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Minimal change disease (MCD) is the most common type of idiopathic nephrotic syndrome in childhood and represents about 15% cases in adults. It is characterized by massive proteinuria, edema, hypoalbuminemia, and podocyte foot process effacement on electron microscopy. Clinical and experimental studies have shown an association between MCD and immune dysregulation. Given the lack of inflammatory changes or immunocomplex deposits in the kidney tissue, MCD has been traditionally thought to be mediated by an unknown circulating factor(s), probably released by T cells that directly target podocytes leading to podocyte ultrastructural changes and proteinuria. Not surprisingly, research efforts have focused on the role of T cells and podocytes in the disease process. Nevertheless, the pathogenesis of the disease remains a mystery. More recently, B cells have been postulated as an important player in the disease either by activating T cells or by releasing circulating autoantibodies against podocyte targets. There are also few reports of endothelial injury in MCD, but whether glomerular endothelial cells play a role in the disease remains unexplored. Genome-wide association studies are providing insights into the genetic susceptibility to develop the disease and found a link between MCD and certain human haplotype antigen variants. Altogether, these findings emphasize the complex interplay between the immune system, glomerular cells, and the genome, raising the possibility of distinct underlying triggers and/or mechanisms of proteinuria among patients with MCD. The heterogeneity of the disease and the lack of good animal models of MCD remain major obstacles in the understanding of MCD. In this study, we will review the most relevant candidate mediators and mechanisms of proteinuria involved in MCD and the current models of MCD-like injury.
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INTRODUCTION

Minimal change disease (MCD) is the most common type of nephrotic syndrome in children, whereas it only accounts for 10–16% cases in adults (1, 2). The term MCD refers to a histological pattern characterized by the normal or near-normal appearance of glomeruli on light microscopy and immunofluorescence with podocyte foot process effacement (FPE) on electron microscopy as the sole abnormality observed in kidney biopsy (3). While histological findings are similar in children and adults with MCD, the clinical response to steroids, considered as first-line therapy, is different. Most children achieve resolution of proteinuria within days, whereas it can take months in adults (4, 5). Therefore, a kidney biopsy is only performed in selected pediatric cases, whereas it is mandated in all the adults to rule out other forms of nephrotic syndrome including infections, malignancies, or other glomerular diseases. For children who respond to steroid therapy, namely steroid-sensitive nephrotic syndrome (SSNS), MCD represents the most common underlying histological pattern followed by focal segmental glomerulosclerosis (FSGS), a more severe form of nephrotic syndrome involving glomerular scarring (4).

The name MCD can be misleading. While kidney histology shows minor changes and MCD has been traditionally considered a benign disease, it is often associated to multiple relapses, important comorbidities, and serious complications [acute kidney injury (AKI), thrombotic disorders, infections, etc.] (6–8). In addition, the pediatric onset disease can persist in adulthood (9). Therefore, MCD represents an important burden to patients, families, and the healthcare system (10). Some patients also develop resistance to therapies and/or progression toward advanced stages of chronic kidney disease (CKD) and this is usually associated with a change in the glomerular histology from MCD to FSGS (11, 12). So, a diagnosis of MCD may not be definitive; but, whether MCD and FSGS are distinct diseases or a continuum of the same disease remains unclear (13).

The clinical hallmark of MCD is sudden-onset proteinuria and anasarca. However, the mechanisms of proteinuria remain poorly understood (14). The lack of inflammatory cells and immune complexes in the MCD glomerulus led to the hypothesis that some circulating factor(s), presumably released by T cells, may trigger proteinuria and podocyte injury (15–18). This assumption is widely accepted by the nephrology community and it is supported by some clinical observations; but the presence, nature, and the cell source for the presumed circulating factor(s) have remained elusive for decades. With the discovery of nephrin as a key protein in the podocyte slit diaphragm (SD) and the glomerular filtration barrier (GFB), podocyte biology has been the center of most research efforts in MCD over the last two decades (19–21). In fact, podocytes are key to maintain the integrity of the GFB as implied in forms of genetic nephrotic syndrome with abnormal or absent podocyte proteins and in knockout in-vivo models (19, 22–24). In MCD, there are changes in the expression, phosphorylation, and/or localization of podocyte-specific proteins such as synaptopodin and nephrin during relapse (25–27). In addition, the observations that some immunosuppressive drugs used in MCD may act directly on podocytes have also supported the concept of MCD as a podocyte disorder (28–32). In the recent years, there has been an increasing interest on the underpinning genetic architecture in MCD and several studies have identified gene variants that seem to confer susceptibility to the disease (33–36). Therefore, the pathogenesis of MCD seems to involve a complex interplay between immune cells, the glomerulus, and genetics (Figure 1). This complexity is reflected by the paucity of major breakthroughs in the understanding of the disease and lack of targeted therapies.
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FIGURE 1. Representative schematic of the pathogenesis in MCD. MCD is associated with immune dysregulation. Notably, there is a strong association between human leukocyte antigen (HLA) and susceptibility to idiopathic nephrotic syndrome. So, it is possible that children with MCD have a genetic predisposition toward immune dysregulation that, in turn, contributes to release of factors that may play a role in the pathogenesis of the disease. Also, infections often trigger relapse in these patients and this may be the result of an exaggerated immune response in a susceptible patient. Several candidate mediators, released by systemic T or B cells or by glomerular cells, have been suggested to play a role in the development of proteinuria in MCD, but to date, there is a no definitive mediator of MCD. The podocyte exhibits morphological and molecular changes involving key proteins such as synaptopodin, FAK, and nephrin, but these changes are not specific for MCD and the upstream pathways leading to these changes remain unknown. The glomerular basement membrane (GBM) and the endothelial cell also show subtle changes. Thus, there is a loss of anionic charges in the GBM, but this does not appear to be a key driver of proteinuria. More recently, there is evidence of endothelial cell activation and oxidative stress, but whether this may play a role in the disease or it may represent a paraphenomenon is unclear. MCD, minimal change disease; IL, interleukin; VEGF, vascular endothelial growth factor; Angptl4, angiopoietin-like 4; ZHX1, zinc fingers and homeoboxes; FAK, focal adhesion kinase; JAK, Janus kinase.


In this manuscript, we will provide an overview of the current experimental approaches available to study MCD and a review of candidate mediators and mechanisms of proteinuria involved in MCD and SSNS, that is commonly associated with MCD.



EXPERIMENTAL MODELS OF MCD

Table 1 shows a summary of current experimental models to study MCD. While these models have helped to advance, to some extent, our understanding of the disease, they still have significant limitations. Hence, there is an urgent need to develop better experimental approaches that mimic the natural course of human MCD.


Table 1. Overview of experimental models of MCD.
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Animal Models

Puromycin aminonucleoside (PAN) (rat model) and lipopolysaccharide (LPS) (mouse model) are the two most widely used models to induce sudden-onset proteinuria and MCD-like injury on kidney histology. The PAN model induces DNA damage via reactive oxygen species resulting in remarkable proteinuria, FPE, redistribution of proteins of the SD, changes in anionic charges in the glomerular basement membrane (GBM), and podocyte loss (37–41). In contrast, the LPS model is thought to directly activate the Toll-like receptor 4 (TLR-4) and downstream inflammatory pathways on podocytes resulting in mild and transient proteinuria, FPE, and changes in nephrin phosphorylation (20, 42, 43). Therefore, both models resemble some key features of MCD (sudden proteinuria, MCD-like injury on histology, and changes in podocyte proteins) (25–27), though apparently by different mechanisms. The main strength of the PAN model is the remarkable proteinuria and FPE, whereas that of the LPS model is the immune activation, likely relevant to MCD given its clinical association with infections (44, 45). However, both models have significant limitations. The PAN model often results in FSGS likely due to direct podocyte injury and loss rather than by a circulating factor (39). The LPS model is associated with a remarkable immune response resulting in sepsis, transient proteinuria, and AKI (46).

Other animal models have been described, but their use to study MCD is anecdotic. Polyinosinic: polycytidylic acid (Poly: IC) is a TLR-3 ligand that, when injected to mice, induces proteinuria and podocyte injury involving synaptopodin loss and FPE with no immune deposits on electron microscopy (47), mimicking features of MCD. Poly: IC is thought to mediate direct podocyte injury via TLR and activation of the inflammatory pathway nuclear factor-kappa B (NF-kB) (48). A weakness of this model is that proteinuria is mild and transient, but contrary to the LPS model, it is not associated with clinical sepsis (47). This model seems promising because it is well-tolerated by mice and results in glomerular changes that mimic MCD, but it remains to be determined whether variations from the original Poly: IC model of proteinuria may yield higher and/or sustained proteinuria like that observed in human MCD.

Sellier-Leclerc et al. developed a humanized mouse model of MCD by injecting CD34+ (a marker for hematopoietic stem cells) and CD34– peripheral blood mononuclear cells (PBMCs) from patients with MCD and FSGS into immunocompromised mice (49). Mice injected with CD34+ cells, but not with CD34–, developed albuminuria and partial FPE. Since CD34+ and CD34– induce the expansion of immature and mature T cells, respectively, authors postulated that proteinuria in this model could be mediated by immature T cells. The caveat of this model is that the degree of albuminuria was low and its use has not been reported since. It is unknown whether an additional insult (PAN, LPS, and Poly: IC) could have triggered a higher degree of proteinuria and still maintain MCD features.

A transgenic (TG) rat model characterized by the podocyte-specific overexpression of angiopoietin-like 4 (Angptl4) has also been associated to proteinuria and MCD-like changes on kidney histology (50). The main caveat of this model is the slow-onset proteinuria, contrary to the animal models described above and to the human disease. Therefore, these TG rats need to be exposed to an additional insult (puromycin, adriamycin, etc.) to accelerate proteinuria (50).

Another animal model of interest is the Buffalo/Mna rat. These rats spontaneously develop nephrotic syndrome with histological features of glomerulosclerosis. Notably, proteinuria and kidney lesions resolved when the Buffalo/Mna kidneys were transplanted into healthy rats, suggestive of a circulating factor(s) as driver of proteinuria (51). In addition, the Buffalo/Mna kidneys exhibited a greater infiltration of macrophages and T cells than control rats, along with an upregulation of macrophage and T-helper type 2 (Th2) cytokine transcripts before the progression of proteinuria (52). This model could serve to investigate potential mechanisms of disease progression and recurrence after transplantation.



