center, Columbia, MD, United States, 3 Division of Rheumatology, Department of Medicine, University of Michigan, Columbia, MI, United States, 4 Division of Rheumatology, Department of Medicine, Montefiore Medical Center / Albert Einstein College of Medicine, Bronx, NY, United States




Edited by: 

Vijay Kumar, Morehouse School of Medicine, United States

Reviewed by: 

Precil Diego Miranda de Menezes Neves, University of São Paulo, Brazil

Bradley Patton Dixon, University of Colorado Anschutz Medical Campus, United States

*Correspondence: 

Shudan Wang
 shudanwang87@gmail.com
 shuwang@montefiore.org







†These authors have contributed equally to this work and share first authorship



Received: 18 December 2023

Accepted: 09 May 2024

Published: 03 June 2024

Citation:
Kesarwani V, Bukhari MH, Kahlenberg JM and Wang S (2024) Urinary complement biomarkers in immune-mediated kidney diseases. Front. Immunol. 15:1357869. doi: 10.3389/fimmu.2024.1357869



The complement system, an important part of the innate system, is known to play a central role in many immune mediated kidney diseases. All parts of the complement system including the classical, alternative, and mannose-binding lectin pathways have been implicated in complement-mediated kidney injury. Although complement components are thought to be mainly synthesized in the liver and activated in the circulation, emerging data suggest that complement is synthesized and activated inside the kidney leading to direct injury. Urinary complement biomarkers are likely a better reflection of inflammation within the kidneys as compared to traditional serum complement biomarkers which may be influenced by systemic inflammation. In addition, urinary complement biomarkers have the advantage of being non-invasive and easily accessible. With the rise of therapies targeting the complement pathways, there is a critical need to better understand the role of complement in kidney diseases and to develop reliable and non-invasive biomarkers to assess disease activity, predict treatment response and guide therapeutic interventions. In this review, we summarized the current knowledge on urinary complement biomarkers of kidney diseases due to immune complex deposition (lupus nephritis, primary membranous nephropathy, IgA nephropathy) and due to activation of the alternative pathway (C3 glomerulopathy, thrombotic microangiography, ANCA-associated vasculitis). We also address the limitations of current research and propose future directions for the discovery of urinary complement biomarkers.
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1 Introduction

The complement system plays a central role in the pathogenesis of many immune-mediated kidney diseases (1–4). All parts of the complement system, including dysfunction of the complement regulator proteins, have been implicated in complement mediated kidney injury (5). The complement system is activated through three pathways: the classical, alternative, and mannose-binding lectin pathways, and is tightly regulated by regulator proteins (6). These three pathways converge to form the membrane attack complex (MAC, C5b-9), which lyses pathogens (7) and induces sub lytic proinflammatory intracellular signaling in eukaryotes (8) in a variety of autoimmune settings such as lupus nephritis and anti-neutrophil cytoplasmic antibodies (ANCA) associated vasculitis.

Complement deposition in kidney tissue has been found in various glomerulonephritides, including lupus nephritis, membranous nephropathy, IgA nephropathy, C3 glomerulopathies, ANCA-associated vasculitis, and thrombotic microangiopathies (3, 9–11). Beyond immune complex deposition, emerging data shows that complement is being synthesized inside the kidney and can cause direct injury through various mechanisms such as 1) cytokine production contributing to interstitial inflammation (12), 2) direct stimulation of extracellular matrix production (12–15) and 3) activation of the renal renin angiotensin system leading to progressive kidney injury and damage (16).

With the rise of therapies targeting the complement system, there is a critical need to better understand the role of complement in kidney disease. Additionally, there is a need to discover dependable complement biomarkers that would be instrumental in evaluating disease severity and guide personalized treatments. Most studies of complement association with kidney diseases involve biomarkers of complement activation in serum or plasma and their deposition on the tissue surface, as seen on kidney tissue biopsy. However, the reliability of serum complement monitoring may be challenging as it can be affected by systemic inflammation. It is thought that complement-derived peptides in urine may be a better assessment of intrarenal complement activation (17, 18). For example, urine complement activation products are undetectable in healthy individuals (18), but significantly increased in patients with immune mediated kidney diseases such as lupus nephritis and IgA nephropathy (19). Urinary complement excretion correlated with complement deposition in kidney tissue, disease activity, proteinuria, creatinine and worse kidney outcomes in multiple studies (18, 20, 21). Therefore, it has been proposed that monitoring the dynamic changes in urinary complement proteins, rather than measuring serum complement levels, may better reflect the disease activity and pathogenic mechanisms and help guide therapeutic interventions. In addition, urinary biomarkers have the advantage of being non-invasive and easily accessible, as compared to complement immunohistochemistry staining on kidney tissue, which will require a kidney biopsy.

The overall purpose of this review is to assess the available evidence regarding the role of urinary complement biomarkers in monitoring disease activity, determining prognosis, and assessing treatment response in patients with immune-mediated kidney diseases. We will also discuss the limitations of these urinary biomarkers and the future for developing commercial assays for these diseases.




2 The pathways of complement activation

The complement system is an essential part of the innate immune system, which is composed of over 20 proteins that work together to destroy pathogenic organisms, activate and control the adaptive immune response. The complement system can be activated through three different pathways: (a) the classical pathway or “antibody-dependent activation,” (b) the alternative pathway or the “antibody-independent activation,” and (c) the mannose-binding lectin (MBL) pathway (6).

The parts of the three complement pathways are summarized in Figure 1 . In brief, the classical pathway is initiated by C1q binding to the Fc portion of the IgM and IgG antibodies (antigen-antibody complex), which activates the serine proteases C1r and C1s. The activated C1s then cleaves the C4 into C4a and C4b, and C2 into C2a and C2b. The C4b and C2b fragments combine to form the C3 convertase (C4bC2b) of the classical pathway (22).




Figure 1 | The pathways of complement activation and plasma derived complement regulators (in red).



The alternative pathway is constantly activated in the body by spontaneous hydrolysis of the C3 into C3a and C3b. C3b combines to factor B, to form C3bB. Factor B is then cleaved by factor D to yield the C3 convertase (C3bBb) of the alternative pathway. This C3 convertase is stabilized by the binding oligomers of factor P (properdin). The C3b generated from the above process further binds to the pathogenic cell surface to form more C3 convertase and therefore leads to the ‘amplification’ of the alternative pathway (6, 22).

The mannose-binding lectin (MBL) pathway is activated by the binding of MBL protein to the mannose residue found on the surface of many common pathogens. This in turn activates the MBL associated serine proteases (MASP), MASP-1 and MASP-2, which then cleaves C4 into C4a and C4b, and C2 to C2a and C2b. The C4b and C2b combine to form the C3 convertase (C4b2b) of the MBL pathway (23).

All three pathways converge to a common pathway that leads to cleavage of the inactive central component C3 to biologically active C3b and C3a fragments via the C3 convertase. The C3 convertase can then bind to another molecule of C3b to form the C5 convertase, which cleaves C5 into C5a and C5b. C5b combines with other complement proteins (C6, C7, C8, and C9) to form a membrane attack complex (MAC, C5b-9), part of the terminal complement pathway. The MAC attaches to the pathogen’s surface to form a transmembrane channel and leads to the osmotic lysis of the target cell in pathogens and induces sub lytic proinflammatory intracellular signaling in eukaryotes in a variety of autoimmune settings such as in lupus nephritis (7).

C5a and C3a formed during this process serve as potent chemo attractants that recruit other inflammatory cells such as neutrophils, eosinophils, monocytes, and T-lymphocytes to the site of injury. Other smaller fragments generated by complement lysis such as inactive C3b (iC3b), C3dg, and C3d serve as “opsonin” that tag the organism for destruction by other immune cells.

As uncontrolled activation of the complement system can damage the host tissue, it is tightly controlled by many regulatory proteins (24). These regulatory proteins, either circulating in plasma or attached to cell membranes, regulate the complement pathways at several critical stages: activation, amplification, and MAC formation. This regulation is achieved by preventing the formation of convertases, facilitating their rapid dissociation, and mediating the proteolysis of activation derived fragments. For instance, C1q, a plasma regulator protein, inhibits activation of the classical and MBL pathways by neutralizing the C1s/C1r and MASP complex. Additionally, several regulatory proteins, plasma-derived (C4 binding protein, factor H, factor I, properdin) and membrane-bound regulatory proteins (CD55, CD46, CD35, CSDM1) prevent the amplification of the complement pathway by preventing the formation of and promoting disassembly of the C3 and C5 convertases. Regulation also extends to the formation of the MAC; plasma proteins like, protein S or vitronectin and clusterin bind to MAC complex inhibiting its attachment to cell membranes. Conversely, CD59, a membrane-bound protein inhibits the final steps of MAC assembly on host tissues (25).

The imbalance between the complement activators and regulators is increasingly recognized as the pathogenic mechanism for many kidney diseases such as lupus nephritis, IgA nephropathy, atypical hemolytic uremic syndrome (aHUS), C3 glomerulopathy, and antineutrophil cytoplasmic antibody (ANCA) associated vasculitis, and among others which will be discussed in this review (26, 27).




3 Proposed mechanisms of complement-mediated kidney injury

Intrarenal complement production has been implicated in the pathogenesis of immune mediated kidney diseases. Although complement components are thought to be mainly produced in the liver and activated in the circulation, emerging data suggest complement is synthesized and activated inside the kidney and can lead to direct kidney injury (5, 28). The location of intrarenal complement synthesis is summarized in Figure 2. Complement activation can lead to tissue injury through 1) generation of chemoattractant (C3a and C5a) which lead to vascular permeability and leukocyte infiltration and 2) formation of the cytotoxic MAC that act to lyse cells and propagate inflammatory pathways (29). Table 1 summarizes the various pathways implicated in various immune-mediated kidney diseases.




Figure 2 | The endogenous synthesis of complement proteins by the kidney.




Table 1 | Complement pathways implicated in various kidney diseases.



There is a link between complement gene expression and tissue injury. Prior studies showed that the intrinsic kidney tubular epithelial cells and interstitial kidney cells express high level of complement genes such as C1q, C1r, C1s and C3 (5), which could cause kidney damage through the following potential mechanisms: 1) cytokine production contributing to interstitial inflammation (12), 2) direct stimulation of extracellular matrix production (12–15) and 3) activation of the renal renin angiotensin system (16). For example, Xavier et al. (2017) reported local synthesis of intracellular C1q by mouse kidney interstitial cells, leading to increased inflammation and kidney scarring via increased production of IL-6, monocyte chemoattractant protein-1 and macrophage inflammatory protein-1 (MIP1) alpha (13). However, other studies showed early complement component C1q function to clear apoptotic cells and immune complexes, where C1q-deficient individuals develop early onset of SLE (30).

