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Membranous nephropathy (MN) is characterized by an accumulation of immune deposits on the subepithelial side of the glomerular basement membrane, which results in complement activation and proteinuria. Since 2002, several major antigens of the podocyte have been identified in human MN, the first one being neutral endopeptidase (NEP), the alloantigen involved in neonatal cases of MN that occur in newborns from NEP-deficient mothers. This discovery opened the field to the major advances that have occurred since then in the pathophysiology and treatment of MN. It is remarkable that experimental models such as Heymann nephritis and cationic bovine serum albumin-induced MN in the rabbit predicted the pathomechanisms of the human glomerulopathy.

The podocyte is at the center of the pathogenesis of MN either by providing a source of endogenous antigens or by creating an environment favorable to deposition and accumulation of immune complexes containing exogenous (non-podocyte) antigens. The podocyte is also a victim of complement activation and antibody blocking activity against enzymes or receptors. A search for innovative drugs aimed at protecting this cell against complement activation and the effects of prolonged ER stress, has become a priority.

INTRODUCTION

Membranous nephropathy (MN) is a rare disease (annual incidence, 1/100,000), but a major cause of nephrotic syndrome in the adult [START_REF] Ronco | Pathophysiological advances in membranous nephropathy: time for a shift in patient's care[END_REF]. It is characterized by an accumulation of immune deposits on the outer aspect of the glomerular capillary wall, by the podocyte. The immune deposits consist of IgG, mainly IgG4 and IgG1, of antigens that have long eluded identification, and of the membrane attack complex of complement C5b-9 (MAC). The formation of subepithelial immune deposits results in complement activation which is responsible for functional impairment of the glomerular capillary wall causing proteinuria. The so-called "idiopathic" (or primary) MN, without any identified etiology, is an autoimmune disease involving podocyte antigens, while secondary forms involve exogenous antigens such as viral and tumoral antigens.

Advances in medical science often proceed by steps which are highly interdependent. New, groundbreaking findings with important clinical implications often result from the combination of faithful experimental models and careful clinical observations. This is well illustrated by the story of MN which started more than 50 years ago. It is remarkable that in this disease, experimental models predicted the pathophysiology of the human glomerulopathy. In the past 15 years, great progress has been made in the understanding of the molecular pathomechanisms of human MN. These advances were inspired by studies of experimental models of MN, such as Heymann nephritis [START_REF] Couser | Experimental glomerulonephritis in the isolated perfused rat kidney[END_REF][START_REF] Heymann | Production of nephrotic syndrome in rats by Freund's adjuvants and rat kidney suspension[END_REF][START_REF] Van Damme | Experimental glomerulonephritis in the rat induced by antibodies directed against tubular antigens. V. Fixed glomerular antigens in the pathogenesis of heterologous immune complex glomerulonephritis[END_REF] and MN induced by cationic bovine serum albumin (BSA) in the rabbit [START_REF] Adler | Electrical charge. Its role in the pathogenesis and prevention of experimental membranous nephropathy in the rabbit[END_REF][START_REF] Border | Induction of membranous nephropathy in rabbits by administration of an exogenous cationic antigen[END_REF]. Studies of Heymann nephritis led to the concept that a podocyte antigen, megalin, could serve as a target of circulating antibodies leading to the in situ formation of immune complexes [START_REF] Kerjaschki | The pathogenic antigen of Heymann nephritis is a membrane glycoprotein of the renal proximal tubule brush border[END_REF][START_REF] Kerjaschki | Immunocytochemical localization of the Heymann nephritis antigen (gp330) in glomerular epithelial cells of normal Lewis rats[END_REF], which put the podocyte at the center of disease mechanisms. On the other hand, cationic BSArelated MN first illustrated the case of 'planted' antigen [START_REF] Debiec | Early-childhood membranous nephropathy due to cationic bovine serumalbumin[END_REF]. In humans, progress in this area started in 2002 with the identification of neutral endopeptidase (NEP; also known as neprilysin) as the responsible antigen in a rare subset of patients with alloimmune neonatal MN [START_REF] Debiec | Antenatal membranous glomerulonephritis due to anti-neutral endopeptidase antibodies[END_REF][START_REF] Debiec | Role of Truncating mutations in MME gene in feto-maternal alloimmunization and neonatal glomerulopathies[END_REF]. This finding provided the proof of concept that a podocyte antigen could be responsible for human MN, as is the case for megalin in the rat, and laid the foundation for the identification of the M-type receptor for secretory phospholipase A2 (PLA2R1), which was the first podocyte autoantigen shown to be involved in idiopathic MN in humans, soon followed by thrombospondin domain-1 containing 7A [START_REF] Beck Lh | M-type phospholipase A2 receptor as target antigen in idiopathic MN[END_REF][START_REF] Tomas | Thrombospondin type-1 domain-containing 7A in idiopathic membranous nephropathy[END_REF]. Non-podocyte circulating antigens can also be involved as is the case in children for cationic bovine serum albumin (BSA) or enzymes used in enzyme replacement therapy for lysosomal storage disorders, [START_REF] Debiec | Early-childhood membranous nephropathy due to cationic bovine serumalbumin[END_REF] who represent the human counterpart to the rabbit model of "planted" antigen first described by Border et al in the early 1980's [START_REF] Border | Induction of membranous nephropathy in rabbits by administration of an exogenous cationic antigen[END_REF]. In these diseases also, the podocyte is an actor because of defective clearance properties. This review will focus on the role of the podocyte, both as a culprit and a victim. in Heymann nephritis, NEP-related neonatal MN, and other childhood MN.