In-vitro Models

Cell culture studies are a valuable tool to study podocyte biology and they remain as standard approach to study mechanisms of disease in glomerulopathies. As such, different toxins (puromycin, LPS, and Poly: IC) and sera from patients with MCD have been used on cultured immortalized human podocytes in an attempt to replicate molecular changes triggered by the circulating factor(s) involved in MCD (43, 53). However, cultured human podocytes do not form secondary processes or slit diaphragms, show a variable expression of podocyte-specific proteins, and lack of cell-to-cell communication with glomerular endothelial cells (GEnC) and mesangial cells as in the human GFB (54). These are important limitations given the importance of the SD and the crosstalk between glomerular cells to maintain the integrity of the GFB. Another important consideration is that circulating toxins, at least those presumably present in the MCD sera or plasma, may not directly encounter podocytes in the human glomerulus as they do in culture systems.

To overcome the above limitations, new and promising in-vitro systems, such as kidney organoids and three-dimensional (3D) cocultures, have been developed over the last few years. These systems help to recapitulate the ontogeny of renal development and recapitulate features of the glomerular filtration barrier including cell-to-cell interactions and microfluid circulation. Proposed applications have included in-depth mechanistic studies and drug screening, gene knockouts and overexpression, and structural changes in response to sera of patient and various and sundry cytokines. These models have been reviewed in detail elsewhere and a detailed discussion is beyond the scope of this review (54, 55).




MEDIATORS AND MECHANISMS OF PROTEINURIA IN MCD

Table 2 shows a summary with some postulated mediators and mechanisms of proteinuria involved in MCD.


Table 2. Summary of candidate mediators and mechanisms of proteinuria in MCD.
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CIRCULATING FACTORS

Since early 1970s, MCD has been thought to be mediated by some circulating factor(s). While this remains to be proven, there are some clinical and experimental observations that support this: (1) therapeutic response to immunosuppression, (2) lack of immune complexes in glomeruli, (3) resolution of proteinuria after transplanting kidneys with active MCD into patients without MCD, and (4) development of MCD-like injury in rats that received supernatants of PBMCs from patients with active SSNS and supernatants from T-cell hybridomas derived from MCD in relapse (4, 56–58). However, the clinical observations do not demonstrate causality and the experimental studies remain to be validated decades after the original publication (57, 58). Here, we will review some of the candidates circulating mediators and their postulated mechanisms of proteinuria in MCD.


Circulating Cytokines

Several cytokines, predominantly from the Th2 subset, have been linked to MCD (59). A detailed review on systemic cytokine patterns in MCD is beyond the scope of this review. Here, we will specifically focus on those cytokines with a presumed pathogenic role in the development of proteinuria in MCD.


Interleukin-13 (IL-13)

The strongest evidence to support a role of IL-13 in MCD comes from a TG rat model characterized by high serum IL-13 levels (60). These rats developed nephrotic syndrome, FPE, loss and redistribution of some podocyte proteins, and CD80 upregulation in glomeruli, thereby mimicking some key features of human MCD (60).



Interleukin-8 (IL-8)

Garin et al. postulated that systemic IL-8 could play a role in MCD. Rats infused with IL-8, reaching serum levels similar to those observed in MCD, developed proteinuria due to an increased metabolism of glycosaminoglycans (GAGs) in the GBM, mimicking the anionic loss reported in the GBM of some patients with MCD (61). Nevertheless, IL-8 only caused mild proteinuria.



Interleukin-4 (IL-4)

High systemic IL-4 via liver overexpression caused proteinuria and podocyte FPE in mice, which was ameliorated with a JAK inhibitor, suggesting that IL-4 may mediate proteinuria by activating JAK signaling in podocytes (62). In a single-center study, 10 of 29 patients with active MCD had a positive staining for phosphorylated STAT6, a surrogate marker of IL-4 signaling in glomeruli, whereas it was positive in only 1 of 23 controls.

There is some evidence that IL-13, IL-8, and IL-4 could play a role in experimental models of proteinuria, but the significance of these studies remains unclear due to the lack of further validation by other research groups and by the heterogenous pattern of these cytokines in patients with MCD (53, 59, 63–65).

While T-cell effectors are the source of the above and other pro-inflammatory cytokines, a deficiency in regulatory T cells (Treg cells) has also been implicated in the pathogenesis of MCD (14, 66). An example is the association of MCD with immune dysregulation, polyendocrinopathy, enteropathy, and X-linked (IPEX) syndrome. This is an immunodeficiency syndrome characterized by a FOXP3 mutation that inactivates Treg cells (67). In addition, Treg cells express CTLA-4. This is an important modulator of the immune response by binding to CD80 on antigen presenting cells (APCs). Of note, patients with MCD have a high CD80/CTLA-4 ratio in urine, suggesting that an imbalance in these molecules may have a role in MCD (68).

In summary, experimental studies on animal models have shown a possible role for some cytokines in the pathogenesis of proteinuria. However, the results of these studies have not been confirmed in human disease. This may be due to the variable methodology among studies, the heterogeneity of the disease, the differences between human MCD and animal models, and the complex interplay among pro- and anti-inflammatory cytokines, immune cells, and glomerulus. To date, there is no evidence that a single cytokine is a key mediator of podocyte injury in MCD.




B Cells and Autoantibodies

While most studies have focused on T-cell-related cytokines, the efficacy of anti-CD20 therapy [rituximab (RTX)] to reduce the frequency of relapses in SSNS and MCD has brought an increasing interest on the potential role of B cells in the disease pathogenesis (69). It remains unclear whether B cells may contribute to the disease by promoting certain T-cell responses or by releasing autoantibodies against podocyte proteins (70–72). For instance, Oniszczuk et al. found higher circulating levels of plasmablasts and B-cell activating factor in the serum of adults with MCD during relapse (73), but whether these drive T-cell activation in MCD remains to be determined. Colucci et al. found that patients with idiopathic nephrotic syndrome (INS) and poor response to therapies carry higher levels of T cells with hyposialylated immunoglobulin M (IgM) on the surface (72). Supernatants from these T cells caused podocyte cytoskeletal rearrangements in vitro, but this was prevented when T cells were incubated with sialylated IgM, suggesting that IgM on the T-cell surface modulates T-cell responses and that B- and T-cell crosstalk may play an important role in the pathogenesis of MCD (72). Trachtman et al. recently showed that IgM can trigger the classical pathway of complement in glomeruli from patients with INS (74). These findings emphasize the potential pathogenic role of B cells in nephrotic syndrome.

Furthermore, B cells produce antibodies. Thus far, there have been two candidate autoantibodies proposed as mediators of MCD, but the lack of immune complexes on kidney tissue remains an argument against a key pathogenic role of these autoantibodies.


Antiubiquitin Carboxyl-Terminal Hydrolase L1 (UCHL1) Antibodies

Combining human, experimental, and animal studies, Jamin et al. found elevated anti-UCHL1 antibody titers in plasma in about half of children with SSNS in relapse compared to controls (71). These autoantibodies targeted podocytes causing cell detachment in vitro and proteinuria and MCD-like injury in vivo. Interestingly, antibody titers were not increased in adults with active MCD (71). If these findings are validated, this would support a pathogenic role of autoantibodies and suggest that childhood- and adulthood-onset MCD may have a different underlying pathophysiology.



Antinephrin Antibodies

Watts et al. recently found circulating antinephrin antibodies in 29% of patients with active MCD [“Autoantibodies against nephrin elucidate a novel autoimmune phenomenon in proteinuric kidney disease.” Medrxiv (Preprint). Available at https://www.medrxiv.org/ content/10.1101/2021.02.26.21251569v1.full]. In the MCD glomerulus, authors showed granular immunoglobulin G (IgG) deposits colocalizing specifically with nephrin, but not with other podocyte proteins. This is an attractive finding as antinephrin antibodies mediate recurrence of nephrotic syndrome in patients with congenital nephrotic syndrome. Watts et al. postulated that circulating antinephrin antibodies may bind to nephrin changing its localization in the slit diaphragm, thereby resulting in proteinuria. However, it remains unknown whether these antibodies play a causative role either as primary or secondary insult to the podocyte or whether they may represent a paraphenomenon. Of note, circulating antinephrin antibodies are also present in patients with diabetes, but they were not associated to a higher risk of proteinuria (75). While antinephrin antibodies cause proteinuria in rats, they only induce a partial retraction of podocytes; so, the exact mechanisms by which these autoantibodies may cause proteinuria remains unclear (76).

Future studies are needed to determine the pathogenic role of B cells, to assess for causality between circulating autoantibodies and proteinuria in MCD, and to screen for novel candidate autoantibodies.




Hemopexin

Hemopexin is a plasma glycoprotein with high affinity for heme and immunoregulatory properties. When infused into rats, hemopexin caused reversible proteinuria and podocyte FPE resembling MCD-like injury (77). Mechanistically, it is thought to contribute to proteinuria by reducing anionic charges in the GBM in vivo and by disrupting nephrin signaling in vitro (77, 78). Patients with MCD may carry an “active” form of hemopexin. While plasma levels were first reported low in patients with MCD compared to controls, a recent study found that serum and urine levels of hemopexin are high in children with active nephrotic syndrome (79, 80); so, larger studies by using standardized methods to quantify hemopexin could provide insights into the value of hemopexin as marker or mediator of disease. More recently, plasma hemopexin was found to discriminate among patients with SSNS and steroid-resistant nephrotic syndrome (SRNS) with lower levels noted in SSNS compared to SRNS (81).



Microbial Products

In children with MCD, proteinuria is often triggered by infections (44). In mice, TLR ligands induce transient proteinuria and podocyte injury. However, it remains unknown whether viral or bacterial products directly stimulate TLR on podocytes or whether proteinuria may be the result of an exaggerated systemic immune response in susceptible patients (42, 47).



Others

Over the last few years, proteomic and metabolic studies have identified candidate biomarkers in urine or plasma (α1-macroglobulin, adiponectin, etc.) to discriminate MCD from FSGS and SSNS from SRNS, but whether some of these may also have a pathogenic role in proteinuria is still unclear (81, 82). In 2021, there have been numerous cases reported of new onset or relapsing MCD following COVID-19 vaccine (83). These cases shared a strong temporal association between vaccine administration and onset of proteinuria, highly suggestive of an exaggerated and rapid T-cell-mediated immune response to viral messenger RNA (mRNA). Future studies are required to investigate a potential causal link between the COVID vaccines and MCD. On the other hand, Angeletti et al. recently reported that protein-based vaccines are not associated with a higher risk of relapse in patients with nephrotic syndrome (84).




LOCAL (INTRAGLOMERULAR) FACTORS

Most researchers have historically focused on the study of circulating cytokines, but recent studies have recognized the importance of the local microenvironment in the development of podocyte injury in the experimental models. Here, we will review some of the molecules, thought to be released within the glomerulus, that have been linked to the pathogenesis of MCD.