To determine the role of C1 complex proteases C1r and C1s on kidney fibrosis, Xavier et al. (2019) found increased expression of both mRNA and protein levels of C1r and C1s in kidney tubular epithelial cells in mice with kidney fibrosis using both immunohistochemistry and in situ hybridization studies. In addition, mice with C1r deletion had reduced complement component C3, decreased acute inflammatory responses and reduced proliferation of connective tissue cells (e.g., platelet-derived growth factor receptor-β) during folic acid mediated tubulointerstitial fibrosis, as compared with mice with intact C1r (12). Another study showed C3 deposition in kidney tubules was found in mice with tubulointerstitial fibrosis. Inversely, C3 deficient mice had reduced C3 deposition in kidney tissues and reduced macrophage infiltration in kidney cells (12). These studies suggest activation of C3 through all three pathways may play a role in kidney injury.

The mannose binding lectin pathway has also been proposed to be involved in kidney injury. Studies showed that mice with MASP-2 and collectin 11 (CL11) deficiency, both key components of the lectin pathways, had less evidence of complement activation and kidney injury (31). CL11 was thought to propagate tubulointerstitial fibrosis through kidney fibroblast proliferation and leukocyte chemotaxis (32).

The formation of the MAC through the activation of the terminal pathway has been implicated in tubulointerstitial kidney injury based on animal nephrogenic models. Prior studies showed that complement sufficient rats had evidence of MAC deposition in the proximal kidney tubules, increased tubulointerstitial inflammation, and fibrosis (as evident by vimentin and osteopontin staining) as compared to C6-deficient rats (33, 34). However, there was no difference in C3 deposition between C6 sufficient and deficient rats, thereby emphasizing the role of the MAC in mediating tubular kidney damage in proteinuric kidney models (35, 36). Another study demonstrated that C6-deficient mice with proteinuric urine (which is nephrotoxic) had reduced progression of tubular injury and renal failure beyond a 35–70-day period. This suggests that complement activation may mediate long-term progressive tubulointerstitial injury beyond the initial acute stressors of kidney injury attributable to increased flow and angiotensin-2 activation (37). In our study of 30 lupus nephritis (LN) patients, we showed that MAC deposition in the kidney tubules was associated with interstitial fibrosis (IFTA), the histological equivalent of chronic, irreversible kidney damage (38). In addition, glomerular MAC deposition was associated with hypertension, male gender and poor response to standard lupus nephritis treatment (39).

Membrane-bound and soluble complement regulators have a protective role in controlling complement mediated inflammation. An imbalance of complement activation versus regulators may contribute to disease state. Laskowsky et al. (2016) found that a lack of expression of Factor H and complement receptor 1- related protein y (Crry) was associated with increased kidney inflammation and C3 deposition in kidney cells (40).

Bao et al. (2011) transplanted kidneys from Crry and C3 negative mice into hosts lacking C3a and/or C5a receptors. These authors found reduced tubulointerstitial inflammation and fibrosis in the C3a receptor-deficient mice (41). Peng et al. (2012) also demonstrated reduced ischemia-reperfusion injury in murine models lacking these receptors (42). Similarly, in lupus nephritis models, studies show increased survival and improved kidney disease with blockage of C5 and C5a receptors. Therefore, complement receptors also have a role in pathogenesis of kidney injury.

Elucidating the mechanisms of complement-mediated kidney injury is especially relevant given multiple complement targeting therapies are in the pipeline for a wide variety of kidney diseases including but not limited to lupus nephritis, IgA nephropathy, and ANCA associated vasculitis (29, 43). The complement drugs are targeting different parts of the complement pathways such as C5 inhibitors eculizumab and ravulizumab, C3 inhibitor (pegcetacoplan APL-2), C1 inhibitors, MASP 1 and MASP2 inhibitors, C5a inhibitors, and Complement Factor D inhibitors for a wide range of kidney diseases (44). Given the approval of iptacopan (inhibitor for Factor B) for paroxysmal nocturnal hemoglobinuria and its current investigation for several complement mediated kidney diseases, Factor B may also be an emerging potential target protein for future therapies involving complement inhibitors.




4 The rationale and evidence for urinary complement markers

Traditionally, complement deposition in kidney tissues has been shown to correlate with histological severity and disease activity (38, 39, 45). In addition, serum or plasma levels of complement activation products have been used to assess complement activation and disease activity. However, these serum and/or plasma complement products are neither sensitive nor specific in assessing disease activity and predicting treatment response as their levels can be confounded by systemic inflammation (46). Given the role of intrarenal complement activation, urinary complement products may better reflect disease activity.

Using lupus nephritis as an example, the current standard of practice for detection and monitoring of lupus nephritis involves the measurement of laboratory parameters such as proteinuria, urine protein: creatinine ratio, creatinine clearance, serum complement levels (C3, C4), and serum anti-dsDNA antibody levels. These markers are neither sensitive nor specific for lupus nephritis for various reasons. Firstly, they fail to differentiate between kidney disease activity (glomerular complement activation), which occurs earlier in the disease course from chronic kidney damage (47). Secondly, these markers are confounded by the preexisting chronic systemic inflammation in systemic lupus erythematosus (SLE) and therefore do not accurately reflect disease activity (48). The superiority of urinary complement biomarkers compared to conventional serum biomarkers was demonstrated in a study by Manzi et al. In this study of 31 patients with SLE, serum and urine complement levels were measured at 3 consecutive visits, 4 months apart. The authors found that complement split products C4d and Bb were more sensitive predictors of future moderate to severe disease activity than serum C3 and C4 (sensitivity 65 to 93% as compared to 53 to 64%), However, urinary C3d levels best correlated with kidney disease activity and were superior to all the plasma markers C3, C4d, Bb, C5b-9 and anti-dsDNA antibody levels in distinguishing patients with active lupus nephritis from those without (P-value =0.02) (49).

Kidney biopsy remains the gold standard for establishing the diagnosis, prognosis and for guidance of therapy in lupus nephritis (50). However, it is an invasive procedure and cannot be conducted serially. It has been proposed that urinary biomarkers reflect the real-time status of kidney inflammation and could therefore serve as ideal biomarkers of lupus nephritis. Urinary complement biomarkers have the advantage of being non-invasive and easily accessible. These biomarkers may delay or prevent the need for a kidney biopsy to evaluate disease progression in in various kidney diseases (51). More importantly, with the emergence of complement inhibitors, there is an urgent need for complement biomarkers to identify non-responders with excess complement activation and who may benefit from novel complement targeting therapies as part of precision medicine (44).




5 Methods used to assess complement proteins

For blood, urine and biopsy samples collected for analysis, ELISA or mass spectrometry have been the primary methods used to analyze complement proteins. Regarding sample collection, Brandwijk et al. did a literature review and noted that to assess individual complement markers in plasma, an EDTA tube should be used, processed within 1 hour and put on ice immediately. Sample should be centrifuged for 10 min at 2000xg at 4 degrees Celsius and then stored at -80 degrees Celsiusspectrometry (52).

Zhang et al. illustrated various ELISA kits available to detect urinary and plasma complement activation products in primary membranous nephropathy. They used kits by Quidel to detect MBL, C4d, Bb, properdin, C3a, C5a and soluble C5b-9 in plasma and urine samples. They followed a 5-step process which involved micro assay plates being pre coated with monoclonal antibodies specific to the complement being evaluated. The samples from urine and plasma were diluted and incubated at room temperature per the kit manufacturer’s instructions and subsequently horseradish peroxidase conjugated antibodies were added and bound to the complement components. Using the Biorad 550 kit, the results were recorded as net optical absorbance and the results were corrected by urine creatinine concentrations (53).

Mass spectrometry is another method for detecting complement products in urine, plasma, or biopsy samples. As in ELISA, different forms of commercially available kits and methods are used to analyze samples using mass spectrometry. As an example, our group detected over 18 urinary complement proteins using mass spectrometry. Briefly, approximately 500 microliters of urine were processed and centrifuged immediately after thawing for each sample. Buffer exchange was performed using spin filters with a 10 kDa molecular cutoff, and proteins were digested directly on the filter. Peptides eluted from the filters were separated using nano-liquid chromatography – for enhanced sensitivity – coupled online with high-resolution tandem mass spectrometry (Orbitrap Fusion Lumos, Thermo Scientific). All proteins detected were normalized by urine creatinine excretion to account for differences in concentration (19).

Sethi et al. analyzed kidney biopsy samples for complements and downstream protein analysis in different forms of glomerulonephritis. They used laser dissection of kidney biopsy samples to identify proteins in formalin-fixed-paraffin-embedded specimens. Proteins were then denatured and digested with a commercially available trypsin (Promega) and the resultant peptide was run through a QExactive-Plus mass spectrometer (Thermo-Fisher) coupled to a nano flow high performance liquid chromatography system. Resulting spectra were then analyzed using Mascot and X!Tandem (54).




6 Kidney diseases due to immune complex deposition



6.1 Lupus nephritis

Complement activation plays an essential role in the pathogenesis of lupus nephritis. The deposition of circulating immune complexes in the kidneys and subsequent activation of the classical complement pathway was considered the predominant mechanism mediating tissue injury in lupus nephritis (55). However, recent studies have demonstrated that the alternative pathway activation in lupus nephritis is also associated with worse kidney outcomes and poor treatment response compared to patients with glomerular classical pathway activation alone (55, 56). The role of the MBL pathway in the pathogenesis of lupus nephritis is not fully understood (57).

Given the known role of the classical complement pathway activation in lupus nephritis, some have investigated urinary markers C3d, a degradation product of C3, as a potential marker of classical pathway activation and lupus nephritis disease activity (58, 59). Negi et al., compared serum and urinary levels of C3d among 4 groups of patients (controls, SLE with inactive disease, SLE with active non-renal disease, SLE with active renal disease), and found that urinary C3d was better than serum C3d in differentiating active vs. nonactive SLE. Serum C3d was elevated in both active and nonactive SLE, while urine C3d was only elevated in active SLE with kidney involvement. Urinary C3d has a sensitivity of 100% and specificity of 88% in differentiation of active renal from extra renal SLE, which is better than the sensitivity of existing biomarkers of low serum C3 and high dsDNA (sensitivity of 63% and 88% respectively) (60). Another study by Kelly et al., compared the correlation of urinary C3d levels with proteinuria and found that urinary excretion of C3 fragment correlated with proteinuria among 28 SLE patients. However, this study was not conclusive because C3 fragments were also present among SLE patients with non-renal manifestations (61).

