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Abstract

Membranous nephropathy (MN) is a common cause of nephrotic syndrome in adults. Active and
passive Heymann nephritis (HN) in rats are valuable experimental models because their features
so closely resemble human MN. In HN, subepithelial immune deposits form in situ as a result of
circulating antibodies. Complement activation leads to assembly of C5b-9 on glomerular epithelial
cell (GEC) plasma membranes and is essential for sublethal GEC injury and the onset of
proteinuria. This review revisits HN and focuses on areas of substantial progress in recent years.
The response of the GEC to sublethal C5b-9 attack is not simply due to disruption of the plasma
membrane but is due to the activation of specific signaling pathways. These include activation of
protein kinases, phospholipases, cyclooxygenases, transcription factors, growth factors, NADPH
oxidase, stress proteins, proteinases, and others. Ultimately, these signals impact on cell metabolic
pathways and the structure/function of lipids and key proteins in the cytoskeleton and slit-
diaphragm. Some signals affect GEC adversely. Thus C5b-9 induces partial dissolution of the
actin cytoskeleton. There is a decline in nephrin expression, reduction in F-actin-bound nephrin,
and loss of slit-diaphragm integrity. Other signals, such as endoplasmic reticulum stress, may limit
complement-induced injury, or promote recovery. The extent of complement activation and GEC
injury is dependent, in part, on complement-regulatory proteins, which act at early or late steps
within the complement cascade. Identification of key steps in complement activation, the cellular
signaling pathways, and the targets will facilitate therapeutic intervention in reversing GEC injury
in human MN.
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memeranous nerrroraTHy (MIN) IS an organ-specific autoimmune disease and a relatively common
cause of nephrotic syndrome in adults. It is characterized by subepithelial immune deposits
containing 1gG and complement, expansion of the glomerular basement membrane (GBM),
and diffuse effacement of podocyte [glomerular epithelial cell (GEC)] foot processes. Active
and passive Heymann nephritis (HN) in rats have been widely used as models of human MN
since 1965 (47). They remain valuable experimental tools because the functional and
immunohistological features so closely resemble the human disease. In 1989, we reviewed
the experimental literature on HN (118). Several key observations were documented at that
time, most notably 1) that the immune deposits form in situ as a result of circulating
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antibodies, either injected as heterologous anti-Fx1A in passive HN (PHN) or endogenous
autoantibodies after immunization with Fx1A, the antigenic preparation derived from
proximal tubular brush border; that complement activation is essential for the onset of
proteinuria; 2) that the effect of complement is mediated by assembly of C5b-9 and
sublethal damage to podocytes; and 3) that sublethal GEC injury triggers a cascade of
intracellular signaling events.

Since our review in 1989, the target antigen (gp330) was identified and shown to reside in
coated pits on the soles of podocyte foot processes (35). Detailed immunohistological and
cell culture studies showed that the subepithelial deposits form in situ as a result of
antibody-mediated capping of the antigen on the podocyte surface and shedding of the
antibody-antigen complexes into the GBM (7: 60). Subsequently, the cDNA for the HN
antigen was cloned and shown to encode a large (~600 kDa) protein named megalin, a
member of the LDL receptor family (35). Megalin and receptor-associated protein (RAP)
appear to constitute the target antigen, and antibodies specific for an epitope within RAP
promote cross-linking of the complexes to components of the GBM (63). Whereas targeting
other podocyte surface antigens can induce proteinuria independently of complement (117),
it appears that simply forming subepithelial immune deposits in the absence of complement
fixation does not alter podocyte morphology or function (19). Identification of several
podocyte proteins in inherited forms of nephrotic syndrome further substantiated the role of
podocyte dysfunction in proteinuric kidney diseases and triggered much interest in the
podocyte, podocyte-associated proteins, and signaling cascades in acquired forms of
podocyte injury, including experimental and human MN. In addition, expanding knowledge
of cell-surface and circulating complement regulatory proteins has opened new avenues for
therapeutic intervention. The HN models have proved valuable in identifying the role of
such proteins in protecting podocytes from complement-mediated damage and for testing
proof of concept of anticomplementary molecules.

In this review, we have revisited the HN models with an update focused on three areas in
which there has been substantial activity: complement-mediated cell signaling; regulation of
complement; and alterations in podocyte structure and function.