Interleukin-4

In an elegant study, Kim et al. planted a B-cell antigen (hen egg lysozyme) on the GBM and found that injection of polarized antigen-specific B cells led to transient proteinuria within 24 h and histological changes consistent with MCD-like injury. In contrast, transfer of polarized antigen-specific B cells that were IL-4 deficient did not cause proteinuria, suggesting that proteinuria was mediated by local activated B cells and release of IL-4 (62). Interestingly, circulating IL-4 was undetectable, suggesting that the local release of IL-4 was sufficient to induce proteinuria and podocyte injury in vivo (62).



Tumor Necrosis Factor-α (TNF-α)

Studies involving TNF-α have largely focused on FSGS rather than MCD. Because some patients with MCD eventually develop FSGS, intraglomerular TNF-α remains a target of interest as mediator of podocyte injury in MCD (85, 86). Sera from patients with FSGS are able to increase TNF-α expression in cultured human podocytes and consistent with this, glomerular TNF-α is increased in patients with FSGS (86, 87). While glomerular TNF-α is inversely correlated with estimated glomerular filtration rate (eGFR), it did not show a correlation with serum TNF-α, reflecting the discrepancy between the systemic and glomerular cytokine levels (86). Mechanistically, TNF-α downregulates nephrin expression and phosphorylates paxillin and focal adhesion kinase (FAK) leading to cytoskeletal rearrangement (88, 89). This may be relevant to MCD, as podocyte FAK is activated in these patients (90). In addition, TNF-α activates the inflammatory NF-kB pathway and can induce CD80 expression on podocytes (see CD80 section) (91).



Vascular Endothelial Growth Factor (VEGF)

Podocytes are a source of several factors that act as ligands of receptors expressed by GEnC and this cellular crosstalk is key to maintaining endothelial homeostasis and the integrity of the GFB as demonstrated by landmark studies in the field (92). VEGF-A is the most well-characterized molecule of the VEGF family and it has been implicated in the pathogenesis of diabetic nephropathy, preeclampsia, and thrombotic microangiopathy (92). Podocyte-specific loss of VEGF-A in mice prevents glomerular development and formation of glomerular endothelium and the inactivation of single VEGF-A allele leads to endothelial injury and end-stage renal disease. In contrast, the podocyte-specific overexpression of VEGF164 results in collapsing glomerulosclerosis, suggesting that VEGF expression within the glomerulus is tightly regulated (92). In MCD, glomerular expression of VEGF has been reported high during relapse by some authors but not by others (93, 94). The discrepancy between studies could be related to methodology and the heterogeneity of the disease. Another consideration is that a kidney biopsy only reflects the molecular signature at a specific time point, whereas VEGF expression may fluctuate during different stages of relapse and remission.



Others

Several molecules involved in endothelial–podocyte crosstalk such as angiopoietins 1 and 2 and VEGF-C have been linked to proteinuric glomerular diseases such as preeclampsia and diabetic nephropathy, but their role in MCD remains to be investigated.

Further studies are needed to characterize the cytokine and inflammatory signature in the MCD glomerulus, the cellular source of these local cytokines (infiltrating T and/or B cells, podocytes, other glomerular cells, etc.) and the stimuli triggering such cell responses. Likewise, a reduced number of Treg cells has been reported in the MCD glomerulus (95), so it is possible that the imbalance between effectors T and Treg cells may be important to determine a pro- vs. anti-inflammatory microenvironment in the glomerulus.




ROLE OF THE GFB AS A CHARGE SELECTIVE BARRIER IN MCD

The GFB is a size and charge-selective functional unit that allows the free flow of water and small molecules while preventing the passage of plasma proteins into urine. It consists of three layers: GEnC and associated glycocalyx, the GBM and podocytes with their foot processes, SD, and glycocalyx. The disruption of the GFB at any layer can result in proteinuria, but podocytes play a critical role in the formation and integrity of the GFB (96). However, the cause of proteinuria in MCD was historically attributed to the loss of negative charges in the GBM based on the observation that anionic charges were reduced in the GBM in animal models of podocyte injury and in some patients with MCD (40, 97). Subsequent experimental models failed to demonstrate a causal link between the GBM charges and proteinuria in vivo (98), so this theory was nearly abandoned in the twenty first century. More recently, Huizing et al. found evidence of glomerular hyposialytation in 26% of patients with proteinuric glomerular disease including MCD and other glomerular diseases (99). These observations provided the rationale for an ongoing randomized trial to test whether N-acetylmannosamine (ManNAc), a sialic acid precursor, may ameliorate proteinuria in human glomerular disease (99). Further studies are warranted to identify the primary affected glomerular cell/protein with hyposialytation, the triggering insult, and whether ManNAc restores sialylation and ameliorates proteinuria in human MCD.

The GBM and, to a lesser extent, podocytes have been the focus of interest for researchers studying the role of charges in MCD, but it is notable that little attention has been paid to the endothelial glycocalyx (EG). This is a thick meshwork of GAG and proteoglycans negatively charged that covers the entire endothelium and its fenestrations. It has been postulated that the EG is a major site for the generation of an electrokinetic field that prevents the passage of negatively-charged plasma proteins such as albumin (100, 101). In support to this, the loss of EG is associated to proteinuria in experimental models of diabetes and sepsis and human diseases (102). Of note, a study found an increase in circulating syndecan 1, as surrogate of EG degradation, in patients with MCD (103). So, further studies need to address whether the EG may be relevant for the development of proteinuria in MCD. It is possible that the EG injury favors the passage of albumin through the GFB and that EG products may modulate biological processes including podocyte response to injury. For example, syndecan 4, an important component of the EG, can activate podocyte via TRCPC6 and β3 integrin signaling (104).



PODOCYTE DYSFUNCTION

In MCD, podocytes experience alterations in shape known as FPE and changes in the regulation of key proteins such as nephrin and synaptopodin (25–27). These changes include nephrin downregulation, redistribution, dephosphorylation, and synaptopodin downregulation (25–27). However, these molecular dysregulations are not specific of MCD and it is still unclear whether they are the cause of the podocyte injury and/or FPE or whether they represent a non-specific adaptive response of podocytes to injury. Indeed, MCD has been associated with an increased in podocyte autophagic activity (105, 106) that is an important mechanism for stress adaptation. Notably, progression from MCD to FSGS on histology was associated with a decline of autophagic activity (106).

Podocytes are key to prevent proteinuria, but there is a poor correlation between the level of proteinuria and FPE in patients with MCD and other glomerular diseases (107), questioning a direct cause and effect between FPE and proteinuria and suggesting that other cell types may contribute to the disease.


Candidate Mediators of Proteinuria in Experimental MCD

Current in-vivo approaches to study MCD (PAN and LPS) result in a reduction and/or redistribution of podocyte proteins mimicking some key features of human MCD. Here, we will review some of the most studied and/or promising candidate mediators of podocyte injury in experimental models of MCD.


CD80

This is a costimulatory molecule expressed by APCs upon activation. In cultured podocytes, CD80 expression is upregulated upon injury with LPS and TNF-α and mediates actin rearrangements, a surrogate marker for FPE (42, 91). There is indirect evidence in-vivo supporting a role of CD80 as mediator of proteinuria in the LPS model. CD80 knockout mice do not develop proteinuria following LPS exposure and CD80 expression on non-hematopoietic cells is also necessary for TLR stimulation to cause albuminuria in mice (42, 91). Also, CD80 is excreted into urine following TLR stimulation (47). However, some groups could not identify CD80 expression in podocytes following LPS questioning the role of CD80 in proteinuria (108). More recently, we and others demonstrated that CD80 is upregulated by kidney endothelial cells following LPS by using immunofluorescence and endothelial-specific translating ribosome affinity purification (EC-TRAP) and high-throughput RNA sequencing analysis, respectively (109, 110). Mechanistically, CD80 is thought to prevent talin binding to β1 integrin and its downstream signaling and to prevent Neph1 binding to nephrin, thereby altering actin polymerization and organization (31, 111).

In humans, CD80 was initially found upregulated in podocytes in some patients with MCD during relapse. However, there have been contrasting results among studies questioning the validity of the CD80 staining in human kidney tissue and this has tamped down the initial enthusiasm for this molecular target (108, 112). Our group recently demonstrated that CD80 is indeed present in podocytes in MCD, but, surprisingly, most CD80 was lining the capillary lumens in an endothelial pattern (109). We and others also showed that urinary CD80 levels are consistently high in a subset of patients with MCD in relapse compared to controls and to patients with other proteinuric glomerular disease (68, 112–115). Interestingly, there are two cases reported in that patients with active MCD and high CD80 in urine underwent rapid transient and sustained remission following anti-CD80 therapy, respectively (116, 117). In contrast, the efficacy of anti-CD80 therapy in FSGS, usually associated to normal CD80 levels in urine, remains controversial (118). These observations suggest a potential link between CD80 or downstream pathways and proteinuria in selected patients with MCD (those with either high urinary or glomerular CD80).



Angiopoietin-Like 4

This is a glycoprotein highly expressed by the liver and adipose tissue. Podocyte-specific Angptl4 overexpression in rats caused albuminuria and FPE over time without immune complex deposition mimicking features of MCD. Proteinuria was exacerbated when these transgenic rats received a single dose of puromycin and it was partially ameliorated when animal received steroids or ManNAc, which is a sialic acid precursor (50). In this model, injured podocytes released hyposialylated Angptl4 that bound to the GBM neutralizing its negative charges and also enhanced oxidative injury to GEnC in vitro. In contrast, normosialylated Angptl4 is released into circulation and this mediates hyperlipidemia and ameliorates proteinuria by interacting with glomerular endothelial αvβ5 integrin in different animal models of proteinuria including FSGS and diabetic nephropathy (50, 119). Still, the mechanisms of proteinuria in the podocyte Angptl4 model are not fully understood. In humans, Angptl4 was found overexpressed in podocytes from few patients with MCD in relapse (50), but these findings were not validated in a larger clinical study (120). Angptl4 is excreted into urine at high levels in different proteinuric diseases, suggesting that Angptl4 may reflect a non-specific response of podocytes to various insults rather than being a specific marker or mediator of MCD (120). More clinical studies are necessary to determine whether Angptl-4 may contribute to human MCD.



c-mip

This was initially found elevated in T cells of patients with MCD in relapse and subsequently in podocytes of patients with active MCD and other forms of proteinuric glomerular disease. In animal studies, c-mip overexpression in podocytes causes albuminuria, FPE, and loss of total and phosphorylated nephrin without evidence of inflammatory changes in the glomerulus, thereby mimicking key features of MCD (121). LPS triggers podocyte c-mip upregulation and this seems independent of the cellular or humoral immunity. Mechanistically, c-mip interferes with Fyn binding to nephrin preventing downstream signaling and nephrin phosphorylation, which is a critical for podocyte restoration following transient podocyte injury (121). To date, there is strong experimental data to support a potential role of c-mip as mediator of proteinuria in MCD and other glomerular disease, but further clinical studies are necessary.