To evaluate the change in urinary C3 and C4 degradation products (C3d and C4d) over time as they relate to treatment response, Ganguly et al. measured urinary C3d and C4d levels among 28 patients with biopsy-proven active lupus nephritis, 4 patients with inactive lupus nephritis, and 10 healthy controls at baseline and at 3-month follow-up after lupus nephritis treatment (majority received cyclophosphamide) and assessed its correlation with disease activity scores (SLE disease activity index [SLEDAI] 2K, renal SLEDAI) and urinary protein/creatinine ratio (UPCR). The authors found urinary C3d/creatinine correlated with disease activity markers SLEDAI 2K, renal SLEDAI, and UPCR at baseline. A urinary C3d/creatinine cutoff of 67.39 ng/mg was found to have a sensitivity of 100% and a specificity of 75% in differentiating active from inactive lupus nephritis. They also found that responders had a bigger decrease in urinary C3d/creatinine levels 3 months post treatment, as compared to non-responders who had persistently elevated urinary C3d levels. However, this study did not find C4d to correlate with disease activity or treatment response. Therefore, this study concluded that a fall in urinary C3d levels at 3 months can be used as a marker of treatment response and reinforced the importance of change in urinary complement levels over time instead of absolute value alone. Such patients can be assessed for early change in treatment to prevent irreversible renal damage (58).

C4 has also been proposed as a marker of disease activity. In a study by Ueda et al, urinary C4 was greater in SLE patients with proteinuria (>1 g/day) compared to healthy controls without SLE. Urinary C4 showed no correlation with traditional disease activity markers (serum C4, anti-dsDNA) but correlated with proteinuria. On serial measurement, urinary C4 decreased in parallel with increase in serum C4 and anti-ds-DNA in response to treatment in 11 out of 13 patients receiving high doses of steroids. In these patients, urinary C4 decreased in a month after treatment while the decrease in total urinary protein occurred afterward, suggesting that improvement in urinary C4 precedes improvement in proteinuria. In 2 out of 13 patients, urinary C4 levels increased and correlated with disease flare-up in one patient and preceded the flare-up in other, indicating that urinary C4 may predict disease exacerbations. This study was limited by small sample size (62).

In addition to looking at C3d, C4d and C4, other studies have evaluated the terminal complement pathway as a potential marker of disease activity and kidney damage. In our study of 46 biopsy proven lupus nephritis patients, we compared the urinary complement profiles between patients with and without interstitial fibrosis/tubular atrophy (IFTA). We found that lupus nephritis patients with moderate to severe IFTA have increased urinary C3, CFI, and C9-to-CD59 ratio as compared to those with none to mild IFTA (19). This study highlights the importance of looking at the balance between complement activation (e.g., MAC complex) and regulation (e.g. CD 59) in evaluating complement biomarkers and suggests C3, CFI and C9-to-CD59 ratio may be a marker of tubulointerstitial disease in lupus nephritis.

Li et al. looked at MAC activation and histological disease activity on kidney biopsy. They found that highest urinary complement activation products (CAPs) excretion, namely C5a, C5b-9, and factor Bb, was found in proliferative and proliferative + membranous nephropathy as compared to lupus nephritis class I, II or V among 149 SLE patients undergoing kidney biopsy for suspected lupus nephritis. All three CAPs correlated with an increased Activity Index, but the strongest association was seen with C5b-9. Only a modest correlation was present between Chronicity Index and urinary Bb and C5a excretion. The study thus concluded that urinary C5b-9 reflects histological activity and could serve as a potential biomarker of treatment response with anti-complement therapies in lupus nephritis (63). Similarly, Schulze et al. showed increased urinary excretion of MAC and C5, with a modest correlation with urinary protein excretion among 18 LN patients; however, its correlation with disease activity and treatment response was not assessed in this study (64). Another study by Tamano et al. that included 104 lupus nephritis patients demonstrated increased urinary excretion of complement factor H (CFH), a regulator of the alternative complement pathway, in all patients with LN (65) but the authors did not further investigate the correlation of urinary CFH excretion with disease activity or treatment response.

To evaluate multiple complement proteins at once, Zhao et al. compared urinary complement proteins between 24 LN patients with active SLE (SLEDAI 2K >5) and low activity SLE (SLEDAI 2K <5). They found differentiating levels of 14 complement pathway proteins – 8 were upregulated (C3, C4b, C5, C7, C8 alpha subunit, C8 gamma subunit, vitronectin, CFH) and 6 were downregulated (mannose-binding lectin serine protease-2, C6, CFD, and VSIG-4) in active SLE. Of these, urine C9, C8 alpha subunit, C4b, and C8 gamma subunit were significantly positively correlated with SLEDAI-2K and were highly discriminatory in determining overall SLE disease activity. The reported sensitivity of C9 and C8 alpha subunit was 92% and specificity of 50–75%. The sensitivity of C4b and C8 gamma subunit was ~50% and specificity was 91–100%. This study did not evaluate the correlation of these urine markers with renal disease activity in lupus nephritis (66).

Urinary complement biomarkers, particularly urinary C3d, C4, CFI and C5b-9 have shown promise as reliable tests to identify active lupus nephritis, monitor disease activity, assess treatment response, and predict disease flare in a few studies. However, these markers have not been widely accepted in clinical practice given the lack of substantial supporting data. Therefore, there is currently no widely accepted consensus regarding the role of urinary complement biomarkers in management of lupus nephritis. Further validation studies in large population cohorts are needed to investigate and establish their role as potential biomarkers in SLE.




6.2 IgA nephropathy

IgA nephropathy is characterized by mesangial IgA deposits linked with the deposition of complement components, which suggests that complement activation is an important pathogenic factor in IgA nephropathy (67). Activation of the alternative and mannose-binding lectin pathway has been implicated in the pathogenesis of IgA nephropathy. Hiemstra et al. (68) demonstrated through animal studies that IgA directly activates the alternative pathway. Similarly, Anja Roos et al. (69) studied 60 biopsy samples of human patients with confirmed IgA nephropathy and found that 15 subjects contained mannose binding lectin(MBL), and all of those subjects were found to have co deposition of L ficolin, MBL associated serine proteinases and C4d, indicating activation of the lectin pathway. Therefore, the above studies have shown that IgA directly activates the alternative pathway, while the activation of MBL may be linked to the binding of polymeric serum IgA to MBL (68, 69).

Various studies have shown that the involvement of the MBL pathway, as evidenced by glomerular C4d and MBL deposition, is associated with progressive disease and worse kidney outcomes (69, 70). Alteration in factor H, an important regulator of the alternative pathway, has also been associated with the development and progression of IgA nephropathy. Deleting complement factor H-related genes 1 and 3 (CFHR1/3) is protective against IgA nephropathy, while increased plasma levels of FHR-1/Factor H and FHR-5 (antagonists of FH) are associated with progressive kidney disease.

Since the local intrarenal complement activation, not systemic activation of the complement system is linked to the progression in IgA nephropathy, it has been proposed that assessment of complement activation markers in the urine may be a reliable indicator of local disease activity (70, 71). This was demonstrated in a recent study by Seggara-Medrano et al. that included 98 patients with IgA nephropathy and demonstrated that urinary excretion of C4d and MBL showed a good correlation with the glomerular C4d and MBL deposition (reported sensitivity of 84–90% and specificity of 73–82%) (72).

Unlike lupus nephritis, studies in IgA nephropathy included urinary complement markers of the lectin pathway given its role in this disease. A study by Wang et al. that included 100 IgA nephropathy patients with varying proportions of glomerular crescent formation demonstrated that urinary levels of C3a and C5a (representing the common pathway), C4d and MBL (representing MBL pathway), and C5b-9 (representing terminal pathway) were positively correlated with the proportion of glomerular crescents on renal biopsy, serum creatinine levels, and proteinuria. The correlation between glomerular crescent formation and urinary complement levels was strongest with urinary C4d excretion, highlighting the association of the lectin pathway with severe kidney disease. In this study, no association was found between the serum complement products and crescents or clinical parameters (73). The results of this study were in accordance with another study by Liu et al. that included 162 patients with biopsy-proven IgA nephropathy. The study demonstrated high urinary excretion of MBL in IgA nephropathy, which increased as histopathological phenotypes upgraded, and correlated significantly with the clinical predictors for the prognosis of IgA nephropathy (72).

It has also been demonstrated that glomerular deposition of alternative pathway regulators, factor H (fH), and properdin is associated with IgA nephropathy disease activity. A study by Onda et al. that included 71 patients demonstrated that the urinary excretion of MAC, Factor H, and properdin levels was higher in patients with IgA nephropathy, increased with disease severity, and showed a positive correlation with the percentage of glomerular sclerosis, serum creatinine, and proteinuria (74). These findings were also seen in another study by Zhang et al. that showed the association of high urinary levels of Factor H with the ratio of glomerular sclerosis, crescents, serum creatinine, and degree of proteinuria while studying 202 human patients with IgA nephropathy with renal biopsy as well as urine studies obtained (75). Another study by Liu et al. that included 351 patients with IgA nephropathy followed for ~51 months showed that high urinary levels of Factor H at the time of diagnosis were associated with worse kidney outcomes in the follow-up period (76). It is unclear if the complement regulators are playing a pathogenic role or serving as a bystander of overall increased complement activation in a diseased state.




6.3 Primary membranous nephropathy

Primary membranous nephropathy is an autoimmune glomerular disease that is one of the leading causes of nephrotic syndrome in adults. Most patients with primary membranous nephropathy have autoantibodies that bind antigens expressed by podocytes, in most cases anti-phospholipase A2 receptor (PLA2R) (70–90%) and thrombospondin type 1 domain containing 7A (THSD7A) (2–3%). These autoantibodies are predominantly of the IgG4 subclass, which cannot bind C1q and thus cannot activate the classical pathway (77). The IgG4 antibodies bind to and activate the MBL pathway leading to cytoskeletal alterations in human podocytes in vitro; the suggested pathogenic pathway (78, 79). Additionally, there is also evidence of alternative pathway activation in primary membranous nephropathy as supported by genetic evidence for the deposition of PLA2R antibody, C3, and C5b-9 in patients with MBL deficiency (80) and via production of antibodies targeting CFH (81).

While complement-related biomarkers have been associated with primary membranous nephropathy in many mouse model-studies, there is paucity of data regarding the role of urinary complement activation products as biomarkers of disease activity and treatment response in this group. A few studies have investigated the correlation of urinary complement activation products excretion with glomerular complement protein deposition and proteinuria thereby supporting the hypothesis that complement activations play a central role in the pathogenesis of primary membranous nephropathy. None of these studies evaluated the role of complement as a marker in predicting disease activity/flares and monitoring disease response.