HEYMANN NEPHRITIS: THE PODOCYTE AS A TARGET OF ANTI-MEGALIN

ANTIBODIES

In 1959, Heymann et al [START_REF] Heymann | Production of nephrotic syndrome in rats by Freund's adjuvants and rat kidney suspension[END_REF] described a rat model of MN, referred to as active Heymann nephritis, which was induced by the immunization of Lewis rats with crude kidney extracts and was reminiscent of the disease in humans. Because the subepithelial deposits were induced by fractions of renal brush-border membrane from the proximal tubule rather than by glomerular extracts, the deposits were initially believed to result from the glomerular trapping of circulating immune complexes composed of brush-border-related antigens and the corresponding antibodies. Subsequently, however, the development of passive Heymann nephritis in rats injected with rabbit anti-rat brush-border antibodies argued against a role for circulating immune complexes [START_REF] Couser | Experimental glomerulonephritis in the isolated perfused rat kidney[END_REF][START_REF] Van Damme | Experimental glomerulonephritis in the rat induced by antibodies directed against tubular antigens. V. Fixed glomerular antigens in the pathogenesis of heterologous immune complex glomerulonephritis[END_REF]. In the passive Heymann nephritis model, immune deposits occur within minutes of antibody injection, which argues against formation of immune compexes in the circulation followed by their deposition in the glomerular capillary wall. By using ex vivo and isolated perfused kidney systems, Van Damme et al [START_REF] Van Damme | Experimental glomerulonephritis in the rat induced by antibodies directed against tubular antigens. V. Fixed glomerular antigens in the pathogenesis of heterologous immune complex glomerulonephritis[END_REF] and Couser et al [START_REF] Couser | Experimental glomerulonephritis in the isolated perfused rat kidney[END_REF] demonstrated that anti-brush-border antibodies bound to an antigenic target located on podocytes, which indicated that the disease was caused by the in situ formation of immune complexes.

The principal autoantigen in both active and passive Heymann nephritis was identified in the early 1980s [START_REF] Kerjaschki | The pathogenic antigen of Heymann nephritis is a membrane glycoprotein of the renal proximal tubule brush border[END_REF][START_REF] Kerjaschki | Immunocytochemical localization of the Heymann nephritis antigen (gp330) in glomerular epithelial cells of normal Lewis rats[END_REF]. This autoantigen is a large podocyte transmembrane protein called megalin (also known as LDL receptor-related protein 2), with a molecular weight of ~600 kDa [START_REF] Saito | Mapping rat megalin: the second cluster of ligand binding repeats contains a 46-amino acid pathogenic epitope involved in the formation of immune deposits in Heymann nephritis[END_REF][START_REF] Yamazaki | All four putative ligand-binding domains in megalin contain pathogenic epitopes capable of inducing passive Heymann nephritis[END_REF]. This polyspecific receptor, which belongs to the LDL receptor superfamily, is present at the sole of podocyte foot processes in clathrin-coated pits. The formation of immune deposits is fueled by the de novo synthesis of megalin [START_REF] Allegri | Polyvalent antigen-antibody interactions are required for the formation of electron-dense immune deposits in passive Heymann's nephritis[END_REF]. Epitope mapping showed that although subepithelial immune deposits could be induced by all four megalin ligand-binding domains [START_REF] Raychowdhury | Induction of Heymann nephritis with a gp330/megalin fusion protein[END_REF][START_REF] Saito | Mapping rat megalin: the second cluster of ligand binding repeats contains a 46-amino acid pathogenic epitope involved in the formation of immune deposits in Heymann nephritis[END_REF][START_REF] Yamazaki | All four putative ligand-binding domains in megalin contain pathogenic epitopes capable of inducing passive Heymann nephritis[END_REF], full-blown disease with proteinuria was associated with a specific epitope located in the first ligand-binding domain of megalin, in a 60 kDa N-terminal fragment [START_REF] Oleinikov | A small N-terminal 60-kD fragment of gp600 (megalin), the major autoantigen of active Heymann nephritis, can induce a full-blown disease[END_REF][START_REF] Tramontano | Nested N-terminal megalin fragments induce high-titer autoantibody and attenuated Heymann nephritis[END_REF][START_REF] Tramontano | Conformation and glycosylation of a megalin fragment correlate with nephritogenicity in Heymann nephritis[END_REF], and with diffusion of immune response to other megalin epitopes, a process named intramolecular epitope spreading [START_REF] Shah | Intramolecular spreading in Heymann nephritis[END_REF].