Focal Adhesion Kinase

FAK is a non-receptor tyrosine kinase that resides at sites of integrin clustering serving as a link between the extracellular matrix and the acting cytoskeleton. Upon phosphorylation, FAK modulates cell motility and migration and also contributes to the secretion of matrix metalloproteinases (122). In podocytes, FAK activation is necessary for the development of proteinuria and FPE following LPS (123). In experimental models, nephrin phosphorylation is an upstream activator of the Cas-Crk pathway, involving FAK activation (90). In patients with MCD, but not FSGS, FAK activation is observed in podocytes during relapse. However, MCD is associated with a reduction in nephrin phosphorylation (26), so that the upstream signaling triggering FAK activation in MCD is not fully understood.



Zinc Fingers and Homeoboxes (ZHX)

This refers to a family of transcriptional factors (ZHX1, ZHX2, and ZHX3) that regulates the expression of key podocyte genes. ZHX proteins localize at the membrane as hetero- or homodimers. Using different injury models of proteinuria, Macé et al. showed that translocation of ZHX proteins from the membrane into the nucleus may result in distinct types of nephrotic syndrome (124). Nuclear ZHX3 alone or in combination with ZHX2 was associated to FSGS, whereas nuclear ZHX1 was associated to MCD-like injury and podocyte Anpgtl4 upregulation in culture systems. Thus, this study provided a mechanism by which podocyte Angptl4 expression may be regulated in MCD and it proposed a plausible pathway that may be involved in the development of several forms of proteinuric kidney disease (124). Data on human MCD are still scarce. The same group found an increase in ZHX1 expression in podocyte nuclei from patients with active MCD, whereas ZHX2 expression was downregulated compared to controls (124).

In summary, there are several candidate mediators of podocyte injury and proteinuria in models of MCD. Nevertheless, the lack of specificity to discriminate among models of proteinuria and the lack of validation in large clinical studies do question their clinical relevance for human MCD. This emphasizes the urgent need to develop novel experimental models and/or approaches to study MCD.




Candidate Targets Identified in Human Tissue

The use of novel approaches such as transcriptomics has helped to identify molecules and pathways relevant for the pathogenesis of the human disease. Sanchez-Niño et al. showed higher expression of fibroblast growth factor-inducible 14 (Fn14), monocyte chemotactic peptide-1 (MCP-1), and NF-kB in podocytes from kidney tissue of patients with FSGS, but not from MCD (125). Bennet et al. reported an increased expression of genes involved in inflammation and fibrosis (osteopontin, CD24, CCL3, CXCL2, CXCL14, SOX9, etc.) in FSGS glomeruli compared to controls. Likewise, authors found a decrease in podocyte-specific genes (NPHS1, WT1, VEGF, etc.) in patients with FSGS compared to controls (126). Hodgin et al. identified few differentially expressed genes in glomeruli from MCD in relapse vs. controls. Specifically, these genes are involved in amino acid and metabolic processes (BHMT, DDC, and XPNEP2) and cell adhesion (CDH11, MPZL2, OPCML, and TRO) (127). Using single cell transcriptomics, Menon et al. demonstrated an upregulation of alpha-2 macroglobulin in GEnC from patients with FSGS compared to living donors and this was associated to poor clinical outcomes (128).

These novel approaches and collaborative efforts are key to elucidate the different molecular signatures linked to MCD. In particular, single cell transcriptomics is important to identify the dysregulated cell type within the glomerulus. Likewise, future research should also address the upstream pathways leading to these intraglomerular changes.




ENDOTHELIAL DYSFUNCTION

Endothelial cells line the entire vasculature and, in the glomerulus, are in close proximity to podocytes. Endothelial–podocyte communication is critical for the maintenance of the GFB. In addition, endothelial cells also have the machinery to present and process antigens and are important modulators of the immune response and inflammation (129). These features along with the assumption of a circulating factor involved in MCD could make endothelial cells an attractive cell target for the disease pathogenesis. However, studies involving GEnC in MCD are anecdotical unlike in other glomerular diseases. There have been few reports that showed evidence of endothelial dysfunction, ultrastructural changes in the glomerular endothelium, and upregulation of markers of cell activation, such as CD80 and caveolin-1, in GEnC of patients with MCD during relapse (103, 109, 130–132). These findings suggest that the endothelium is injured and/or activated in MCD and raises the possibility that activated GEnC may contribute to a pro-inflammatory milieu in the glomerulus rather than being an innocent bystander. For instance, CD80 is associated with activation of downstream inflammatory pathways and caveolin-1 mediates albumin transcytosis and endothelial cell function (133). More recently, Trachtman et al. showed that IgM can bind to epitopes on injured GEnC and activate the complement pathway (74). In addition, injury to the endothelium may facilitate the passage of proteins through the GFB due to the loss of the glycocalyx that serves as charge barrier (101). Therefore, further studies are warranted to determine whether activated GEnC plays a pathogenic role in proteinuria in MCD.



GENETICS

Epidemiological studies have shown cases of familial SSNS and certain ethnic differences across populations. For instance, SSNS is more common in Asian children and it may have a more difficult clinical course in patients of African-American or Hispanic descents (134). However, Mendelian mutations have been rarely described in SSNS or MCD contrary to that observed in SRNS or FSGS. These findings suggest that SSNS and MCD are polygenic diseases with a complex inheritance pattern influenced by individual genetic risk and environmental factors. Given the association of SSNS and MCD with immune dysregulation, HLA genes have been a target of interest for researchers (33, 135). Numerous groups used an HLA candidate approach to identify genetic risk loci for SSNS and identified several variants including HLA-DQB, HLA-DBA, HLA-DRB1, HLA-DQB1, HLA-DQW2, and HLA-DR7 (134). Using a non-biased approach such as genome-wide association studies (GWASs), Gbadegesin et al. identified HLA-DQA1 and PLCG2 missense variants as candidate risk loci for children with SSNS. HLA-DQ1 variants resulted in perturbation of protein secondary structure, which may alter the process of antigen presentation in these patients. Notably, HLA-DQA1 is also reported in IgA nephropathy and membranous nephropathy, suggesting a shared immune dysregulation among these proteinuric diseases (36). As previously mentioned, IL-4 and IL-13 have been linked to MCD/SSNS. Several studies have investigated the potential association between gene variants and MCD with contrasting results. Al Rushood et al. found no association between IL-4 and IL-13 gene polymorphisms and susceptibility to SSNS (136), whereas Acharya et al. reported a possible association of these gene variants and MCD (137). In a similar study, Ikeuchi et al. showed an association between STAT6 gene polymorphisms and MCD (138) contrary to that reported by others (137). Using GWAS, Jia et al. recently identified NPHS1 (nephrin) and TNFSF15 regions as susceptibility factors for childhood SSNS (139).

Genetics studies continue to shed light into potential targets and pathways relevant for the disease and also reinforce the role of immunity in MCD. Nevertheless, these studies demonstrate associations rather than causality.



CONCLUSION

Minimal change disease is a clinical–histopathological entity with variable clinical outcomes. Despite research efforts, the mechanisms of proteinuria remain poorly understood and this has hampered the development of targeted therapies. MCD involves a complex interplay between environmental factors, genetic susceptibility, immune dysregulation, and the glomerular microenvironment, suggesting that MCD is not simply an immune or podocyte disease. This may explain the heterogeneity of the human disease, which together with the lack of good animal models, remain major obstacles to elucidate the pathogenesis of MCD. Therefore, future research strategies should integrate analysis of timed human biosamples including large and well-characterized cohort of patients along with novel experimental models including animal studies and state-of-the-art in-vitro approaches to improve our understanding of cell-to-cell interactions in the disease.



AUTHOR CONTRIBUTIONS

SP, FP, and GC-F contributed to the design of the review paper. FP created figures and tables. All authors contributed to the revision and reading of the manuscript and approved the submitted manuscript.



ACKNOWLEDGMENTS

We thank Dr. Richard J. Johnson for his thoughtful comments.



REFERENCES

 1. The primary nephrotic syndrome in children. Identification of patients with minimal change nephrotic syndrome from initial response to prednisone. A report of the International Study of Kidney Disease in Children. J Pediatr. (1981) 98:561–4.

 2. Cameron JS. Nephrotic syndrome in the elderly. Semin Nephrol. (1996) 16:319–29.

 3. Barisoni L, Schnaper HW, Kopp JB. A proposed taxonomy for the podocytopathies: a reassessment of the primary nephrotic diseases. Clin J Am Soc Nephrol. (2007) 2:529–42. doi: 10.2215/CJN.04121206

 4. Vivarelli M, Massella L, Ruggiero B, Emma F. Minimal change disease. Clin J Am Soc Nephrol. (2017) 12:332–45. doi: 10.2215/CJN.05000516

 5. Waldman M, Crew RJ, Valeri A, Busch J, Stokes B, Markowitz G, et al. Adult minimal-change disease: clinical characteristics, treatment, and outcomes. Clin J Am Soc Nephrol. (2007) 2:445–53. doi: 10.2215/CJN.03531006

 6. Kerlin BA, Haworth K, Smoyer WE. Venous thromboembolism in pediatric nephrotic syndrome. Pediatr Nephrol. (2014) 29:989–97. doi: 10.1007/s00467-013-2525-5

 7. Rheault MN, Zhang L, Selewski DT, Kallash M, Tran CL, Seamon M, et al. AKI in children hospitalized with nephrotic syndrome. Clin J Am Soc Nephrol. (2015) 10:2110–8. doi: 10.2215/CJN.06620615

 8. Carpenter SL, Goldman J, Sherman AK, Selewski DT, Kallash M, Tran CL, et al. Association of infections and venous thromboembolism in hospitalized children with nephrotic syndrome. Pediatr Nephrol. (2019) 34:261–7. doi: 10.1007/s00467-018-4072-6

 9. Marchel DM, Gipson DS. Adult survivors of idiopathic childhood onset nephrotic syndrome. Pediatr Nephrol. (2021) 36:1731–7. doi: 10.1007/s00467-020-04773-3

 10. Murphy SL, Mahan JD, Troost JP, Srivastava T, Kogon AJ, Cai Y, et al. Longitudinal changes in health-related quality of life in primary glomerular disease: results from the cureGN study. Kidney Int Rep. (2020) 5:1679–89.