A study by Ayub et al. suggests complement is activated inside the kidney and correlates with proteinuria. This study included 11 patients with biopsy-proven primary membranous nephropathy and measured the complement proteins in kidney biopsies and in the urine of these patients. The study found that eight proteins of the complement pathway (C1q, C3, C4, C5, C6, C7, C8, and C9) and 5 complement regulators (complement receptor type 1[CR1], factor H [FH], FH-related protein 2 [FHR2], vitronectin, and clusterin) were elevated in kidney biopsy samples of primary membranous nephropathy compared to healthy controls. The authors suggested that the presence of these complement depositions in glomeruli does not by itself indicate that intrarenal complement activation is occurring. In addition, they measured the urinary levels of complement activation products (CAPs) – Ba, C5a, and MAC which were all elevated in patients in primary membranous nephropathy compared to healthy controls and correlated with the degree of proteinuria (spot urine protein creatinine ratio), mainly in patients with heaviest proteinuria. The authors suggested that the presence of CAPs in the urine is suggestive of intra-renal complement activation because the molecular weight of MAC is around 1,000,000 Da, which is too large to be filtered, even in nephrotic patients. The intrarenal origin of uC5a is less certain (82).

Schulze et al. found similar results. They included 40 patients with biopsy-proven membranous nephropathy and measured the urinary excretion of MAC and C5. Random urine samples were obtained and showed that urinary MAC and C5 levels were significantly elevated in patients with membranous nephropathy as compared to proteinuric patients with biopsy proven non-membranous glomerulonephritis, and urinary MAC excretion showed a weak correlation to urinary protein excretion. This study was only aimed to support the pathogenesis of primary membranous nephropathy and not to explore the role of these complements as biomarkers for the disease (64).

Endo et al. included 20 patients with biopsy-proven primary membranous nephropathy investigated the role of factor H, a complement regulator protein in primary membranous nephropathy. They compared the complements seen on immunohistochemical staining of kidney biopsy samples with urinary excretion of CFH and C5b-9. The study reported intense glomerular staining C5b-9 and intense to moderate glomerular deposition of CFH with C3b and C3c. The authors found that the mean levels of urinary CFH were elevated in primary membranous nephropathy compared to health controls. There was no significant correlation between urinary excretion of factor H and urinary protein, GFR, and urinary C5b-9 level. The ratio of urinary C5b-9 to urinary factor H (UC5b-9/UfH) was closely related to GFR but not to urinary protein (83).

A study by Zhang et al. that included 134 patients with biopsy-proven primary membranous nephropathy and 25 healthy controls investigated the plasma and urinary complement levels in these two groups and studied its correlation with clinical data, treatment response, and kidney outcomes. The study found that urinary levels of C4d, MBL, C5a, C3a, and MAC were higher and urinary levels of C1q, Bb, and properdin were lower in primary membranous nephropathy compared to healthy controls. A similar pattern was seen in plasma complement levels, most remarkably elevated plasma C5a and C3a. MAC was only elevated in the urine and not the plasma, indicating in-situ renal complement activation. The urinary levels of C5a showed a positive correlation with urinary protein and PLA2R antibody levels in PLA2R positive patients; urinary MBL and C4d showed a positive correlation with urinary protein in both PLA2R positive and negative patients; and urinary Bb was positively correlated with urinary protein in PLA2R negative patients only. There was no inter-correlation between urinary and plasma complement levels. The study showed no correlation of plasma or urinary complements with treatment response and kidney outcomes (53).

In conclusion, many urinary excretions of CAPs, particularly those associated with the alternative and MBL pathway, and complement regulator proteins correlated with kidney deposition of these proteins in kidney biopsy samples and showed association with degree of proteinuria in most studies except one. This evidence indicates that urinary complement proteins can serve as potential biomarkers for disease activity but their role in predicting disease outcomes and treatment response is yet to be confirmed.





7 Kidney disease due to alternative complement pathway activation



7.1 C3 glomerulopathies

C3 glomerulopathy is a rare group of kidney diseases driven by complement dysregulation. It is characterized by the glomerular accumulation of C3 with little or no immunoglobulin deposition on kidney biopsy. Dysregulation of the alternative complement pathway in the fluid phase is the main pathogenic mechanism behind C3 glomerulopathies. This may occur either due to the development of autoantibodies or genetic alterations leading to dysfunction of the convertase (C3 and CFB gene) and the complement regulators (CFI, CFH, and CFHR5). The most frequently identified auto-antibody, C3 nephritic factor, targets and stabilizes the C3 convertase leading to the amplification of the complement cascade. Autoantibodies against C5 convertase (C5 nephritic factor), factor H, and factor B, although less frequent, are also seen. Genetic alterations are observed in ~25% of the patients with C3 glomerulopathies (84). The most associated genetic finding is the rearrangement of the CFH gene locus that leads to the formation of new CFHR fusion genes, which are then translated into new fusion proteins (FHR1-FHR1, FHR3-FHR3, FHR2-FHR2, FHR5-FHR-5, and FHR5-FHR2) that bind to the glycocalyx of the GBM and act as competitive inhibitors of factor H (85).

Assessment of the complement markers that demonstrate uncontrolled activation of the alternative complement pathway may be informative in establishing the diagnosis and monitoring of disease activity in C3 glomerulopathies (86). These include markers of (a) specific activation of the alternative complement pathway (low C3, normal C4, low CFB), (b) C3 turnover (low C3a and increased C3 degradation products), and (c) C5 turnover (low C5, high sC5b-9, and C5a). Most studies and societal guidelines recommend measuring these complements in the serum. While there is limited data to support urinary complement markers in measuring disease activity and treatment response, early studies are promising.

A case-control study by May et al. investigated the urinary complement biomarkers in 25 patients with biopsy-proven C3 glomerulopathy (11 of them were on eculizumab, a C5 inhibitor). It was demonstrated that C3 glomerulopathy is associated with elevated levels of urinary complement proteins (C3, C4, FB, properdin, and C5) and complement activation products (C3a, Ba, Bb, C5a, and soluble C5b-9). Of these, only urinary soluble C5b-9 (sC5b-9) levels correlated with the degree of proteinuria. The study also demonstrated that the urinary sC5b-9 levels normalized after treatment with eculizumab, highlighting its role in assessing treatment response. Interestingly, the urinary excretion of sC5b-9 did not correlate with the plasma levels of sC5b-9, confirming that local complement activation is associated with kidney disease activity in C3 glomerulopathy (87). These findings are similar to the preliminary findings of a clinical trial studying the effect of an unknown complement blocking agent on plasma and urinary Ba and sC5b-9 levels. This study showed that urinary Ba and sC5b-9 were significantly higher in patients with C3 glomerulopathy compared to healthy controls and normalized with drug treatment. This study also demonstrated that urinary levels of Ba and sC5b-9 showed a better correlation with both the presence of the disease and treatment response compared to plasma levels in C3 glomerulopathy (88).

These results indicate that urinary Ba and sC5b-9 reflect kidney complement activation and may be promising markers to assess local disease activity and treatment response in C3 glomerulopathy.




7.2 ANCA-associated vasculitis

The term ANCA-associated vasculitis refers to a group of pauci-immune small vessel vasculitis characterized by antibodies directed against proteins stored within neutrophilic granules, myeloperoxidase (MPO), and proteinase-3 (PR3). Historically, AAV was not thought to be a complement-mediated disease, given the absence of hypocomplementemia and limited complement deposition on kidney biopsies. However, recent animal studies have revealed that activation of the alternative complement pathway, specifically generation of anaphylatoxin C5a and C5a receptor (C5aR), plays a vital role in the pathogenesis of AAV (89–91). An amplification loop in which activated neutrophils release properdin promotes the alternative pathway and generates the anaphylatoxin C5a, which then binds to C5a receptors on neutrophils, leading to further neutrophil priming and activation, has been proposed. The crucial role of C5a is further supported by the fact that treatment with an anti-C5 antibody or C5aR antagonist is protective in murine models (91, 92). Recently, avacopan, a complement C5a receptor, has been approved to treat ANCA-associated vasculitis (93) and associated with improved renal recovery (94). Previous studies in kidney pathology have shown that the alternative pathway activation products could be detected in ANCA-associated glomerulonephritis (95–97). There is conflicting evidence regarding the significance of urinary complement activation products in assessing disease activity and treatment response in patients with ANCA-associated glomerulonephritis.

A study by Gou et al. investigated the products of alternative complement pathway activation in the urine of 27 patients with active ANCA-associated glomerulonephritis and compared it with patients in remission and healthy controls. The study demonstrated that markers of alternative complement pathway and terminal pathway activation, such as urinary Bb, C3a, C5a, and sC5b-9, were significantly higher in patients with active ANCA-associated glomerulonephritis as compared to healthy controls. There was no significant correlation between levels of complement products in the urine and plasma during active disease. In patients with ANCA-associated vasculitis, urinary Bb levels normalized in remission but urinary C3a, C5a, and sC5b-9 remained elevated (98). One study has also demonstrated elevated levels of urinary C1q and MBL in patients with ANCA-associated vasculitis compared to healthy controls, however, these levels were also significantly elevated in remission stage suggesting that activation of the classical and MBL pathway may be observed but is not pathogenic in AAV (98).

Urinary excretion of complement products has also been shown to correlate with disease activity in ANCA vasculitis. A study by Yuan et al. that included ~20 vasculitis patients demonstrated that the urinary levels of C5a were significantly higher in patients with AAV in the active phase than in patients with AAV in remission and normal controls (99). These findings were similar to the result of another cross-sectional study that demonstrated a significant difference in urinary C5a excretion between active and inactive diseases. In contrast, no such difference was observed in urinary levels of C5b and sC5b-9 (100). Another study by Almaani et al. compared the levels of urinary Ba and plasma Ba in 20 vasculitis patients with active renal flare, non-renal flare, and remission. This study demonstrated that urinary levels of Ba were higher in vasculitis patients with renal flare, normal in non-renal flare, and remained stable in remission. In this study, the urinary Ba levels showed a better correlation with active renal vasculitis compared to plasma Ba levels, suggesting its role as a surveillance biomarker of renal vasculitis (101).

Another study by Gou et al. demonstrated that urinary levels of Bb have a direct correlation with serum creatinine and the proportion of total crescents on renal biopsy, and an inverse correlation with the proportion of normal glomeruli on renal biopsy (98). Another study by Khalili et al. that included 83 patients with different immune-mediated glomerulopathies including AAV demonstrated a positive correlation between initial proteinuria and urinary sC5b-9 levels. In clinical remission, the urinary levels of sC5b-9 showed a greater reduction than the decline in proteinuria, suggesting an earlier and more precise variation in urinary sC5b-9 with disease activity (102).

These results indicate that urinary complement activation products, particularly markers of alternative complement pathway and terminal pathway activation, are useful in assessing disease activity and treatment response in patients with ANCA-associated glomerulonephritis.