Heymann nephritis-like MN was also reported in rats and mice [START_REF] Assmann | Membranous glomerulonephritis in the mouse[END_REF][START_REF] Assmann | Comparison of antigenic targets involved in antibody-mediated membranous glomerulonephritis in the mouse and rat[END_REF][START_REF] Assmann | Involvement of an antigen distinct from the Heymann antigen in membranous glomerulonephritis in the mouse[END_REF][START_REF] Ronco | A monoclonal antibody to brush border and passive Heymann nephritis[END_REF], in which the target antigen was dipeptidyl peptidase 4. More recently, a model of passive Heymann nephritis was induced in mice injected with antipodocyte serum [START_REF] Meyer | A new mouse model of immune-mediated podocyte injury[END_REF][START_REF] Meyer-Schwesinger | Nephrotic syndrome and subepithelial deposits in a mouse model of immune-mediated anti-podocyte glomerulonephritis[END_REF]. Although studies of Heymann nephritis have greatly contributed to our understanding of the pathomechanisms of MN (see below), there is no evidence that megalin is involved in human MN.

THE PODOCYTE NEUTRAL ENDOPEPTIDASE AND ALLOIMMUNE MN

This rare form of MN was first identified in a neonate borne with respiratory distress and acute renal failure followed by nephrotic range proteinuria and hypertension [START_REF] Debiec | Role of Truncating mutations in MME gene in feto-maternal alloimmunization and neonatal glomerulopathies[END_REF]. Because of early occurrence of the disease in the last trimester of pregnancy, we hypothesized that the mother became immunized during pregnancy and the pathogenic antibodies were transferred to the fetus (Figure 1). Involvement of NEP antigen was suspected because of interspecies differences in reactivity observed when human, rat and rabbit kidneys were incubated with sera from the mother and her infant. Identification of NEP was confirmed by immunoprecipitation of rat brush-border extracts [START_REF] Debiec | Antenatal membranous glomerulonephritis due to anti-neutral endopeptidase antibodies[END_REF][START_REF] Debiec | Role of Truncating mutations in MME gene in feto-maternal alloimmunization and neonatal glomerulopathies[END_REF]. Transfer experiments, in which a pregnant rabbit was injected with the mother's IgG fraction, and colocalization of NEP, IgG and C5-b9 within the subepithelial immune deposits, established that the disease was caused by anti-NEP antibodies [START_REF] Debiec | Antenatal membranous glomerulonephritis due to anti-neutral endopeptidase antibodies[END_REF][START_REF] Ronco | Molecular pathomechanisms of membranous nephropathy: from Heymann nephritis to alloimmunization[END_REF]. NEP not only is an antigen, it also is an enzyme involved in the degradation of biologically active peptides such as enkephalin (for this reason, it is also called enkephalinase), natriuretic peptides, endothelin, bradykinin and substance P in the vicinity of their receptors. In the kidney, NEP is present at the podocyte surface, in the brush border of the proximal tubule and in vessel walls. It is found in numerous organs but in very specific localizations, and in granulocytes as well. NEP is identical to the common acute lymphoblastic leukaemia antigen (CALLA) and to CD10.

Because the mother did not show any renal manifestation even though she had persistently high titers of anti-NEP antibody, we hypothesized that she might be deficient in NEP. This hypothesis was supported by the lack of reactivity of her granulocyte extracts with a panel of anti-NEP antibodies [START_REF] Debiec | Antenatal membranous glomerulonephritis due to anti-neutral endopeptidase antibodies[END_REF]. Four additional families with materno-fetal alloimmune MN were identified.

All immunized mothers were NEP deficient as a result of the same truncating mutation in exon 7 of the NEP gene [START_REF] Debiec | Role of Truncating mutations in MME gene in feto-maternal alloimmunization and neonatal glomerulopathies[END_REF][START_REF] Vivarelli | Genetic homogeneity but IgG subclassdependent clinical variability of alloimmune membranous nephropathy with anti-neutral endopeptidase antibodies[END_REF], (Figure 1). In the first family, the mother was a compound heterozygote for this mutation and for another truncating mutation in exon 15. A founder effect by a common ancestor is suspected because the same mutation in exon 7 was identified in all families.