 11. Tejani A. Morphological transition in minimal change nephrotic syndrome. Nephron. (1985) 39:157–9. doi: 10.1159/000183363

 12. Hayslett JP, Krassner LS, Bensch KG, Kashgarian M, Epstein FH. Progression of “lipoid nephrosis” to renal insufficiency. N Engl J Med. (1969) 281:181–7. doi: 10.1056/NEJM196907242810402

 13. Maas RJ, Deegens JK, Smeets B, Moeller MJ, Wetzels JF. Minimal change disease and idiopathic FSGS: manifestations of the same disease. Nat Rev Nephrol. (2016) 12:768–76. doi: 10.1038/nrneph.2016.147

 14. Bertelli R, Bonanni A, Caridi G, Canepa A, Ghiggeri GM. Molecular and cellular mechanisms for proteinuria in minimal change disease. Front Med. (2018) 5:170. doi: 10.3389/fmed.2018.00170

 15. Shalhoub RJ. Pathogenesis of lipoid nephrosis: a disorder of T-cell function. Lancet. (1974) 2:556–60. doi: 10.1016/S0140-6736(74)91880-7

 16. Kopp JB, Anders HJ, Susztak K, Podestà MA, Remuzzi G, Hildebrandt F, et al. Podocytopathies. Nat Rev Dis Primers. (2020) 6:68. doi: 10.1038/s41572-020-0196-7

 17. Davin JC. The glomerular permeability factors in idiopathic nephrotic syndrome. Pediatr Nephrol. (2016) 31:207–15. doi: 10.1007/s00467-015-3082-x

 18. Colucci M, Corpetti G, Emma F, Vivarelli M. Immunology of idiopathic nephrotic syndrome. Pediatr Nephrol. (2018) 33:573–84. doi: 10.1007/s00467-017-3677-5

 19. Kestilä M, Lenkkeri U, Männikkö M, Lamerdin J, McCready P, Putaala H, et al. Positionally cloned gene for a novel glomerular protein–nephrin–is mutated in congenital nephrotic syndrome. Mol Cell. (1998) 1:575–82. doi: 10.1016/S1097-2765(00)80057-X

 20. New LA, Martin CE, Scott RP, Platt MJ, Keyvani Chahi A, Stringer CD, et al. Nephrin tyrosine phosphorylation is required to stabilize and restore podocyte foot process architecture. J Am Soc Nephrol. (2016) 27:2422–35. doi: 10.1681/ASN.2015091048

 21. Verma R, Venkatareddy M, Kalinowski A, Li T, Kukla J, Mollin A, et al. Nephrin is necessary for podocyte recovery following injury in an adult mature glomerulus. PLoS ONE. (2018) 13:e0198013. doi: 10.1371/journal.pone.0198013

 22. Beltcheva O, Martin P, Lenkkeri U, Tryggvason K. Mutation spectrum in the nephrin gene (NPHS1) in congenital nephrotic syndrome. Hum Mutat. (2001) 17:368–73. doi: 10.1002/humu.1111

 23. Philippe A, Nevo F, Esquivel EL, Reklaityte D, Gribouval O, Tête MJ, et al. Nephrin mutations can cause childhood-onset steroid-resistant nephrotic syndrome. J Am Soc Nephrol. (2008) 19:1871–8. doi: 10.1681/ASN.2008010059

 24. Jones N, New LA, Fortino MA, Eremina V, Ruston J, Blasutig IM, et al. Nck proteins maintain the adult glomerular filtration barrier. J Am Soc Nephrol. (2009) 20:1533–43. doi: 10.1681/ASN.2009010056

 25. Srivastava T, Garola RE, Whiting JM, Alon US. Synaptopodin expression in idiopathic nephrotic syndrome of childhood. Kidney Int. (2001) 59:118–25. doi: 10.1046/j.1523-1755.2001.00472.x

 26. Uchida K, Suzuki K, Iwamoto M, Kawachi H, Ohno M, Horita S, et al. Decreased tyrosine phosphorylation of nephrin in rat and human nephrosis. Kidney Int. (2008) 73:926–32. doi: 10.1038/ki.2008.19

 27. Wernerson A, Dunér F, Pettersson E, Widholm SM, Berg U, Ruotsalainen V, et al. Altered ultrastructural distribution of nephrin in minimal change nephrotic syndrome. Nephrol Dial Transplant. (2003) 18:70–6. doi: 10.1093/ndt/18.1.70

 28. Ohashi T, Uchida K, Uchida S, Sasaki S, Nitta K. Dexamethasone increases the phosphorylation of nephrin in cultured podocytes. Clin Exp Nephrol. (2011) 15:688–93. doi: 10.1007/s10157-011-0479-0

 29. Jiang L, Hindmarch CC, Rogers M, Campbell C, Waterfall C, Coghill J, et al. RNA sequencing analysis of human podocytes reveals glucocorticoid regulated gene networks targeting non-immune pathways. Sci Rep. (2016) 6:35671. doi: 10.1038/srep35671

 30. Fornoni A, Sageshima J, Wei C, Merscher-Gomez S, Aguillon-Prada R, Jauregui AN, et al. Rituximab targets podocytes in recurrent focal segmental glomerulosclerosis. Sci Transl Med. (2011) 3:85ra46. doi: 10.1126/scitranslmed.3002231

 31. Yu CC, Fornoni A, Weins A, Hakroush S, Maiguel D, Sageshima J, et al. Abatacept in B7-1-positive proteinuric kidney disease. N Engl J Med. (2013) 369:2416–23. doi: 10.1056/NEJMoa1304572

 32. Lee HW, Khan SQ, Faridi MH, Wei C, Tardi NJ, Altintas MM, et al. A podocyte-based automated screening assay identifies protective small molecules. J Am Soc Nephrol. (2015) 26:2741–52. doi: 10.1681/ASN.2014090859

 33. Debiec H, Dossier C, Letouzé E, Gillies CE, Vivarelli M, Putler RK, et al. Transethnic, syndrome genome-wide analysis reveals immune-related risk alleles and phenotypic correlates in pediatric steroid-sensitive nephrotic. J Am Soc Nephrol. (2018) 29:2000–13. doi: 10.1681/ASN.2017111185

 34. Jia X, Horinouchi T, Hitomi Y, Shono A, Khor SS, Omae Y, et al. Strong association of the HLA-DR/DQ locus with childhood steroid-sensitive nephrotic syndrome in the Japanese population. J Am Soc Nephrol. (2018) 29:2189–99. doi: 10.1681/ASN.2017080859

 35. Dufek S, Cheshire C, Levine AP, Trompeter RS, Issler N, Stubbs M, et al. Genetic identification of two novel loci associated with steroid-sensitive nephrotic syndrome. J Am Soc Nephrol. (2019) 30:1375–84. doi: 10.1681/ASN.2018101054

 36. Gbadegesin RA, Adeyemo A, Webb NJ, Greenbaum LA, Abeyagunawardena A, Thalgahagoda S, et al. HLA-DQA1 and PLCG2 Are candidate risk loci for childhood-onset steroid-sensitive nephrotic syndrome. J Am Soc Nephrol. (2015) 26:1701–10. doi: 10.1681/ASN.2014030247

 37. Diamond JR, Bonventre JV, Karnovsky MJ. A role for oxygen free radicals in aminonucleoside nephrosis. Kidney Int. (1986) 29:478–83. doi: 10.1038/ki.1986.24

 38. Marshall CB, Pippin JW, Krofft RD, Shankland SJ. Puromycin aminonucleoside induces oxidant-dependent DNA damage in podocytes in vitro and in vivo. Kidney Int. (2006) 70:1962–73. doi: 10.1038/sj.ki.5001965

 39. Kim YH, Goyal M, Kurnit D, Wharram B, Wiggins J, Holzman L, et al. Podocyte depletion and glomerulosclerosis have a direct relationship in the PAN-treated rat. Kidney Int. (2001) 60:957–68. doi: 10.1046/j.1523-1755.2001.060003957.x

 40. Olson JL, Rennke HG, Venkatachalam MA. Alterations in the charge and size selectivity barrier of the glomerular filter in aminonucleoside nephrosis in rats. Lab Invest. (1981) 44:271–9.

 41. Zhu J, Sun N, Aoudjit L, Li H, Kawachi H, Lemay S, et al. Nephrin mediates actin reorganization via phosphoinositide 3-kinase in podocytes. Kidney Int. (2008) 73:556–66. doi: 10.1038/sj.ki.5002691

 42. Reiser J, von Gersdorff G, Loos M, Oh J, Asanuma K, Giardino L, et al. Induction of B7-1 in podocytes is associated with nephrotic syndrome. J Clin Invest. (2004) 113:1390–7. doi: 10.1172/JCI20402

 43. Srivastava T, Sharma M, Yew KH, Sharma R, Duncan RS, Saleem MA, et al. LPS and PAN-induced podocyte injury in an in vitro model of minimal change disease: changes in TLR profile. J Cell Commun Signal. (2013) 7:49–60. doi: 10.1007/s12079-012-0184-0

 44. Alwadhi RK, Mathew JL, Rath B. Clinical profile of children with nephrotic syndrome not on glucorticoid therapy, but presenting with infection. J Paediatr Child Health. (2004) 40:28–32. doi: 10.1111/j.1440-1754.2004.00285.x

 45. Abeyagunawardena AS, Thalgahagoda RS, Dissanayake PV, Abeyagunawardena S, Illangasekera YA, Karunadasa UI, et al. Short courses of daily prednisolone during upper respiratory tract infections reduce relapse frequency in childhood nephrotic syndrome. Pediatr Nephrol. (2017) 32:1377–82. doi: 10.1007/s00467-017-3640-5

 46. Pippin JW, Brinkkoetter PT, Cormack-Aboud FC, Durvasula RV, Hauser PV, Kowalewska J, et al. Inducible rodent models of acquired podocyte diseases. Am J Physiol Renal Physiol. (2009) 296:F213–29. doi: 10.1152/ajprenal.90421.2008

 47. Ishimoto T, Shimada M, Gabriela G, Kosugi T, Sato W, Lee PY, et al. Toll-like receptor 3 ligand, polyIC, induces proteinuria and glomerular CD80, and increases urinary CD80 in mice. Nephrol Dial Transplant. (2013) 28:1439–46. doi: 10.1093/ndt/gfs543

 48. Shimada M, Ishimoto T, Lee PY, Lanaspa MA, Rivard CJ, Roncal-Jimenez CA, et al. Toll-like receptor 3 ligands induce CD80 expression in human podocytes via an NF-κB-dependent pathway. Nephrol Dial Transplant. (2012) 27:81–9. doi: 10.1093/ndt/gfr271

 49. Sellier-Leclerc AL, Duval A, Riveron S, Macher MA, Deschenes G, Loirat C, et al. A humanized mouse model of idiopathic nephrotic syndrome suggests a pathogenic role for immature cells. J Am Soc Nephrol. (2007) 18:2732–9. doi: 10.1681/ASN.2006121346