7.3 Thrombotic microangiography

Thrombotic microangiopathy (TMA) is a clinical disorder characterized by thrombocytopenia, microangiopathic hemolytic anemia, and microvascular thrombosis resulting in systemic organ damage. Atypical HUS (aHUS) is a rare form of complement-mediated thrombotic microangiopathy that results from dysregulation of the alternative complement pathway in the solid phase. The alternative pathway dysregulation in aHUS may occur due to genetic alterations in complement factor H (most common), Factor I, Factor B, and C3, or autoantibodies against factor H. Like aHUS, complement-mediated TMA has also been described in patients with lupus nephritis and as a complication of hematopoietic stem cell transplant.

A study by Sertain et al. demonstrated that plasma Ba levels were significantly elevated in patients with transplantation Associated-TMA and showed an inverse correlation with eGFR (103). However, it should be noted that plasma Ba levels correlate strongly with GFR and may not necessarily represent complement activation (104). Another prospective study showed that subjects undergoing hematopoietic stem cell transplant who had elevated levels of sC5–9 at the time of transplant associated-TMA diagnosis had poor survival compared to subjects with normal C5b-9 (105). These findings suggest that dysregulation of the alternative complement pathway might be the pathogenic mechanism behind kidney injury in these patients. Another study by Fujiyama et al. demonstrated that serum levels of Ba were significantly elevated in patients who had TMA after kidney transplant (KT-TMA), suggesting its role as a candidate marker for KT-TMA (106).

Several studies in aHUS have identified the role of measuring serum complement proteins to assess disease activity. There is only one study that investigates the role of urine complement proteins in assessing disease activity and treatment response. A prospective trial by Cofiell et al. investigated the effect of eculizumab on biomarkers related to thrombotic microangiopathy in ~30 patients with aHUS. The study demonstrated that markers of terminal complement activation such as urinary C5a and sC5b-9 levels were significantly elevated (45-fold and 310-fold, respectively) in ~85% of patients with active disease. These patients demonstrated a rapid and sustained reduction in urinary C5a and sC5b-9 after eculizumab treatment (107).

A study by Mejia-Vilet et al. compared the plasma and urine complement activation products between patients with active lupus nephritis and those with acute TMA plus concomitant active lupus nephritis. The study demonstrated that urinary C3a, C5a, Ba, and C5bC9 were higher in patients with acute TMA plus concomitant active lupus nephritis and decreased with treatment (108).

These results indicate that alternative pathway dysregulation plays a central role in the pathogenesis of complement-medicated TMAs. Urine complements biomarkers have shown promising potential as non-invasive diagnostic and prognostic tools in various complement-mediated kidney diseases (summarized in Table 2). Urinary markers of terminal complement activation such as C5a and sC5b-9 can potentially be promising markers of disease activity and treatment response in aHUS. Similarly, urinary C3a, C5a, Ba, and C5bC9 may be potential markers for acute TMA with and without lupus nephritis.


Table 2 | Urine complement biomarkers in various kidney diseases.







8 The future of urinary complement biomarkers

Urine complements biomarkers have shown promising potential as non-invasive diagnostic and prognostic tools in various complement-mediated kidney diseases. Most of the published studies on complement mediated kidney diseases are cross-sectional or retrospective studies that have established a correlation of urine complement protein excretion with histological characteristics on kidney biopsy, traditional markers of disease activity, and markers of kidney damage (proteinuria, GFR etc.). However, only a few have attempted to investigate the temporal association and the role of urinary complement in predicting flares and treatment response in prospective studies.

Discovery of novel urinary complement protein measurement will be most useful if they overcome the limitation of the existing diagnostic and prognostic markers of these kidney diseases. Although the levels of urinary complement proteins have been shown to correlate with histological features on kidney biopsy, they are not a substitute for kidney biopsy in establishing the diagnosis of complement mediated kidney diseases since they are not specific to a particular disease. However, once the diagnosis is established, serial measurement of the urinary complement proteins can be useful in monitoring disease activity, prognostication, predicting flares, and assessing treatment response. Therefore, prospective studies that study the association between levels of urinary complement proteins with disease flares and treatment response are needed to validate the usefulness of these identified urinary complement biomarkers. Novel urinary complement markers will be most useful if they are able to differentiate active renal from non-renal disease and if changes in them precede the occurrence of disease flare and correlate with treatment response.




9 Complement specific therapies for complement mediated kidney diseases

Paralleled by an increasing understanding of the role of complement activation in immune-mediated and non-immune mediated kidney diseases, there is an increasing interest in the development of novel drugs targeting the complement system (109). While the clinical arsenal is limited at this time, there are many drugs in the pipeline that may soon expand the available options and therapeutic indications for complement specific therapies (110). (Summarized in Table 3). FDA-approved drugs, such as eculizumab and ravulizumab, which target C5, have been shown to be very effective in managing atypical HUS (111, 112). Their applications in other diseases such as C3GN is being investigated, albeit with mixed results. Additionally, the recent FDA approval of avacopan, a C5a receptor inhibitor for ANCA-associated vasculitis signifies a shift towards more targeted interventions that minimize side effects associated with broader immunosuppression (113). Additionally, investigational drugs targeting C5 such as Crovalimab (NCT04861259) and gefurulimab (NCT06208488) (C5 inhibitors), Cemdisiran (a siRNA targeting the C5 mRNA transcript- NCT03841448, NCT03999840) are in various stages of clinical trials in several glomerular diseases, including an atypical HUS, IgA nephropathy, lupus nephritis, membranous nephropathy and focal segmental glomerulosclerosis (NCT05314231).


Table 3 | Complement therapeutics approved and under investigation for immune-mediated kidney disease.



Parallel developments are occurring with drugs targeting C3 and the lectin pathway, addressing the earlier stages of the complement cascade which are critical in many renal pathologies. Danicopan (NCT05162066), iptacopan (NCT04817618, NCT05755386) and Pegcetacoplan (NCT04729062) targeting Factor D, Factor B, and C3 respectively, have shown promise in PNH but are being trialed for diseases like C3 glomerulopathy and IgA nephropathy. The investigational C3 targeting drugs include novel agents like ARO-C3 (NCT05083364) and IONIS-FB-LRx (NCT04014335), which employ RNA interference and antisense technology to modulate complement activity at the genetic level.

Narsoplimab (NCT03608033), a novel, fully human monoclonal antibody against MASP-2 targets the MBL pathway and is currently being investigated in IgA nephropathy. These approaches could offer more refined control over complement-driven inflammation and injury in the kidneys, potentially leading to treatments that are both more effective and have fewer side effects. This ongoing shift towards precision medicine in the realm of complement therapeutics holds the promise of fundamentally altering the management of complement-mediated kidney diseases, offering hope for more targeted and sustainable interventions.




10 Conclusion

Complement dysregulation plays a central role in the pathogenesis and progression of many immune-mediated kidney diseases. The urinary excretion of complement peptides better correlates with complement deposition on kidney biopsies, the degree of damage on kidney biopsies, kidney disease activity, kidney damage (as evidenced by proteinuria and serum creatinine), and prognosis as compared to the conventional serum markers of disease activity. It has also been demonstrated that the urinary levels of some of these complement peptides decline with treatment and serve as better predictors of kidney recovery compared to conventional serum markers. Therefore, measuring and monitoring the dynamic changes in the complement peptides in the urine, rather than the absolute levels of proteins in serum samples, may better reflect the disease activity and pathogenic mechanisms. Urinary complement biomarkers, therefore, have a promising potential to serve as biomarkers of these kidney diseases and thus aid in guiding intervention. Many of these promising urinary biomarkers will need to be validated in larger studies.





Author contributions

VK: Methodology, Writing – original draft, Writing – review & editing. MB: Writing – original draft, Writing – review & editing. JK: Conceptualization, Funding acquisition, Investigation, Methodology, Resources, Supervision, Writing – review & editing. SW: Conceptualization, Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the National Center for Advancing Translational Science (NCATS) Einstein – Montefiore CTSA Grant Number KL2 TR002558 and K-Bridge Grant Number 917144 from the Rheumatology Research Foundation to SW, and a NIAMS K24 Mentoring Grant (Award Number AR076975) to JK.





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. Petr, V, and Thurman, JM. The role of complement in kidney disease. Nat Rev Nephrol. (2023) 19:771–87. doi: 10.1038/s41581-023-00766-1

2. Poppelaars, F, and Thurman, JM. Complement-mediated kidney diseases. Mol Immunol. (2020) 128:175–87. doi: 10.1016/j.molimm.2020.10.015

3. Kaartinen, K, Safa, A, Kotha, S, Ratti, G, and Meri, S. Complement dysregulation in glomerulonephritis. Semin Immunol. (2019) 45:101331. doi: 10.1016/j.smim.2019.101331

4. Medjeral-Thomas, NR, Pickering, MC, and Cook, HT. Complement and kidney disease, new insights. Curr Opin Nephrol Hypertens. (2021) 30:310–6. doi: 10.1097/MNH.0000000000000705

5. Portilla, D, and Xavier, S. Role of intracellular complement activation in kidney fibrosis. Br J Pharmacol. (2021) 178:2880–91. doi: 10.1111/bph.15408

6. Sarma, JV, and Ward, PA. The complement system. Cell Tissue Res. (2011) 343:227–35. doi: 10.1007/s00441-010-1034-0

7. Hu, VW, Esser, AF, Podack, ER, and Wisnieski, BJ. The membrane attack mechanism of complement: photolabeling reveals insertion of terminal proteins into target membrane. J Immunol. (1981) 127:380–6. doi: 10.4049/jimmunol.127.1.380

8. Pippin, JW, Durvasula, R, Petermann, A, Hiromura, K, Couser, WG, and Shankland, SJ. DNA damage is a novel response to sublytic complement C5b-9-induced injury in podocytes. J Clin Invest. (2003) 111:877–85. doi: 10.1172/JCI15645

9. Tomaszewski, K, and Herlitz, L. Complement detection in kidney biopsies - utility and challenges. Curr Opin Nephrol Hypertens. (2023) 32:241–8. doi: 10.1097/MNH.0000000000000872

10. Trivioli, G, and Vaglio, A. The rise of complement in ANCA-associated vasculitis: from marginal player to target of modern therapy. Clin Exp Immunol. (2020) 202:403–6. doi: 10.1111/cei.13515

11. Brocklebank, V, and Kavanagh, D. Complement C5-inhibiting therapy for the thrombotic microangiopathies: accumulating evidence, but not a panacea. Clin Kidney J. (2017) 10:600–24. doi: 10.1093/ckj/sfx081