Alloimmunization can be triggered by previous spontaneous miscarriages or by the ongoing pregnancy during which the mother's immune system is first exposed to the NEP of paternal origin on syncytiotrophoblastic cells. The NEP-deficient individuals had normal blood pressure, renal functional tests, and lymphocyte phenotype and function [START_REF] Debiec | Role of Truncating mutations in MME gene in feto-maternal alloimmunization and neonatal glomerulopathies[END_REF], whereas NEP null mice showed hypotension, greater sensitivity to septic shock, early onset Alzheimer's disease and prostatic tumors [START_REF] Lu | The control of microvascular per-meability and blood pressure by neutral endopeptidase[END_REF]. Because mutations in the NEP gene are asymptomatic, one can expect a high prevalence in selected populations.

After birth, renal failure and the nephrotic syndrome rapidly improved in all children in parallel with the disappearance from the child's blood of maternal IgG. However, a newborn had persisting renal failure requiring dialysis despite exchange transfusions. This case led to conclude that the anti-NEP IgG1 was responsible for the disease because the mother had high titers of anti-NEP IgG1 with very low titer of anti-NEP IgG4 and other IgG subclasses. This finding is in keeping with the capacity of IgG1 to activate complement whereas IgG4 usually fail to do so. Another patient with the longest follow-up, developed severe chronic renal failure with nephrotic range proteinuria leading to end-stage renal disease requiring transplantation. Although a repeat kidney biopsy could not be performed, the delayed renal manifestations might be induced by advanced MN combined with the postponed consequences of immunologically mediated antenatal nephron loss. Antibodies against idiotypes or allotypes on the maternal IgG might also have contributed to further progression of the disease. These observations suggest that cases of MN or chronic renal failure diagnosed during adolescence or early adulthood might be the late consequence of anti-NEPinduced antenatal renal disease.

Fetomaternal alloimmune glomerulopathy defines a novel organ-specific, fetomaternal disease because of alloimmunization induced by a genetic defect in the mother which leads to the development of MN in her fetus. Rhesus incompatibility was as yet the paradigm of fetomaternal diseases resulting from alloimmunization, which were long considered to be restricted to red blood cells and platelets. Our findings suggest that truncating mutations in genes coding for other podocyte antigens, asymptomatic for the carrier mother, could induce alloimmune glomerulopathy in the neonate. They open new perspectives for neonatal diseases affecting other organs than the kidney.

NON-PODOCYTE ANTIGENS IN CHILDHOOD MN

Altough not being a source of exogenous antigens (per definition), the podocyte also plays a role in MN caused by exogenous antigens which become planted in the glomerular capillary wall because it creates a favorable situation to the growth of immune complexes either by contributing to the synthesis of basement components and cell surface molecules with a negative charge (interacting with positively charged exogenous molecules coming from the blood) or because of its defective clearance properties. These 2 situations are illustrated by BSA-related MN and enzyme replacement therapy (ERT)-caused MN, respectively (Figure 2).

Bovine serum albumin and other dietary antigens

MN is one of the most common causes of nephrotic syndrome in adults but this disease is rarely diagnosed in paediatric populations [7,[START_REF] Chen | Idiopathic membranous nephropathy in pediatric patients: presentation, response to therapy, and long-term outcome[END_REF]. We have identified BSA as a novel antigen in children with MN aged <5 years [START_REF] Debiec | Early-childhood membranous nephropathy due to cationic bovine serumalbumin[END_REF]. These cases that can be considered as the human counterpart to the experimental model in rats and mice induced by cationized BSA [START_REF] Border | Induction of membranous nephropathy in rabbits by administration of an exogenous cationic antigen[END_REF][START_REF] Chen | Mouse model of membranous nephropathy induced by cationic bovine serum albumin: antigen dose-response relations and strain differences[END_REF][START_REF] Koyama | Effect of chemical cationization of antigen on glomerular localization of immune complexes in active models of serum sickness nephritis in rabbits[END_REF], open up new perspectives as to a role of dietary and environmental factors in MN, and more generally in glomerular diseases.

In this model of MN, podocyte antigens do not contribute to the formation of immune deposits which involve an exogenous antigen, BSA, that becomes implanted in the glomerular capillary wall (see Beck et al in this issue). The antigen charge is a key factor for disease induction.