 50. Clement LC, Avila-Casado C, Macé C, Soria E, Bakker WW, Kersten S, et al. Podocyte-secreted angiopoietin-like-4 mediates proteinuria in glucocorticoid-sensitive nephrotic syndrome. Nat Med. (2011) 17:117–22. doi: 10.1038/nm.2261

 51. Le Berre L, Godfrin Y, Günther E, Buzelin F, Perretto S, Smit H, et al. Extrarenal effects on the pathogenesis and relapse of idiopathic nephrotic syndrome in Buffalo/Mna rats. J Clin Invest. (2002) 109:491–8. doi: 10.1172/JCI0212858

 52. Le Berre L, Hervé C, Buzelin F, Usal C, Soulillou JP, Dantal J. Renal macrophage activation and Th2 polarization precedes the development of nephrotic syndrome in Buffalo/Mna rats. Kidney Int. (2005) 68:2079–90. doi: 10.1111/j.1523-1755.2005.00664.x

 53. Ishimoto T, Cara-Fuentes G, Wang H, Shimada M, Wasserfall CH, Winter WE, et al. Serum from minimal change patients in relapse increases CD80 expression in cultured podocytes. Pediatr Nephrol. (2013) 28:1803–12. doi: 10.1007/s00467-013-2498-4

 54. Ebefors K, Lassén E, Anandakrishnan N, Azeloglu EU, Daehn IS. Modeling the Glomerular Filtration Barrier and Intercellular Crosstalk. Front Physiol. (2021) 12:689083. doi: 10.3389/fphys.2021.689083

 55. Hagmann H, Brinkkoetter PT. Experimental models to study podocyte biology: stock-taking the toolbox of glomerular research. Front Pediatr. (2018) 6:193. doi: 10.3389/fped.2018.00193

 56. Ali AA, Wilson E, Moorhead JF, Amlot P, Abdulla A, Fernando ON, et al. Minimal-change glomerular nephritis. Normal kidneys in an abnormal environment? Transplantation. (1994) 58:849–52. doi: 10.1097/00007890-199410000-00018

 57. Tanaka R, Yoshikawa N, Nakamura H, Ito H. Infusion of peripheral blood mononuclear cell products from nephrotic children increases albuminuria in rats. Nephron. (1992) 60:35–41. doi: 10.1159/000186702

 58. Koyama A, Fujisaki M, Kobayashi M, Igarashi M, Narita M. A glomerular permeability factor produced by human T cell hybridomas. Kidney Int. (1991) 40:453–60. doi: 10.1038/ki.1991.232

 59. Araya CE, Wasserfall CH, Brusko TM, Mu W, Segal MS, Johnson RJ, et al. A case of unfulfilled expectations. Cytokines in idiopathic minimal lesion nephrotic syndrome. Pediatr Nephrol. (2006) 21:603–10. doi: 10.1007/s00467-006-0026-5

 60. Lai KW, Wei CL, Tan LK, Tan PH, Chiang GS, Lee CG, et al. Overexpression of interleukin-13 induces minimal-change-like nephropathy in rats. J Am Soc Nephrol. (2007) 18:1476–85. doi: 10.1681/ASN.2006070710

 61. Garin EH, West L, Zheng W. Effect of interleukin-8 on glomerular sulfated compounds and albuminuria. Pediatr Nephrol. (1997) 11:274–9. doi: 10.1007/s004670050276

 62. Kim AH, Chung JJ, Akilesh S, Koziell A, Jain S, Hodgin JB, et al. B cell-derived IL-4 acts on podocytes to induce proteinuria and foot process effacement. JCI Insight. (2017) 2:e81836. doi: 10.1172/jci.insight.81836

 63. Mishra OP, Teli AS, Singh U, Abhinay A, Prasad R. Serum immunoglobulin E and interleukin-13 levels in children with idiopathic nephrotic syndrome. J Trop Pediatr. (2014) 60:467–71. doi: 10.1093/tropej/fmu040

 64. Garin EH, Blanchard DK, Matsushima K, Djeu JY. IL-8 production by peripheral blood mononuclear cells in nephrotic patients. Kidney Int. (1994) 45:1311–7. doi: 10.1038/ki.1994.171

 65. Daniel V, Trautmann Y, Konrad M, Nayir A, Schärer K. T-lymphocyte populations, cytokines and other growth factors in serum and urine of children with idiopathic nephrotic syndrome. Clin Nephrol. (1997) 47:289–97.

 66. Bertelli R, Bonanni A, Di Donato A, Cioni M, Ravani P, Ghiggeri GM. Regulatory T cells and minimal change nephropathy: in the midst of a complex network. Clin Exp Immunol. (2016) 183:166–74. doi: 10.1111/cei.12675

 67. Hashimura Y, Nozu K, Kanegane H, Miyawaki T, Hayakawa A, Yoshikawa N, et al. Minimal change nephrotic syndrome associated with immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome. Pediatr Nephrol. (2009) 24:1181–6. doi: 10.1007/s00467-009-1119-8

 68. Cara-Fuentes G, Wasserfall CH, Wang H, Johnson RJ, Garin EH. Minimal change disease: a dysregulation of the podocyte CD80-CTLA-4 axis? Pediatr Nephrol. (2014) 29:2333–40. doi: 10.1007/s00467-014-2874-8

 69. Ruggenenti P, Ruggiero B, Cravedi P, Vivarelli M, Massella L, Marasà M, et al. Rituximab in steroid-dependent or frequently relapsing idiopathic nephrotic syndrome. J Am Soc Nephrol. (2014) 25:850–63. doi: 10.1681/ASN.2013030251

 70. Colucci M, Carsetti R, Cascioli S, Serafinelli J, Emma F, Vivarelli M. B cell phenotype in pediatric idiopathic nephrotic syndrome. Pediatr Nephrol. (2019) 34:177–81. doi: 10.1007/s00467-018-4095-z

 71. Jamin A, Berthelot L, Couderc A, Chemouny JM, Boedec E, Dehoux L, et al. Autoantibodies against podocytic UCHL1 are associated with idiopathic nephrotic syndrome relapses and induce proteinuria in mice. J Autoimmun. (2018) 89:149–61. doi: 10.1016/j.jaut.2017.12.014

 72. Colucci M, Carsetti R, Rosado MM, Cascioli S, Bruschi M, Candiano G, et al. Atypical IgM on T cells predict relapse and steroid dependence in idiopathic nephrotic syndrome. Kidney Int. (2019) 96:971–82. doi: 10.1016/j.kint.2019.04.006

 73. Oniszczuk J, Beldi-Ferchiou A, Audureau E, Azzaoui I, Molinier-Frenkel V, Frontera V, et al. Circulating plasmablasts and high level of BAFF are hallmarks of minimal change nephrotic syndrome in adults. Nephrol Dial Transplant. (2021) 36:609–17. doi: 10.1093/ndt/gfaa279

 74. Trachtman H, Laskowski J, Lee C, Renner B, Feemster A, Parikh S, et al. Natural antibody and complement activation characterize patients with idiopathic nephrotic syndrome. Am J Physiol Renal Physiol. (2021) 321(4):505–16. doi: 10.1152/ajprenal.00041.2021

 75. Aaltonen P, Rinta-Valkama J, Pätäri A, Tossavainen P, Palmén T, Kulmala P, et al. Circulating antibodies to nephrin in patients with type 1 diabetes. Nephrol Dial Transplant. (2007) 22:146–53. doi: 10.1093/ndt/gfl486

 76. Orikasa M, Matsui K, Oite T, Shimizu F. Massive proteinuria induced in rats by a single intravenous injection of a monoclonal antibody. J Immunol. (1988) 141:807–14.

 77. Cheung PK, Klok PA, Baller JFW, Bakker WW. Induction of experimental proteinuria in vivo following infusion of human plasma hemopexin. Kidney Int. (2000) 57:1512–20. doi: 10.1046/j.1523-1755.2000.00996.x

 78. Lennon R, Singh A, Welsh GI, Coward RJ, Satchell S, Ni L, et al. Hemopexin induces nephrin-dependent reorganization of the actin cytoskeleton in podocytes. J Am Soc Nephrol. (2008) 19:2140–9. doi: 10.1681/ASN.2007080940

 79. Bakker WW, van Dael CM, Pierik LJ, van Wijk JA, Nauta J, Borghuis T, et al. Altered activity of plasma hemopexin in patients with minimal change disease in relapse. Pediatr Nephrol. (2005) 20:1410–5. doi: 10.1007/s00467-005-1936-3

 80. Pukajło-Marczyk A, Zwolińska D. Involvement of hemopexin in the pathogenesis of proteinuria in children with idiopathic nephrotic syndrome. J Clin Med. (2021) 10:3160. doi: 10.3390/jcm10143160

 81. Agrawal S, Merchant ML, Kino J, Li M, Wilkey DW, Gaweda AE, et al. Predicting and defining steroid resistance in pediatric nephrotic syndrome using plasma proteomics. Kidney Int Rep. (2020) 5:66–80. doi: 10.1016/j.ekir.2019.09.009

 82. Gooding JR, Agrawal S, McRitchie S, Acuff Z, Merchant ML, Klein JB, et al. Predicting and defining steroid resistance in pediatric nephrotic syndrome using plasma metabolomics. Kidney Int Rep. (2020) 5:81–93. doi: 10.1016/j.ekir.2019.09.010

 83. Izzedine H, Bonilla M, Jhaveri KD. Nephrotic syndrome and vasculitis following SARS-CoV-2 vaccine: true association or circumstantial? Nephrol Dial Transplant. (2021) 36:1565–9. doi: 10.1093/ndt/gfab215

 84. Angeletti A, Bruschi M, Bianchin S, Bonato I, Montobbio C, Verrina E, et al. Vaccines and disease relapses in children with nephrotic syndrome. Clin J Am Soc Nephrol. (2021) 16:937–8. doi: 10.2215/CJN.01890221

 85. Pedigo CE, Ducasa GM, Leclercq F, Sloan A, Mitrofanova A, Hashmi T, et al. Local TNF causes NFATc1-dependent cholesterol-mediated podocyte injury. J Clin Invest. (2016) 126:3336–50. doi: 10.1172/JCI85939

 86. Chung CF, Kitzler T, Kachurina N, Pessina K, Babayeva S, Bitzan M, et al. Intrinsic tumor necrosis factor-α pathway is activated in a subset of patients with focal segmental glomerulosclerosis. PLoS ONE. (2019) 14:e0216426. doi: 10.1371/journal.pone.0216426

 87. Otalora L, Chavez E, Watford D, Tueros L, Correa M, Nair V, et al. Identification of glomerular and podocyte-specific genes and pathways activated by sera of patients with focal segmental glomerulosclerosis. PLoS ONE. (2019) 14:e0222948. doi: 10.1371/journal.pone.0222948