12. Xavier, S, Sahu, RK, Bontha, SV, Mass, V, Taylor, RP, Megyesi, J, et al. Complement C1r serine protease contributes to kidney fibrosis. Am J Physiol Renal Physiol. (2019) 317:F1293–f1304. doi: 10.1152/ajprenal.00357.2019

13. Xavier, S, Sahu, RK, Landes, SG, Yu, J, Taylor, RP, Ayyadevara, S, et al. Pericytes and immune cells contribute to complement activation in tubulointerstitial fibrosis. Am J Physiol Renal Physiol. (2017) 312:F516–f532. doi: 10.1152/ajprenal.00604.2016

14. Tang, Z, Lu, B, Hatch, E, Sacks, SH, and Sheerin, NS. C3a mediates epithelial-to-mesenchymal transition in proteinuric nephropathy. J Am Soc Nephrol. (2009) 20:593–603. doi: 10.1681/ASN.2008040434

15. Bao, L, Zhou, J, Holers, VM, and Quigg, RJ. Excessive matrix accumulation in the kidneys of MRL/lpr lupus mice is dependent on complement activation. J Am Soc Nephrol. (2003) 14:2516–25. doi: 10.1097/01.ASN.0000089831.96794.0B

16. Zhou, X, Fukuda, N, Matsuda, H, Endo, M, Wang, X, Saito, K, et al. Complement 3 activates the renal renin-angiotensin system by induction of epithelial-to-mesenchymal transition of the nephrotubulus in mice. Am J Physiol Renal Physiol. (2013) 305:F957–67. doi: 10.1152/ajprenal.00344.2013

17. Kotnik, V, Premzl, A, Skoberne, M, Malovrh, T, Kveder, R, Kaplan-Pavlovcic, S, et al. Demonstration of apoptosis-associated cleavage products of DNA, complement activation products SC5b-9 and C3d/dg, and immune complexes CIC-C3d, CIC-IgA, and CIC-IgG in the urine of patients with membranous glomerulonephritis. Croat Med J. (2003) 44:707–11.

18. Sakakibara, K, Urano, T, Takada, Y, and Takada, A. Significance of urinary complement components in various glomerular diseases. Thromb Res. (1990) 57:625–37. doi: 10.1016/0049-3848(90)90080-V

19. Wang, S, Broder, A, Shao, D, Kesarwani, V, Boderman, B, Aguilan, J, et al. Urine proteomics link complement activation with interstitial fibrosis/tubular atrophy in lupus nephritis patients. Semin Arthritis Rheumatism. (2023) 63:152263. doi: 10.1016/j.semarthrit.2023.152263

20. Wendt, R, Siwy, J, He, T, Latosinska, A, Wiech, T, Zipfel, PF, et al. Molecular mapping of urinary complement peptides in kidney diseases. Proteomes. (2021) 9:49. doi: 10.1101/2021.06.24.21259458

21. Morita, Y, Ikeguchi, H, Nakamura, J, Hotta, N, Yuzawa, Y, and Matsuo, S. Complement activation products in the urine from proteinuric patients. J Am Soc Nephrol. (2000) 11:700–7. doi: 10.1681/ASN.V114700

22. Merle, NS, Church, SE, Fremeaux-Bacchi, V, and Roumenina, LT. Complement system part I - molecular mechanisms of activation and regulation. Front Immunol. (2015) 6:262. doi: 10.3389/fimmu.2015.00262

23. 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) 274:74–97. doi: 10.1111/imr.12468

24. Sahu, SK, Kulkarni, DH, Ozanturk, AN, Ma, L, and Kulkarni, HS. Emerging roles of the complement system in host-pathogen interactions. Trends Microbiol. (2022) 30:390–402. doi: 10.1016/j.tim.2021.09.002

25. Skerka, C, and Zipfel, PF. Complement factor H related proteins in immune diseases. Vaccine. (2008) 26 Suppl 8:I9–14. doi: 10.1016/j.vaccine.2008.11.021

26. Vignesh, P, Rawat, A, Sharma, M, and Singh, S. Complement in autoimmune diseases. Clin Chim Acta. (2017) 465:123–30. doi: 10.1016/j.cca.2016.12.017

27. Chen, M, Daha, MR, and Kallenberg, CG. The complement system in systemic autoimmune disease. J Autoimmun. (2010) 34:J276–86. doi: 10.1016/j.jaut.2009.11.014

28. Zhou, W, Marsh, JE, and Sacks, SH. Intrarenal synthesis of complement. Kidney Int. (2001) 59:1227–35. doi: 10.1046/j.1523-1755.2001.0590041227.x

29. Xie, CB, Jane-Wit, D, and Pober, JS. Complement membrane attack complex: new roles, mechanisms of action, and therapeutic targets. Am J Pathol. (2020) 190:1138–50. doi: 10.1016/j.ajpath.2020.02.006

30. Stegert, M, Bock, M, and Trendelenburg, M. Clinical presentation of human C1q deficiency: How much of a lupus? Mol Immunol. (2015) 67:3–11. doi: 10.1016/j.molimm.2015.03.007

31. Asgari, E, Farrar, CA, Lynch, N, Ali, YM, Roscher, S, Stover, C, et al. Mannan-binding lectin-associated serine protease 2 is critical for the development of renal ischemia reperfusion injury and mediates tissue injury in the absence of complement C4. FASEB J. (2014) 28:3996–4003. doi: 10.1096/fj.13-246306

32. Wu, W, Liu, C, Farrar, CA, Ma, L, Dong, X, Sacks, SH, et al. Collectin-11 promotes the development of renal tubulointerstitial fibrosis. J Am Soc Nephrol. (2018) 29:168–81. doi: 10.1681/ASN.2017050544

33. Nangaku, M, Pippin, J, and Couser, WG. Complement membrane attack complex (C5b-9) mediates interstitial disease in experimental nephrotic syndrome. J Am Soc Nephrol. (1999) 10:2323–31. doi: 10.1681/ASN.V10112323

34. Hsu, SI, and Couser, WG. Chronic progression of tubulointerstitial damage in proteinuric renal disease is mediated by complement activation: a therapeutic role for complement inhibitors? J Am Soc Nephrol. (2003) 14:S186–91. doi: 10.1097/01.ASN.0000070032.58017.20

35. Nath, KA, Hostetter, MK, and Hostetter, TH. Pathophysiology of chronic tubulo-interstitial disease in rats. Interactions of dietary acid load, ammonia, and complement component C3. J Clin Invest. (1985) 76:667–75. doi: 10.1172/JCI112020

36. Nath, KA, Hostetter, MK, and Hostetter, TH. Ammonia-complement interaction in the pathogenesis of progressive renal injury. Kidney Int Suppl. (1989) 27:S52–4.

37. Nangaku, M, Pippin, J, and Couser, WG. C6 mediates chronic progression of tubulointerstitial damage in rats with remnant kidneys. J Am Soc Nephrol. (2002) 13:928–36. doi: 10.1681/ASN.V134928

38. Wang, S, Wu, M, Chiriboga, L, Zeck, B, Goilav, B, Wang, S, et al. Membrane attack complex (MAC) deposition in renal tubules is associated with interstitial fibrosis and tubular atrophy: a pilot study. Lupus Sci Med. (2022) 9:e000576. doi: 10.1136/lupus-2021-000576

39. Wang, S, Wu, M, Chiriboga, L, Zeck, B, and Belmont, HM. Membrane attack complex (mac) deposition in lupus nephritis is associated with hypertension and poor clinical response to treatment. Semin Arthritis Rheum. (2018) 48:256–62. doi: 10.1016/j.semarthrit.2018.01.004

40. Laskowski, J, Renner, B, Le Quintrec, M, Panzer, S, Hannan, JP, Ljubanovic, D, et al. Distinct roles for the complement regulators factor H and Crry in protection of the kidney from injury. Kidney Int. (2016) 90:109–22. doi: 10.1016/j.kint.2016.02.036

41. Bao, L, Wang, Y, Haas, M, and Quigg, RJ. Distinct roles for C3a and C5a in complement-induced tubulointerstitial injury. Kidney Int. (2011) 80:524–34. doi: 10.1038/ki.2011.158

42. Peng, Q, Li, K, Smyth, LA, Xing, G, Wang, N, Meader, L, et al. C3a and C5a promote renal ischemia-reperfusion injury. J Am Soc Nephrol. (2012) 23:1474–85. doi: 10.1681/ASN.2011111072

43. Sciascia, S, Radin, M, Yazdany, J, Tektonidou, M, Cecchi, I, Roccatello, D, et al. Expanding the therapeutic options for renal involvement in lupus: eculizumab, available evidence. Rheumatol Int. (2017) 37:1249–55. doi: 10.1007/s00296-017-3686-5

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

45. 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

46. Birmingham, DJ, Irshaid, F, Nagaraja, HN, Zou, X, Tsao, BP, Wu, H, et al. The complex nature of serum C3 and C4 as biomarkers of lupus renal flare. Lupus. (2010) 19:1272–80. doi: 10.1177/0961203310371154

47. Soliman, S, and Mohan, C. Lupus nephritis biomarkers. Clin Immunol. (2017) 185:10–20. doi: 10.1016/j.clim.2016.08.001

48. Schwartz, N, Michaelson, JS, and Putterman, C. Lipocalin-2, TWEAK, and other cytokines as urinary biomarkers for lupus nephritis. Ann N Y Acad Sci 2007. (1109) p:265–74. doi: 10.1196/annals.1398.032

49. Manzi, S, Rairie, JE, Carpenter, AB, Kelly, RH, Jagarlapudi, SP, Sereika, SM, et al. Sensitivity and specificity of plasma and urine complement split products as indicators of lupus disease activity. Arthritis Rheum. (1996) 39:1178–88. doi: 10.1002/art.1780390716

50. Sahin, OZ, Gurses, S, Taslı, F, Yavas, H, Ersoy, R, Uzum, A, et al. Glomerular c4d staining can be an indicator of disease activity in lupus nephritis. Ren Fail. (2013) 35:222–5. doi: 10.3109/0886022X.2012.743916

51. Aragón, CC, Tafúr, RA, Suárez-Avellaneda, A, Martínez, MT, Salas, AL, and Tobón, GJ. Urinary biomarkers in lupus nephritis. J Transl Autoimmun. (2020) 3:100042. doi: 10.1016/j.jtauto.2020.100042

52. Brandwijk, R, Michels, M, van Rossum, M, de Nooijer, AH, Nilsson, PH, de Bruin, WCC, et al. Pitfalls in complement analysis: A systematic literature review of assessing complement activation. Front Immunol. (2022) 13:1007102. doi: 10.3389/fimmu.2022.1007102

53. Zhang, MF, Huang, J, Zhang, YM, Qu, Z, Wang, X, Wang, F, et al. Complement activation products in the circulation and urine of primary membranous nephropathy. BMC Nephrol. (2019) 20:313. doi: 10.1186/s12882-019-1509-5

54. Sethi, S, Palma, LMP, Theis, JD, and Fervenza, FC. Proteomic analysis of complement proteins in glomerular diseases. Kidney Int Rep. (2023) 8:827–36. doi: 10.1016/j.ekir.2023.01.030

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

56. Song, D, Guo, WY, Wang, FM, Li, YZ, Song, Y, Yu, F, et al. Complement alternative pathway׳s activation in patients with lupus nephritis. Am J Med Sci. (2017) 353:247–57. doi: 10.1016/j.amjms.2017.01.005

57. Troldborg, A, Thiel, S, Trendelenburg, M, Friebus-Kardash, J, Nehring, J, Steffensen, R, et al. The lectin pathway of complement activation in patients with systemic lupus erythematosus. J Rheumatol. (2018) 45:1136–44. doi: 10.3899/jrheum.171033

58. Ganguly, S, Majumder, S, Kumar, S, Gupta, R, Muhammed, H, Shobha, V, et al. Urinary C3d is elevated in patients with active Lupus nephritis and a fall in its level after 3 months predicts response at 6 months on follow up. Lupus. (2020) 29:1800–6. doi: 10.1177/0961203320950019

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

60. Negi, VS, Aggarwal, A, Dayal, R, Naik, S, and Misra, R. Complement degradation product C3d in urine: marker of lupus nephritis. J Rheumatol. (2000) 27:380–3.