Only the animals that were intravenously given chemically modified cationized BSA shortly after immunization with this antigen developed MN [START_REF] Border | Induction of membranous nephropathy in rabbits by administration of an exogenous cationic antigen[END_REF][START_REF] Chen | Mouse model of membranous nephropathy induced by cationic bovine serum albumin: antigen dose-response relations and strain differences[END_REF][START_REF] Koyama | Effect of chemical cationization of antigen on glomerular localization of immune complexes in active models of serum sickness nephritis in rabbits[END_REF]. When native, slightly acidic BSA was injected, animals did not develop the disease. Positively charged cationic BSA bound to the anionic glomerular capillary wall because of electrostatic interactions instead of being taken up by endocytosis in podocytes, and could then serve as a target for circulating antibodies.

We speculated that the same pathophysiological scenario might occur in humans. High levels of circulating anti-BSA antibodies of IgG1 and IgG4 subclasses were identified in children and adults with MN whereas anti-BSA IgE was not detected. Circulating BSA antigen was identified in the patients with the higher levels of anti-BSA antibodies. BSA immunopurified from children' sera migrated in the basic range of pH whereas in adult patients, it migrated in the neutral region as native BSA. BSA antigen was co-localized with IgG in subepithelial immune deposits only in the children with both circulating cationic BSA and anti-BSA antibodies, but in none of the adult patients with MN, which strongly supported the assumption that both cationic BSA serving as a "planted antigen" and concomitant immunization against this antigen could induce MN.

Additionally, decrease of cationic BSA and antibody levels during MN remission reinforced a direct causal link with the disease. Contrary to the observation made in the majority of adults with MN, neither PLA2R autoantibodies nor PLA2R antigen were detected in the blood and subepithelial immune deposits, respectively, in the children with BSA-related MN [START_REF] Debiec | Early-childhood membranous nephropathy due to cationic bovine serumalbumin[END_REF].

Cow's milk is the major source of BSA in young children. However, the origin of cationic BSA remains obscure. In modern dietary culture, food ingredients are subjected to a variety of processing conditions and contain many additives. Some of these technological processes might induce alterations of food proteins, which could in turn change their physicochemical properties and digestion in the gastrointestinal tract [START_REF] Davis | Protein modification by thermal processing[END_REF][START_REF] Sanchez | Consequences of heat treatment and processing of food on the structure and allergenicity of component proteins[END_REF][START_REF] Sathe | Effects of food processing on the stability of food allergens[END_REF]. On the other hand, it is conceivable that intestinal microbiota and frequent episodes of gastroenteritis as commonly observed in children might lead to pathological modifications of BSA [START_REF] Sreedharan | Gastrointestinal tract[END_REF].

Although very soluble in water and rich in amino-acids recognized by gastrointestinal enzymes, BSA is relatively resistant to digestion. Heat treatment of BSA induces denaturation of the protein and results in reduced proteolysis [START_REF] Alting | Incomplete elimination of the ABBOS epitope of bovine serum albumin under simulated gastrointestinal conditions of infants[END_REF]. at the relatively high pH (3-4) of the infants' stomach compared with that of adults (pH2) [START_REF] Schmidt | Raising the pH of the pepsin-catalysed hydrolysis of bovine whey proteins increases the antigenicity of the hydrolysates[END_REF] In addition, the amount of intact BSA that enters the intestinal circulation is likely higher during infancy before the gastrointestinal tract has matured and its barrier function has been established [START_REF] Sreedharan | Gastrointestinal tract[END_REF][START_REF] Van Elburg | Intestinal permeability in relation to birth weight and gestational and postnatal age[END_REF]. Finally, modification of BSA could directly affect how this protein is cleaved and processed in vivo. Both the predominance of a cationic form and the increased amount of absorbed BSA most likely contribute to the development of MN in young children.

Enzyme replacement therapy as a cause of alloimmune MN

Alloimmune reactions can occur during enzyme replacement therapy [START_REF] Brooks | Immune response to enzyme replacement therapy in lysosomal storage disorder patients and animal models[END_REF][START_REF] Koren | Immune responses to therapeutic proteins in humans--clinical significance, assessment and prediction[END_REF][START_REF] Richards | Immunologic considerations for enzyme replacement therapy in the treatment of lysosomal storage disorders[END_REF]. Because of the absence or very low levels of enzyme in many patients, therapeutic proteins are potential alloantigens that commonly trigger immunization. Allo-antibodies may be without clinical significance or may lead to hypersensitivity reactions, decreased bioavailability, and reduced efficacy of the therapeutic proteins. Only two cases of MN have been reported so far, but the prevalence of ERTinduced renal complications is probably underestimated.