 88. Saito Y, Okamura M, Nakajima S, Hayakawa K, Huang T, Yao J, et al. Suppression of nephrin expression by TNF-alpha via interfering with the cAMP-retinoic acid receptor pathway. Am J Physiol Renal Physiol. (2010) 298:F1436–44. doi: 10.1152/ajprenal.00512.2009

 89. Koukouritaki SB, Vardaki EA, Papakonstanti EA, Lianos E, Stournaras C, Emmanouel DS. TNF-alpha induces actin cytoskeleton reorganization in glomerular epithelial cells involving tyrosine phosphorylation of paxillin and focal adhesion kinase. Mol Med. (1999) 5:382–92. doi: 10.1007/BF03402127

 90. George B, Verma R, Soofi AA, Garg P, Zhang J, Park TJ, et al. Crk1/2-dependent signaling is necessary for podocyte foot process spreading in mouse models of glomerular disease. J Clin Invest. (2012) 122:674–92. doi: 10.1172/JCI60070

 91. Jain N, Khullar B, Oswal N, Banoth B, Joshi P, Ravindran B, et al. TLR-mediated albuminuria needs TNFα-mediated cooperativity between TLRs present in hematopoietic tissues and CD80 present on non-hematopoietic tissues in mice. Dis Model Mech. (2016) 9:707–17. doi: 10.1242/dmm.023440

 92. Eremina V, Sood M, Haigh J, Nagy A, Lajoie G, Ferrara N, et al. Glomerular-specific alterations of VEGF-A expression lead to distinct congenital and acquired renal diseases. J Clin Invest. (2003) 111:707–16. doi: 10.1172/JCI17423

 93. Bailey E, Bottomley MJ, Westwell S, Pringle JH, Furness PN, Feehally J, et al. Vascular endothelial growth factor mRNA expression in minimal change, membranous, and diabetic nephropathy demonstrated by non-isotopic in situ hybridisation. J Clin Pathol. (1999) 52:735–8. doi: 10.1136/jcp.52.10.735

 94. Noguchi K, Yoshikawa N, Ito-Kariya S, Inoue Y, Hayashi Y, Ito H, et al. Activated mesangial cells produce vascular permeability factor in early-stage mesangial proliferative glomerulonephritis. J Am Soc Nephrol. (1998) 9:1815–25. doi: 10.1681/ASN.V9101815

 95. Benz K, Büttner M, Dittrich K, Campean V, Dötsch J, Amann K. Characterisation of renal immune cell infiltrates in children with nephrotic syndrome. Pediatr Nephrol. (2010) 25:1291–8. doi: 10.1007/s00467-010-1507-0

 96. Jarad G, Miner JH. Update on the glomerular filtration barrier. Curr Opin Nephrol Hypertens. (2009) 18:226–32. doi: 10.1097/MNH.0b013e3283296044

 97. Kitano Y, Yoshikawa N, Nakamura H. Glomerular anionic sites in minimal change nephrotic syndrome and focal segmental glomerulosclerosis. Clin Nephrol. (1993) 40:199–204.

 98. Chen S, Wassenhove-McCarthy DJ, Yamaguchi Y, Holzman LB, van Kuppevelt TH, Jenniskens GJ, et al. Loss of heparan sulfate glycosaminoglycan assembly in podocytes does not lead to proteinuria. Kidney Int. (2008) 74:289–99. doi: 10.1038/ki.2008.159

 99. Huizing M, Yardeni T, Fuentes F, Malicdan MCV, Leoyklang P, Volkov A, et al. Rationale and design for a phase 1 study of N-acetylmannosamine for primary glomerular diseases. Kidney Int Rep. (2019) 4:1454–62. doi: 10.1016/j.ekir.2019.06.012

 100. Moeller MJ, Kuppe C. Point: proposing the electrokinetic model. Perit Dial Int. (2015) 35:5–8. doi: 10.3747/pdi.2014.00189

 101. Moeller MJ, Tenten V. Renal albumin filtration: alternative models to the standard physical barriers. Nat Rev Nephrol. (2013) 9:266–77. doi: 10.1038/nrneph.2013.58

 102. Butler MJ, Down CJ, Foster RR, Satchell SC. The pathological relevance of increased endothelial glycocalyx permeability. Am J Pathol. (2020) 190:742–51. doi: 10.1016/j.ajpath.2019.11.015

 103. Salmito FT, de Oliveira Neves FM, Meneses GC, de Almeida Leitão R, Martins AM, Libório AB. Glycocalyx injury in adults with nephrotic syndrome: association with endothelial function. Clin Chim Acta. (2015) 447:55–8. doi: 10.1016/j.cca.2015.05.013

 104. Kim EY, Roshanravan H, Dryer SE. Syndecan-4 ectodomain evokes mobilization of podocyte TRPC6 channels and their associated pathways: an essential role for integrin signaling. Biochim Biophys Acta. (2015) 1853(Pt. A):2610–20. doi: 10.1016/j.bbamcr.2015.07.011

 105. Ogawa-Akiyama A, Sugiyama H, Kitagawa M, Tanaka K, Kano Y, Mise K, et al. Podocyte autophagy is associated with foot process effacement and proteinuria in patients with minimal change nephrotic syndrome. PLoS ONE. (2020) 15:e0228337. doi: 10.1371/journal.pone.0228337

 106. Zeng C, Fan Y, Wu J, Shi S, Chen Z, Zhong Y, et al. Podocyte autophagic activity plays a protective role in renal injury and delays the progression of podocytopathies. J Pathol. (2014) 234:203–13. doi: 10.1002/path.4382

 107. van den Berg JG, van den Bergh Weerman MA, Assmann KJ, Weening JJ, Florquin S. Podocyte foot process effacement is not correlated with the level of proteinuria in human glomerulopathies. Kidney Int. (2004) 66:1901–6. doi: 10.1111/j.1523-1755.2004.00964.x

 108. Novelli R, Gagliardini E, Ruggiero B, Benigni A, Remuzzi G. Any value of podocyte B7-1 as a biomarker in human MCD and FSGS? Am J Physiol Renal Physiol. (2016) 310:F335–41. doi: 10.1152/ajprenal.00510.2015

 109. Cara-Fuentes G, Venkatareddy M, Verma R, Segarra A, Cleuren AC, Martínez-Ramos A, et al. Glomerular endothelial cells and podocytes can express CD80 in patients with minimal change disease during relapse. Pediatr Nephrol. (2020) 35:1887–96. doi: 10.1007/s00467-020-04541-3

 110. Cleuren ACA, van der Ent MA, Jiang H, Hunker KL, Yee A, Siemieniak DR, et al. The in vivo endothelial cell translatome is highly heterogeneous across vascular beds. Proc Natl Acad Sci USA. (2019) 116:23618–24. doi: 10.1073/pnas.1912409116

 111. Khullar B, Balyan R, Oswal N, Jain N, Sharma A, Abdin MZ, et al. Interaction of CD80 with Neph1: a potential mechanism of podocyte injury. Clin Exp Nephrol. (2018) 22:508–16. doi: 10.1007/s10157-017-1489-3

 112. Garin EH, Mu W, Arthur JM, Rivard CJ, Araya CE, Shimada M, et al. Urinary CD80 is elevated in minimal change disease but not in focal segmental glomerulosclerosis. Kidney Int. (2010) 78:296–302. doi: 10.1038/ki.2010.143

 113. Garin EH, Diaz LN, Mu W, Wasserfall C, Araya C, Segal M, et al. Urinary CD80 excretion increases in idiopathic minimal-change disease. J Am Soc Nephrol. (2009) 20:260–6. doi: 10.1681/ASN.2007080836

 114. Cara-Fuentes G, Wei C, Segarra A, Ishimoto T, Rivard C, Johnson RJ, et al. CD80 and suPAR in patients with minimal change disease and focal segmental glomerulosclerosis: diagnostic and pathogenic significance. Pediatr Nephrol. (2014) 29:1363–71. doi: 10.1007/s00467-013-2679-1

 115. Gonzalez Guerrico AM, Lieske J, Klee G, Kumar S, Lopez-Baez V, Wright AM, et al. Urinary CD80 discriminates among glomerular disease types and reflects disease activity. Kidney Int Rep. (2020) 5:2021–31. doi: 10.1016/j.ekir.2020.08.001

 116. Garin EH, Reiser J, Cara-Fuentes G, Wei C, Matar D, Wang H, et al. Case series: CTLA4-IgG1 therapy in minimal change disease and focal segmental glomerulosclerosis. Pediatr Nephrol. (2015) 30:469–77. doi: 10.1007/s00467-014-2957-6

 117. Isom R, Shoor S, Higgins J, Cara-Fuentes G, Johnson RJ. Abatacept in steroid-dependent minimal change disease and CD80-uria. Kidney Int Rep. (2019) 4:1349–53. doi: 10.1016/j.ekir.2019.05.1155

 118. Novelli R, Benigni A, Remuzzi G. The role of B7-1 in proteinuria of glomerular origin. Nat Rev Nephrol. (2018) 14:589–96. doi: 10.1038/s41581-018-0037-z

 119. Clement LC, Macé C, Avila-Casado C, Joles JA, Kersten S, Chugh SS. Circulating angiopoietin-like 4 links proteinuria with hypertriglyceridemia in nephrotic syndrome. Nat Med. (2014) 20:37–46. doi: 10.1038/nm.3396

 120. Cara-Fuentes G, Segarra A, Silva-Sanchez C, Wang H, Lanaspa MA, Johnson RJ, et al. Angiopoietin-like-4 and minimal change disease. PLoS ONE. (2017) 12:e0176198. doi: 10.1371/journal.pone.0176198

 121. Zhang SY, Kamal M, Dahan K, Pawlak A, Ory V, Desvaux D, et al. c-mip impairs podocyte proximal signaling and induces heavy proteinuria. Sci Signal. (2010) 3:ra39. doi: 10.1126/scisignal.2000678

 122. Sein TT, Thant AA, Hiraiwa Y, Amin AR, Sohara Y, Liu Y, et al. A role for FAK in the Concanavalin A-dependent secretion of matrix metalloproteinase-2 and−9. Oncogene. (2000) 19:5539–42. doi: 10.1038/sj.onc.1203932

 123. Ma H, Togawa A, Soda K, Zhang J, Lee S, Ma M, et al. Inhibition of podocyte FAK protects against proteinuria and foot process effacement. J Am Soc Nephrol. (2010) 21:1145–56. doi: 10.1681/ASN.2009090991

 124. Macé C, Del Nogal Avila M, Marshall CB, Kharlyngdoh J, Das R, Molina-Jijon E, et al. The zinc fingers and homeoboxes 2 protein ZHX2 and its interacting proteins regulate upstream pathways in podocyte diseases. Kidney Int. (2020) 97:753–64. doi: 10.1016/j.kint.2019.11.011