61. Kelly, RH, Carpenter, AB, Sudol, KS, Jagarlapudi, SP, and Manzi, S. Complement C3 fragments in urine: detection in systemic lupus erythematosus patients by western blotting. Appl Theor Electrophor. (1993) 3:265–9.

62. Ueda, Y, Nagasawa, K, Tsukamoto, H, Horiuchi, T, Yoshizawa, S, Tsuru, T, et al. Urinary C4 excretion in systemic lupus erythematosus. Clin Chim Acta. (1995) 243:11–23. doi: 10.1016/0009-8981(95)06147-9

63. Li, N, Birmingham, DJ, Biederman, L, Nadasdy, T, and Rovin, BH. 1101 Urine complement activation products in lupus nephritis. Lupus Sci Med. (2022) 9:A68–9. doi: 10.1136/lupus-2022-lupus21century.66

64. Schulze, M, Donadio, JV, Jr.,, Pruchno, CJ, Baker, PJ, Johnson, RJ, et al. Elevated urinary excretion of the C5b-9 complex in membranous nephropathy. Kidney Int. (1991) 40:533–8. doi: 10.1038/ki.1991.242

65. Tamano, M, Fuke, Y, Endo, M, Ohsawa, I, Fujita, T, and Ohi, H. Urinary complement factor H in renal disease. Nephron. (2002) 92:705–707. doi: 10.1159/000064090

66. Zhao, J, Jiang, J, Wang, Y, Liu, D, Li, T, and Zhang, M. Significance of urine complement proteins in monitoring lupus activity. PeerJ. (2022) 10:e14383. doi: 10.7717/peerj.14383

67. Hisano, S, Matsushita, M, Fujita, T, Endo, Y, and Takebayashi, S. Mesangial IgA2 deposits and lectin pathway-mediated complement activation in IgA glomerulonephritis. Am J Kidney Dis. (2001) 38:1082–8. doi: 10.1053/ajkd.2001.28611

68. Hiemstra, PS, Gorter, A, Stuurman, ME, Van Es, LA, and Daha, MR. Activation of the alternative pathway of complement by human serum IgA. Eur J Immunol. (1987) 17:321–6. doi: 10.1002/eji.1830170304

69. Roos, A, Rastaldi, MP, Calvaresi, N, Oortwijn, BD, Schlagwein, N, van Gijlswijk-Janssen, DJ, et al. Glomerular activation of the lectin pathway of complement in IgA nephropathy is associated with more severe renal disease. J Am Soc Nephrol. (2006) 17:1724–34. doi: 10.1681/ASN.2005090923

70. Faria, B, Canão, P, Cai, Q, Henriques, C, Matos, AC, Poppelaars, F, et al. Arteriolar C4d in IgA nephropathy: A cohort study. Am J Kidney Dis. (2020) 76:669–78. doi: 10.1053/j.ajkd.2020.03.017

71. Li, H, Wang, M, Zhou, H, Lu, S, and Zhang, B. Long Noncoding RNA EBLN3P Promotes the Progression of Liver Cancer via Alteration of microRNA-144–3p/DOCK4 Signal. Cancer Manag Res. (2020) 12:9339–49. doi: 10.2147/CMAR.S261976

72. Segarra-Medrano, A, Carnicer-Caceres, C, Valtierra-Carmeno, N, Agraz-Pamplona, I, Ramos-Terrades, N, Jatem Escalante, E, et al. Study of the variables associated with local complement activation in IgA nephropathy. Nefrologia. (2017) 37:320–9. doi: 10.1016/j.nefroe.2017.03.003

73. Wang, Z, Xie, X, Li, J, Zhang, X, He, J, Wang, M, et al. Complement activation is associated with crescents in IgA nephropathy. Front Immunol. (2021) 12:676919. doi: 10.3389/fimmu.2021.676919

74. Onda, K, Ohsawa, I, Ohi, H, Tamano, M, Mano, S, Wakabayashi, M, et al. Excretion of complement proteins and its activation marker C5b-9 in IgA nephropathy in relation to renal function. BMC Nephrol. (2011) 12:64. doi: 10.1186/1471-2369-12-64

75. Zhang, J-J, Jiang, L, Liu, G, Wang, S-X, Zou, W-Z, Zhang, H, et al. Levels of urinary complement factor H in patients with IgA nephropathy are closely associated with disease activity. Scandinavian J Immunol. (2009) 69:457–64. doi: 10.1111/j.1365-3083.2009.02234.x

76. Liu, M, Chen, Y, Zhou, J, Liu, Y, Wang, F, Shi, S, et al. Implication of urinary complement factor H in the progression of immunoglobulin A nephropathy. PloS One. (2015) 10:e0126812. doi: 10.1371/journal.pone.0126812

77. Cunningham, PN, and Quigg, RJ. Contrasting roles of complement activation and its regulation in membranous nephropathy. J Am Soc Nephrol. (2005) 16:1214–22. doi: 10.1681/ASN.2005010096

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

79. Haddad, G, Lorenzen, JM, Ma, H, de Haan, N, Seeger, H, Zaghrini, C, et al. Altered glycosylation of IgG4 promotes lectin complement pathway activation in anti-PLA2R1-associated membranous nephropathy. J Clin Invest. (2021) 131:e140453. doi: 10.1172/JCI140453

80. Bally, S, Debiec, H, Ponard, D, Dijoud, F, Rendu, J, Fauré, J, et al. Phospholipase A2 receptor-related membranous nephropathy and mannan-binding lectin deficiency. J Am Soc Nephrol. (2016) 27:3539–44. doi: 10.1681/ASN.2015101155

81. Jameson, MD, and Segraves, SD. Idiopathic hypereosinophilic syndrome. Postgrad Med. (1988) 84:93–6, 101. doi: 10.1080/00325481.1988.11700511

82. Ayoub, I, Shapiro, JP, Song, H, Zhang, XL, Parikh, S, Almaani, S, et al. Establishing a case for anti-complement therapy in membranous nephropathy. Kidney Int Rep. (2021) 6:484–92. doi: 10.1016/j.ekir.2020.11.032

83. Endo, M, Fuke, Y, Tamano, M, Hidaka, M, Ohsawa, I, Fujita, T, et al. Glomerular deposition and urinary excretion of complement factor H in idiopathic membranous nephropathy. Nephron Clin Pract. (2004) 97:c147–53. doi: 10.1159/000079174

84. Iatropoulos, P, Noris, M, Mele, C, Piras, R, Valoti, E, Bresin, E, et al. Complement gene variants determine the risk of immunoglobulin-associated MPGN and C3 glomerulopathy and predict long-term renal outcome. Mol Immunol. (2016) 71:131–42. doi: 10.1016/j.molimm.2016.01.010

85. 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) 15:129–43. doi: 10.1038/s41581-018-0107-2

86. Pickering, MC, D'Agati, VD, Nester, CM, Smith, RJ, Haas, M, Appel, GB, et al. C3 glomerulopathy: consensus report. Kidney Int. (2013) 84:1079–89. doi: 10.1038/ki.2013.377

87. Kirketerp-Møller, N, Bayarri-Olmos, R, Sørensen, CA, Krogfelt, KA, and Garred, P. C1Q/TNF-Related protein 6 is a new pattern recognition molecule of the lectin pathway. Mol Immunol. (2019) 114:494. doi: 10.1016/j.molimm.2019.08.016

88. Galvan, M. Evaluation of urine complement biomarker in C3G following complement alternative pathway inhibition with with ACH-4471 (SA-PO424). ASN Kidney Week (2018).

89. Xiao, H, Schreiber, A, Heeringa, P, Falk, RJ, and Jennette, JC. Alternative complement pathway in the pathogenesis of disease mediated by anti-neutrophil cytoplasmic autoantibodies. Am J Pathol. (2007) 170:52–64. doi: 10.2353/ajpath.2007.060573

90. Schreiber, A, Xiao, H, Jennette, JC, Schneider, W, Luft, FC, and Kettritz, R. C5a receptor mediates neutrophil activation and ANCA-induced glomerulonephritis. J Am Soc Nephrol. (2009) 20:289–98. doi: 10.1681/ASN.2008050497

91. Xiao, H, Dairaghi, DJ, Powers, JP, Ertl, LS, Baumgart, T, Wang, Y, et al. C5a receptor (CD88) blockade protects against MPO-ANCA GN. J Am Soc Nephrol. (2014) 25:225–31. doi: 10.1681/ASN.2013020143

92. Huugen, D, van Esch, A, Xiao, H, Peutz-Kootstra, CJ, Buurman, WA, Tervaert, JW, et al. Inhibition of complement factor C5 protects against anti-myeloperoxidase antibody-mediated glomerulonephritis in mice. Kidney Int. (2007) 71:646–54. doi: 10.1038/sj.ki.5002103

93. Gabilan, C, Pfirmann, P, Ribes, D, Rigothier, C, Chauveau, D, Casemayou, A, et al. Avacopan as first-line treatment in antineutrophil cytoplasmic antibody-associated vasculitis: A steroid-sparing option. Kidney Int Rep. (2022) 7:1115–8. doi: 10.1016/j.ekir.2022.01.1065