A first case of nephrotic syndrome with mesangial and subepithelial Ig deposits was reported in a highly sensitized patient with Pompe disease treated with recombinant human alpha-glucosidase (rhGAA) [START_REF] Hunley | Nephrotic syndrome complicating alphaglucosidase replacement therapy for Pompe disease[END_REF]. The second case was a patient with mucopolysaccharidosis type VI treated with recommended doses of human recombinant arylsulfatase B (rhASB) who developed typical MN [START_REF] Debiec | Allo-immune membranous nephropathy and recombinant aryl sulfatase replacement therapy: A need for tolerance induction therapy[END_REF]. It is remarkable that this patient developed a nephrotic syndrome of rapid onset just one week after surgery although prior, regular screens for proteinuria were negative . Titers of anti-rhSAB antibody were high but in the same range as in other patients receiving rhASB without renal complication [START_REF] Harmatz | Enzyme replacement therapy for mucopolysaccharidosis VI: A phase 3, randomized, double-blind, placebo-controlled, multinational study of recombinant human N-acetylgalactosamine 4-sulfatase (recombinant human arylsulfatase B or rhASB) and follow-on, open-label extension study[END_REF][START_REF] Hendriksz | Design, baseline characteristics, and early findings of the MPS VI (mucopolysaccharidosis VI) Clinical Surveillance Program (CSP)[END_REF]. It is likely that drugs given during the perioperative period had deleterious effects on podocyte physiological properties. The patient received a cocktail of anesthetic drugs, which were before shown to increase glomerular permeability to proteins and alter podocyte function [START_REF] Giardino | Podocyte glutamatergic signaling contributes to the function of the glomerular filtration barrier[END_REF]. Further, the patient was anesthetized with sevoflurane, which can affect the conductance of Ca 2+ -activated K + channel expressed on podocytes [START_REF] Morton | Human podocytes possess a stretch-sensitive, Ca2+-activated K+ channel: Potential implications for the control of glomerular filtration[END_REF][START_REF] Namba | Inhibition of the human intermediate conductance Ca(2+)-activated K(+) channel, hIK1, by volatile anesthetics[END_REF].

These cases thus add a new cause to the list of MN aetiologies. They point to careful monitoring of proteinuria in all patients receiving ERT. Considering the critical requirement for ERT in patients with lysosomal enzyme deficiencies, it should be stressed that intensive immunosuppressive therapy can allow reintroduction of ERT resulting in a dramatic improvement of the patient's condition without relapse of the renal disease.

MECHANISMS OF PODOCYTE INJURY

In this chapter, we will focus on Heymann nephritis and childhood MN (Figure 2). The reader will find further information on PLA2R-and THSD7A in another chapter devoted to adult MN.

Mechanisms of immune complex formation

Megalin, a member of the LDL-receptor superfamily, is concentrated in clathrin-coated pits.

Epitope-specific IgG arrives from the circulation to form immune complexes with megalin on the podocyte membrane, followed by shedding and rapid immobilization in the glomerular basement membrane, thus preventing clearing of complexes by endocytosis of the podocyte. Large immune deposits form by repeated cycles of this mechanism [START_REF] Kerjaschki | Initial events in the formation of immune deposits in passive Heymann nephritis. gp330-anti-gp330 immune complexes form in epithelial coated pits and rapidly become attached to the glomerular basement membrane[END_REF]. Although megalin is clearly involved in the formation of immune deposits, one does not know whether the complete form of megalin or a proteolytic form is deposited extracellurly.

In the proximal tubule where megalin is strongly expressed, Biemersderfer's laboratory [START_REF] Biemesderfer | Regulated intramembrane proteolysis of megalin: linking urinary protein and gene regulation in proximal tubule?[END_REF] have shown that megalin is subjected to regulated intramembrane proteolysis (RIP), an evolutionarily conserved process linking receptor function with transcriptional regulation. Best characterized by the Notch signaling pathway, RIP involves regulated ectodomain shedding followed by γ-secretase-mediated release of the C-terminal, cytosolic domain. The C-terminus in turn translocates to the nucleus where it interacts with other proteins to regulate expression of specific genes. Megalin is subjected to protein kinase C-regulated, metalloprotease-mediated ectodomain shedding producing a membrane-associated C-terminal fragment (MCTF). The MCTF in turn forms the substrate for γ-secretase. These data implicate megalin as a central element of a Notch-like signaling pathway linking protein reabsorption and gene regulation in proximal tubule.

Megalin processing potentially triggered by anti-megalin antibodies, may also play an important role in podocyte alterations in Heymann nephritis.

Of note, PLA2R1 and THSD7A, the 2 major antigens in primary MN in the adult, are also subjected to proteolytic cleavage, and their involvement in RIP deserves further investigations.

Complement-mediated injury

Complement activation and formation of the C5b-9 attack complex, which is triggered by immune complex deposition, have major roles in sublethal podocyte injury and proteinuria [START_REF] Cunningham | Contrasting roles of complement activation and its regulation in membranous nephropathy[END_REF][START_REF] Cybulsky | Experimental membranous nephropathy redux[END_REF][START_REF] Nangaku | Cellular response to injury in membranous nephropathy[END_REF], (Figure 2). C5b-9, in sublytic quantities that do not kill podocytes, activates various mediators, such as phospholipases, protein kinases, cyclooxygenases, transcription factors and cytokines.