 125. Sanchez-Niño MD, Poveda J, Sanz AB, Mezzano S, Carrasco S, Fernandez-Fernandez B, et al. Fn14 in podocytes and proteinuric kidney disease. Biochim Biophys Acta. (2013) 1832:2232–43. doi: 10.1016/j.bbadis.2013.08.010

 126. Bennett MR, Czech KA, Arend LJ, Witte DP, Devarajan P, Potter SS. Laser capture microdissection-microarray analysis of focal segmental glomerulosclerosis glomeruli. Nephron Exp Nephrol. (2007) 107:e30–40. doi: 10.1159/000106775

 127. Hodgin JB, Borczuk AC, Nasr SH, Markowitz GS, Nair V, Martini S, et al. A molecular profile of focal segmental glomerulosclerosis from formalin-fixed, paraffin-embedded tissue. Am J Pathol. (2010) 177:1674–86. doi: 10.2353/ajpath.2010.090746

 128. Menon R, Otto EA, Hoover P, Eddy S, Mariani L, Godfrey B, et al. Single cell transcriptomics identifies focal segmental glomerulosclerosis remission endothelial biomarker. JCI Insight. (2020) 5:e133267. doi: 10.1172/jci.insight.133267

 129. Sol M, Kamps J, van den Born J, van den Heuvel MC, van der Vlag J, Krenning G, et al. Glomerular Endothelial Cells as Instigators of Glomerular Sclerotic Diseases. Front Pharmacol. (2020) 11:573557. doi: 10.3389/fphar.2020.573557

 130. Tkaczyk M, Czupryniak A, Owczarek D, Lukamowicz J, Nowicki M. Markers of endothelial dysfunction in children with idiopathic nephrotic syndrome. Am J Nephrol. (2008) 28:197–202. doi: 10.1159/000110088

 131. Royal V, Zee J, Liu Q, Avila-Casado C, Smith AR, Liu G, et al. Ultrastructural characterization of proteinuric patients predicts clinical outcomes. J Am Soc Nephrol. (2020) 31:841–54. doi: 10.1681/ASN.2019080825

 132. Moriyama T, Tsuruta Y, Shimizu A, Itabashi M, Takei T, Horita S, et al. The significance of caveolae in the glomeruli in glomerular disease. J Clin Pathol. (2011) 64:504–9. doi: 10.1136/jcp.2010.087023

 133. Moriyama T, Sasaki K, Karasawa K, Uchida K, Nitta K. Intracellular transcytosis of albumin in glomerular endothelial cells after endocytosis through caveolae. J Cell Physiol. (2017) 232:3565–73. doi: 10.1002/jcp.25817

 134. Karp AM, Gbadegesin RA. Genetics of childhood steroid-sensitive nephrotic syndrome. Pediatr Nephrol. (2017) 32:1481–8. doi: 10.1007/s00467-016-3456-8

 135. Lane BM, Cason R, Esezobor CI, Gbadegesin RA. Genetics of childhood steroid sensitive nephrotic syndrome: an update. Front Pediatr. (2019) 7:8. doi: 10.3389/fped.2019.00008

 136. Al Rushood M, Al-Eisa AA, Haider MZ. Interleukin-4 and interleukin-13 gene polymorphisms in children with idiopathic nephrotic syndrome. Front Pediatr. (2020) 8:591349. doi: 10.3389/fped.2020.591349

 137. Acharya B, Shirakawa T, Pungky A, Damanik P, Massi MN, Miyata M, et al. Polymorphism of the interleukin-4, interleukin-13, and signal transducer and activator of transcription 6 genes in Indonesian children with minimal change nephrotic syndrome. Am J Nephrol. (2005) 25:30–5. doi: 10.1159/000083729

 138. Ikeuchi Y, Kobayashi Y, Arakawa H, Suzuki M, Tamra K, Morikawa A. Polymorphisms in interleukin-4-related genes in patients with minimal change nephrotic syndrome. Pediatr Nephrol. (2009) 24:489–95. doi: 10.1007/s00467-008-1003-y

 139. Jia X, Yamamura T, Gbadegesin R, McNulty MT, Song K, Nagano C, et al. Common risk variants in NPHS1 and TNFSF15 are associated with childhood steroid-sensitive nephrotic syndrome. Kidney Int. (2020) 98:1308–22. doi: 10.1016/j.kint.2020.05.029

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.

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 © 2021 Purohit, Piani, Ordoñez, de Lucas-Collantes, Bauer and Cara-Fuentes. 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.



OPS/images/fmed-08-761600-t002.jpg
Candidate mediators  Potential mechanisms of podocyte injury

Girculating factors
Cytokines
IL-13 - Loss and redistribution of podocyte proteins (60)
- Glomerular CD8O upregulation (60)
I8 - Loss anionic charges in GBM (61)
IL-4 - Podocyte JAK signaling (62)
Autoantibodies
UCHL1 - Unknown
Anti-nephrin - Disrupting nephrin signaling
Hemopexin - Loss anionic charges in GBM (77)
- Disrupting nephrin signaling (78)
Microbial products - Podocyte TLR activation and NFKB signaling (43, 47)
Intraglomerular factors
IL-4 - Podocyte JAK signaling (62)
TNF-o - Nephrin loss (88)
- Podocyte FAK phosphorylation (89)
- Glomerular CD8O upregulation (91)
- NFKB activation (91)
- Podocyte syndecan 4 shedding and B3 integrin
signaling (104)
VEGF-A - Dysregulated endothelial-podocyte crosstalk (92)
Charge selective barrier
Angptid - Loss anionic charges in GBM (50)
Hemopexin - Loss anionic charges in GBM (77)
I8 - Loss anionic charges in GBM (61)
Podocyte dysfunction
cD8o - Prevent p1 integrin and Nepht signaling (31, 111)
- Activates local inflammatory pathways (47)
Angptid - Loss anionic charges in GBM (50)
- Oxidative injury in GENG (50)
- Podocyte-endothelial crosstalk (50)
C-mip - Disrupt nephrin signaling (121)
FAK - Actin cytoskeleton reorganization (123)
- Enhance metalloprotease activity (122)
ZHX1 - Podocyte angpti4 upregulation (124)

Endothelial dysfunction
EG degradation and release - Loss of electrostatic charges (101)

of EG products (syndecans, - Podocyte activation via B3 integrin signaling (104)
etc)

cD8o - Activates local inflammatory pathways (47)
Caveolin-1 - Faciltates albumin transcytosis (133)

I, interleukin; GBM, glomeruler basement membrane; UCHL, ubiquitin carboxyl-
terminel hydrolase L1; TLR, Toll-ike receptor; TNF-a, tumor necrosis factor-o; VEGF,
vascular endothelial growth factor; Angptld, angiopoietin-like 4; GEnC, glomerular
endothelial cell; FAK, focal adhesion kinase; ZHX1, zinc fingers and homeoboxes; EG,
endothelial glycocalyx.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Molecular Mechanisms of Proteinuria in Minimal Change Disease



		Introduction



		Experimental Models of MCD



		Animal Models



		In-vitro Models







		Mediators and Mechanisms of Proteinuria in MCD



		Circulating Factors



		Circulating Cytokines



		Interleukin-13 (IL-13)



		Interleukin-8 (IL-8)



		Interleukin-4 (IL-4)









		B Cells and Autoantibodies



		Antiubiquitin Carboxyl-Terminal Hydrolase L1 (UCHL1) Antibodies



		Antinephrin Antibodies









		Hemopexin



		Microbial Products



		Others







		Local (Intraglomerular) Factors



		Interleukin-4



		Tumor Necrosis Factor-α (TNF-α)



		Vascular Endothelial Growth Factor (VEGF)



		Others







		Role of the GFB as a Charge Selective Barrier in MCD



		Podocyte Dysfunction



		Candidate Mediators of Proteinuria in Experimental MCD



		CD80



		Angiopoietin-Like 4



		c-mip



		Focal Adhesion Kinase



		Zinc Fingers and Homeoboxes (ZHX)









		Candidate Targets Identified in Human Tissue







		Endothelial Dysfunction



		Genetics



		Conclusion



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Molecular Mechanisms of Proteinuria
in Minimal Change Disease





OPS/images/fmed-08-761600-g001.gif
iggers Mediators. Mechanisms.

Podocyte
Loz anor resabutonof
podacyepvions

(T ——

sgnaing
Fak prsphonfion
I sgnsing

Citculting factors

Charge-setetvebarer
- Gonerposon
Redicedaman chroes Gl
Eeiaighoocsys oy
Acom it cmo

Endothelal cell
Endoncisiohcossic iy
o s
Gy






OPS/images/fmed-08-761600-t001.jpg
Animal models (animal/route)

PAN (Rat, IP)

LPS (Mouse, IP)

Poly: IC (Mouse, IP)

Humanized mouse

Angpti4 (Rat, TG)

Cell studies

Human podocytes

Kidney organoids

3D co-cultures

PAN, puromycin aminonucleoside; IR, intraperitoneal; MCD, minimal change disease; FSGS, focal segmental glomerulosclerosis; LPS, lipopolysaccharice; Angptid, angiopoietin-Iike 4;

Strengths

- MCD-like injury
- Acute and severe proteinuria

- MCD-lke injury

- Systemic immune activation

- Acute proteinuria

- MCD-like injury

- Acute proteinuria

- Mimic viral infection

- MCD-like injury

- Incorporate PBMG from patients
- Acute proteinuria

- MCD-like injury

Strengths

- Well-characterized
- Mechanistic control

- High throughput

- Relatively easy and inexpensive

- Incorporate different glomerular cells

- Abiity to test permselectivity and study crosstalk

- Abiity to integrate two cell types and extracellular matrix
- Microfluidic system

- Reproduce shear stress

- Abilty to test permselectivity and study crosstalk

- Develops glycocalyx

TG, transgenic. Poly: IC, Polyinosinic: polycytidylic acid.

Limitations

- Can evolve to FSGS

- Direct toxicity on podocytes
- Mild proteinuria

- Sepsis

- Acute kidney injury

- Mid proteinuria

- Anecdotical use

- Mild proteinuria

- Anecdotical use

- Slow onset proteinuria
- Requires second insult (puromycin, etc.)

Limitations

- Does not recapitulate microenvironment
- No shear stress

- Limited glycocalyx

- Inability to test permselectivity

- Requires expertise and longer timeline for experiments
- Expensive

- Does ot include all glomerular cells

- Limited throughput

- Requires expertise and longer timeline for experiments
- Expensive

- Does not include all glomerular cels

- Limited throughput









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