94. Cortazar, FB, Niles, JL, Jayne, DRW, Merkel, PA, Bruchfeld, A, Yue, H, et al. Renal recovery for patients with ANCA-associated vasculitis and low eGFR in the ADVOCATE trial of Avacopan. Kidney Int Rep. (2023) 8:860–70. doi: 10.1016/j.ekir.2023.01.039

95. 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) 29:282–91. doi: 10.1007/s10875-008-9268-2

96. Xing, GQ, Chen, M, Liu, G, Zheng, X, E, J, and Zhao, MH. Differential deposition of C4d and MBL in glomeruli of patients with ANCA-negative pauci-immune crescentic glomerulonephritis. J Clin Immunol. (2010) 30:144–56. doi: 10.1007/s10875-009-9344-2

97. Hilhorst, M, van Paassen, P, van Rie, H, Bijnens, N, Heerings-Rewinkel, P, van Breda Vriesman, P, et al. Complement in ANCA-associated glomerulonephritis. Nephrol Dial Transplant. (2017) 32:1302–13. doi: 10.1093/ndt/gfv288

98. Gou, SJ, Yuan, J, Wang, C, Zhao, MH, and Chen, M. Alternative complement pathway activation products in urine and kidneys of patients with ANCA-associated GN. Clin J Am Soc Nephrol. (2013) 8:1884–91. doi: 10.2215/CJN.02790313

99. Yuan, J, Gou, SJ, Huang, J, Hao, J, Chen, M, and Zhao, MH. C5a and its receptors in human anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis. Arthritis Res Ther. (2012) 14:R140. doi: 10.1186/ar3873

100. Kronbichler, A, Kerschbaum, J, Gründlinger, G, Leierer, J, Mayer, G, and Rudnicki, M. Evaluation and validation of biomarkers in granulomatosis with polyangiitis and microscopic polyangiitis. Nephrol Dial Transplant. (2016) 31:930–6. doi: 10.1093/ndt/gfv336

101. Almaani, S, Song, H, Suthanthira, M, Toy, C, Fussner, LA, Meara, A, et al. Urine and plasma complement ba levels during disease flares in patients with antineutrophil cytoplasmic autoantibody-associated vasculitis. Kidney Int Rep. (2023) 8:2421–7. doi: 10.1016/j.ekir.2023.08.017

102. Khalili, M, Bonnefoy, A, Genest, DS, Quadri, J, Rioux, JP, and Troyanov, S. Clinical use of complement, inflammation, and fibrosis biomarkers in autoimmune glomerulonephritis. Kidney Int Rep. (2020) 5:1690–9. doi: 10.1016/j.ekir.2020.07.018

103. Sartain, SE, Shubert, S, Wu, M-F, Wang, T, and Martinez, C. Patients with transplantation-associated thrombotic microangiopathy demonstrate elevated levels of Ba protein that correlate with renal function. Biol Blood Marrow Transplant. (2019) 25:S150. doi: 10.1016/j.bbmt.2018.12.445

104. Oppermann, M, Kurts, C, Zierz, R, Quentin, E, Weber, MH, and Götze, O. Elevated plasma levels of the immunosuppressive complement fragment Ba in renal failure. Kidney Int. (1991) 40:939–47. doi: 10.1038/ki.1991.298

105. Jodele, S, Davies, SM, Lane, A, Khoury, J, Dandoy, C, Goebel, J, et al. Diagnostic and risk criteria for HSCT-associated thrombotic microangiopathy: a study in children and young adults. Blood. (2014) 124:645–53. doi: 10.1182/blood-2014-03-564997

106. Fujiyama, N, Tasaki, M, Harada, H, Tsutahara, K, Matsumoto, A, Hara, Y, et al. Evaluation of complement-related factors in Tma post-kidney transplantation: A retrospective multicenter study. Am J Transplant. (2019) 19(suppl 3). Available at: https://atcmeetingabstracts.com/abstract/evaluation-of-complement-related-factors-in-tma-post-kidney-transplantation-a-retrospective-multicenter-study/.

107. Cofiell, R, Kukreja, A, Bedard, K, Yan, Y, Mickle, AP, Ogawa, M, et al. Eculizumab reduces complement activation, inflammation, endothelial damage, thrombosis, and renal injury markers in aHUS. Blood. (2015) 125:3253–62. doi: 10.1182/blood-2014-09-600411

108. Mejia-Vilet, JM, Gómez-Ruiz, IA, Cruz, C, Méndez-Pérez, RA, Comunidad-Bonilla, RA, Uribe-Uribe, NO, et al. Alternative complement pathway activation in thrombotic microangiopathy associated with lupus nephritis. Clin Rheumatol. (2021) 40:2233–42. doi: 10.1007/s10067-020-05499-1

109. Wooden, B, Tarragon, B, Navarro-Torres, M, and Bomback, AS. Complement inhibitors for kidney disease. Nephrol Dial Transplant. (2023) 38:ii29–39. doi: 10.1093/ndt/gfad079

110. Ricklin, D, Mastellos, DC, and Lambris, JD. Therapeutic targeting of the complement system. Nat Rev Drug Discovery. (2019). doi: 10.1038/s41573-019-0055-y

111. Legendre, CM, Licht, C, Muus, P, Greenbaum, LA, Babu, S, Bedrosian, C, et al. Terminal complement inhibitor eculizumab in atypical hemolytic-uremic syndrome. N Engl J Med. (2013) 368:2169–81. doi: 10.1056/NEJMoa1208981

112. McKeage, K. Ravulizumab: first global approval. Drugs. (2019) 79:347–52. doi: 10.1007/s40265-019-01068-2

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




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 © 2024 Kesarwani, Bukhari, Kahlenberg and Wang. 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-15-1357869-g002.jpg
DCT

Glomerulus
C2,C3,C4,FB
FH

PCT

€2,C3,C4,FB,FH
Ciq, Cls, CIr, C9

Collecting

Loop of Henle Tubule

FB(Factor B), FH(Factor H), PCT(Proximal Convoluted
Tubule), DCT(Distal Convuluted Tubule). Of note within
the glomerulus, the mesangial cells have been
associated with production of the majority of
complements including C2,C3,C4,FH and FB.





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Urinary complement biomarkers in immune-mediated kidney diseases

      

        		

          1 Introduction

        



        		

          2 The pathways of complement activation

        



        		

          3 Proposed mechanisms of complement-mediated kidney injury

        



        		

          4 The rationale and evidence for urinary complement markers

        



        		

          5 Methods used to assess complement proteins

        



        		

          6 Kidney diseases due to immune complex deposition

        

          		

            6.1 Lupus nephritis

          



          		

            6.2 IgA nephropathy

          



          		

            6.3 Primary membranous nephropathy

          



        



        



        		

          7 Kidney disease due to alternative complement pathway activation

        

          		

            7.1 C3 glomerulopathies

          



          		

            7.2 ANCA-associated vasculitis

          



          		

            7.3 Thrombotic microangiography

          



        



        



        		

          8 The future of urinary complement biomarkers

        



        		

          9 Complement specific therapies for complement mediated kidney diseases

        



        		

          10 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Disease

Urine
complement

proteins
identified

Immune-mediated kidney diseases

Markers of
disease activity

Lupus nephritis

C3d, C4

C3d, C4

IgA nephropathy C3a, C5a, C4d, MBL, C4d (strongest), C3a, C5a,
C5b-9, fH, properdin MBL, C5b-9,
CFH, properdin
Primary C5b-9 C5b-9
membranous
nephropathy
C3 C3, C3a, C4, C5, C5a, Ba, | C5b-9, Ba
glomerulonephritis | Bb, C5b-9,
CFB, properdin
ANCA- Clgq, C3a, C5a, Bb, MBL, Bb, Ba, C5b-9
associated C5b-9
vasculitis
Thrombotic
microangiopathies
(TMA)
Atypical HUS C5a, C5b-9 C5a, C5b-9
TMA in C3a, C5a, Ba, C5b-9 C3a, C5a, Ba, C5b-9

lupus nephritis






OEBPS/Images/fimmu.2024.1357869_cover.jpg
, frontiers ‘ Frontiers in Immunology

Urinary complement biomarkers in immune-
mediated kidney diseases





OEBPS/Images/table3.jpg
Approved

for

Investigated in

Eculizumab C5 aHUS « C3GN
(23738544) (NCT01221181)
» Dense deposition
disease.
(NCT01221181)
Ravulizumab C5 aHUS « IgAN (NCT06291376,
(30767127) NCT04564339)
« LN (NCT04564339)
Avacopan Cha ANCA .
receptor associated C3GN (NCT03301467)
inhibitor vasculitis
(33596356)
Crovalimab C5 .
aHUS (NCT04861259)
Gefurulimab C5 « Healthy
adults (NCT06208488)
Cemdisiran siRNA « aHUS
targeting the (NCT03303313,
c5 NCT03999840)
mRNA « IgAN (NCT03841448)
transcript
Pegcetacoplan = C3 « TMA (NCT05148299)
» C3GN and IC-MPGN
(NCT04572854,
NCT05809531)
« C3GN and IgAN
(NCT05067127,
NCT04729062)
ARO-C3 C3 » Complement
mediated kidney
diseases
(NCT05083364)
IONIS- Factor B « IgAN (NCT04014335)
FB-LRx
Iptacopan Factor B « IC-MPGN
(NCT05755386)
C3GN (NCT04817618)
Danicopan Factor D « C3 GN and IC-
MPGN
(NCT03369236,
NCT03124368)
Narsoplimab MASP- .
2 inhibitor IgAN

(NNCT03608033)






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





OEBPS/Images/fimmu-15-1357869-g001.jpg
Classical pathway Mannose-binding lectin pathway Alternate pathway

[ Ag-Ab complex + Clq

Mannose on pathogenic surface +

MBL

’ ‘ Spontaneous hydrolysis of C3 J

[ermwen ] |

v

o] |

MASP-1, MASP-2, MASP-3 ’ ‘

Factor B, Factor D

{ I—Clrcls

l a Il
Cabinding [ —C4 — - cab” > cad 3a l<— C3bBb
ko ) gel
Caa | Factor] | C3b—] FactorH
v
cabc2
Ca—
v a
C3 convertase C3 convertase—

Terminal pathway

C5 convertase ——»

Vitronectin
(C4b2b3b or C3bBb3b) . 7
C5b——————> C5b-9
8 9 (MAC)
Clusterin






OEBPS/Images/table1.jpg
[BINEN Classical pathway Alternative pathway Lectin pathway Complement

regulator proteins

Immune-mediated kidney diseases

Lupus nephritis v
IgA nephropathy =
Primary membranous nephropathy -
C3 glomerulonephritis -

ANCA-associated vasculitis -

SISN[S|S|SS
|

Thrombotic microangiopathies -

v, involvement of the complement pathways in the disease specified.