These signals influence podocyte cell metabolic pathways, structure and function of key cytoskeletal proteins, expression and localization of nephrin, the turnover of extracellular matrix, and DNA integrity [START_REF] Cunningham | Contrasting roles of complement activation and its regulation in membranous nephropathy[END_REF][START_REF] Cybulsky | Experimental membranous nephropathy redux[END_REF][START_REF] Nangaku | Cellular response to injury in membranous nephropathy[END_REF]. Evidence also shows that assembly of the sublytic C5b-9 complex on podocytes causes upregulation of NADPH oxidoreductase expression and its translocation to the cell surface. Subsequently, reactive oxygen species are produced locally, which leads to damage of podocyte lipids, membrane proteins and glomerular basement membrane components [START_REF] Cunningham | Contrasting roles of complement activation and its regulation in membranous nephropathy[END_REF][START_REF] Cybulsky | Experimental membranous nephropathy redux[END_REF][START_REF] Kerjaschki | Pathogenetic concepts of membranous glomerulopathy (MGN)[END_REF][START_REF] Nangaku | Cellular response to injury in membranous nephropathy[END_REF]. The injured podocytes also produce new extracellular matrix that is assembled between and around the immune deposits giving rise to the characteristic "spikes" that are well visualized by silver staining. Genetic polymorphisms resulting in reduced activity of circulating or podocyte complement regulatory proteins (CRP) as well as intrinsic or acquired defect of these proteins which control the alternative pathway of complement activation, could contribute as well to pathogenesis of MN and account for its varying severity.

Direct effector role of antibodies

Despite numerous studies supporting a role for complement in the pathogenesis of experimental MN, proteinuria and podocyte damage may also occur without assembly of C5b-9 [START_REF] Leenaerts | Active Heymann nephritis in complement component C6 deficient rats[END_REF][START_REF] Spicer | Induction of passive Heymann nephritis in complement component 6-deficient PVG rats[END_REF]. In addition to forming immune complexes, anti-podocyte antibodies may directly alter podocyte biology. Both megalin and PLA2R are cell surface receptors, and NEP cleaves biologically active peptides at the cell surface. Anti-megalin antibodies were shown to inhibit the uptake of lipoproteins that normally bind the multiligand receptor megalin [START_REF] Kerjaschki | Pathogenic antibodies inhibit the binding of apolipoproteins to megalin/gp330 in passive Heymann nephritis[END_REF]. The accumulation of lipoproteins (apoE and apoB) within the immune deposits together with the production of reactive oxygen species (ROS) potentially favors the formation of lipid peroxidation products.

The dual effect of pathogenic antibodies is well illustrated by anti-NEP antibodies. Mothers producing anti-NEP IgG1 transmitted the disease whereas those producing anti-NEP IgG4 only, failed to do so. These findings point to a critical role of the classical pathway of complement activation as attested by C1q deposition, whereas in adult cases of PLA2R-related autoimmune nephropathy anti-PLA2R IgG4 is prevailing and C1q deposits are rare. On the other hand, NEP also has important enzymatic in the kidney where it is present at the podocyte surface, in the brush border of the proximal tubule, and in vessel walls [START_REF] Dussaule | Characterization of neutral endopeptidase in vascular smooth muscle cells of rabbit renal cortex[END_REF]. NEP-specific IgG1 had a strong inhibitory effect, whereas IgG4 had a very weak effect. Inhibition of NEP activity by anti-NEP IgG1 antibodies may alter metabolism of a number of regulatory peptides and thus have an impact on glomerular hemodynamics, endothelial permeability, tubular function, and podocyte lesions [START_REF] Friedrich | Podocytes are sensitive to fluid shear stress in vitro[END_REF][START_REF] Hu | Anti-neutral endopeptidase, natriuretic peptides disarrangement, and proteinuria onset in membranous nephropathy[END_REF][START_REF] Lewko | Regulation of cGMP synthesis in cultured podocytes by vasoactive hormones[END_REF][START_REF] Lu | The control of microvascular per-meability and blood pressure by neutral endopeptidase[END_REF]. These alterations may be the cause of the unusual, severe ischemic lesions observed in the biopsy and of the disappearance of NEP from the brush border of proximal tubules, as also noted in ischemic and toxic acute kidney injuries [START_REF] Lebeau | Early proximal tubule injury in experimental aristolochic acid nephropathy: functional and histological studies[END_REF][START_REF] Nambi | Down regulation of kidney neutral endopeptidase mRNA, protein and activity during acute renal failure:possible mechanism for ischemiainduced acute renal failure in rats?[END_REF].

It is likely that antibodies directed against PLA2R and THSD7A also behave as bifunctional antibodies activating complement and blocking protein/receptor function, which must be taken into account in the interpretation of the mechanisms of the nephrotic syndrome and of podocytopenia, a major feature of adult MN.

Podocyte recovery and protective mechanisms

In parallel with the various cell damaging signals triggered by C5b-9, other signals are activated to limit complement-induced injury and to promote recovery (Figure 2). Nucleated cells are equipped with several mechanisms that support resistance to complement-dependent cytotoxicity [START_REF] Bohana-Kashtan | Cell signals transduced by complement[END_REF][START_REF] Cunningham | Contrasting roles of complement activation and its regulation in membranous nephropathy[END_REF][START_REF] Tegla | Membrane attack by complement: the assembly and biology of terminal complement complexes[END_REF].

One of the most important protective mechanisms is endocytosis and ectocytosis of the C5b-9. In disease state, C5b-9 inserted into the podocyte membrane is transported intracellularly and extruded into the urinary space, where it is considered as a dynamic marker of ongoing immunologic injury [START_REF] Kerjaschki | Transcellular transport and membrane insertion of the C5b-9 membrane attack complex of complement by glomerular epithelial cells in experimental membranous nephropathy[END_REF][START_REF] Moskovich | Live cell imaging of outward and inward vesiculation induced by the complement c5b-9 complex[END_REF]. In injured podocytes, an accumulation of misfolded proteins in the endoplasmic reticulum (ER) leads to ER stress [START_REF] Cybulsky | Endoplasmic reticulum stress in proteinuric kidney disease[END_REF][START_REF] Kon | Urinary C5b-9 excretion and clinical course in idiopathic human membranous nephropathy[END_REF]. Various studies in animal models and human diseases imply that complement may upregulate the adaptive unfolded protein response together with the ubiquitinproteasome system and autophagy [START_REF] Cybulsky | The intersecting roles of endoplasmic reticulum stress, ubiquitinproteasome system, and autophagy in the pathogenesis of proteinuric kidney disease[END_REF][START_REF] Meyer-Schwesinger | A new role for the neuronal ubiquitin C-terminal hydrolase-L1 (UCH-L1) in podocyte process formation and podocyte injury in human glomerulopathies[END_REF][START_REF] Wang | Autophagy can repair endoplasmic reticulum stress damage of the passive Heymann nephritis model as revealed by proteomics analysis[END_REF]. This response is one of the most potent cytoprotective mechanisms against accumulation of misfolded proteins inside podocytes. However, sustained ER stress may be cytotoxic by causing activation of pro-apoptotic pathways leading to destruction of podocytes [START_REF] Meyer-Schwesinger | A new role for the neuronal ubiquitin C-terminal hydrolase-L1 (UCH-L1) in podocyte process formation and podocyte injury in human glomerulopathies[END_REF]. Mechanisms of immune-mediated podocyte injury, disease progression, and recovery are summarized in Fig. 1 PERSPECTIVES Because the etiology and pathogenesis of MN involve the interplay of a variety of factors acting at different stages of the disease, optimum therapy should be multifaceted being directed at multiple targets and adapted with time (Figure 2). For example at initial stages, a combination of approaches including blocking antibody production, inhibiting complement activation at the site of complement activity, and protecting podocyte from injury triggered by complement activation and C5b-9 assembly should be considered. One major pitfall in MN is the lack of reliable biomarkers with diagnostic, prognostic, and therapeutic values. In addition to the now classical antibodies, the clinical complexity of the disease suggests that a combination of prognostic markers would be the best option for prediction of clinical outcome, recurrence on the graft, and personalized therapy In conclusion, the podocyte is at the center of the pathogenesis of MN either by providing a source of endogenous antigens or by creating an environment favorable to deposition and accumulation of immune complexes containing exogenous (non-podocyte) antigens. The podocyte is also a victim of complement activation and antibody blocking activity against enzymes or receptors. For these reasons, the podocyte should be targeted by innovative drugs aimed at protecting this cell against complement activation and the effects of prolonged ER stress. One should keep in mind that despite successful immunosuppressive treatment, decrease of proteinuria often lags much behind immunological remission, most likely because of irreversible alterations of podocytes. 

Figure 1 .

 1 Figure 1. Pathophysiological scenario of fetomaternal alloimmune glomerulopathy (FMAIG) caused by maternal anti-NEP antibodies.

Figure 2 .

 2 Figure 2. Mechanisms of immune mediated podocyte injury and disease progression in MN and pathogenesis based therapeutic approach.
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