COMPLEMENT AND THE ROLE OF THE C5B-9 MEMBRANE ATTACK
COMPLEX IN EXPERIMENTAL MN

The complement system consists of the classical, alternative, and mannose-binding lectin
pathways, altogether containing over 30 proteins involved in the activation and regulation of
this system (143). Activation of the complement classical pathway was considered relevant
to inflammatory glomerular diseases such as nephrotoxic serum nephritis (142), but its role
in experimental MN was overlooked because of the lack of inflammation, considered the
necessary product of complement activation in the glomerulus. With the appreciation that
the complement C5b-9 membrane attack complex could have direct cellular effects, a series
of studies performed in the 1980s showed a role for activation of C5b-9 on the podocyte in
experimental MN (2: 18 19). At the same time, it became clear that the intrinsic podocyte
antigen now known as megalin was a target of antibodies in experimental MN (59’ 76).
Follow-up experiments showed that antibody-directed complement activation on the
podocyte led to C5b-9 insertion in this cell, with subsequent shedding into the urine (62
123). Additional proof for the relevance of complement in experimental MN came from the
studies showing that complement inhibition with recombinant human complement receptor
1 (CR1; CD35) led to a reduction in proteinuria in this model (13). The exact effects of
C5b-9 on podocytes have been the topic of significant efforts that are detailed below.
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SIGNALING PATHWAYS ACTIVATED BY ASSEMBLY OF C5b-9

The consequences of C5b-9 assembly in the plasma membrane include formation of
transmembrane channels or rearrangement of membrane lipids with loss of membrane
integrity (Fig. 1). Nucleated cells require multiple C5b-9 lesions for lysis, whereas at lower
doses C5b-9 induces sublethal (sublytic) injury (83+ 94+ 116). The response of a cell,
including the GEC, to sublytic doses of C5b-9 attack is not simply due to disruption of the
plasma membrane but rather to the activation of specific signaling pathways. Such signals
include the activation of phospholipases, protein kinases, transcription factors, growth
factors, proteinases, and others. Ultimately, these signals may impact on cell metabolic
pathways and the structure or function of lipids and key cellular proteins in the cytoskeleton,
slit-diaphragm, or other compartments. Some signals affect GEC adversely, whereas others
appear to limit the extent of complement-induced injury, or promote recovery. In some
cases, activation of a single pathway can lead to both cytotoxic and protective responses.

Influx of Ca2* and Transactivation of Receptor Tyrosine Kinases

Assembly of C5b-9 in cultured GECs leads to an increase in cytosolic free Ca2*
concentration ([Ca?*]) that is primarily due to calcium influx (20) (Fig. 2). Studies in GEC
culture and in the glomeruli of rats with PHN showed that another early event that follows
assembly of C5b-9 is the transactivation of receptor tyrosine kinases (9), including the
epidermal growth factor receptor (EGFR), Neu, fibroblast growth factor receptor-2, and
hepatocyte growth factor receptor (21+ 23). Thus C5b-9 induced tyrosine phosphorylation of
EGFR, and phosphorylated EGFR was able to bind the adaptor protein, Grb2 (127), and a
peptide containing the SH2 and SH3 regions of phospholipase C-y1 (PLC-y1) (21’ 23: 67).
Furthermore, assembly of C5b-9 resulted in activation of the Ras-extracellular signal-
regulated kinase (ERK) pathway (127), as well as PLC-y1 and its downstream effectors, and
these events were blocked with an EGFR inhibitor (17). Transactivated tyrosine kinases may
serve as scaffolds for assembly and/or activation of proteins, which then lead to activation of
downstream effector pathways, either independently, or in conjunction with increased
cytosolic [Ca?™].

Activation of Phospholipase A,

A key signaling pathway activated by C5b-9 involves release of arachidonic acid (AA) by
phospholipase A, (PLA) and subsequent AA metabolism to prostanoids. In GEC in culture
and in vivo, a major endogenous PLA, isoform is cytosolic PLA-a(CPLA,; group 1V) (27
49), and activation of cPLA; has been linked with C5b-9 (16' 24+ 98). As in other cells,
cPLA, activation in GEC is regulated by changes in cytosolic [Ca?*] and phosphorylation,
the latter being dependent on PLC activation, production of 1,2-diacylglycerol, and
activation of the protein kinase C (PKC) pathway (16' 98). In the GEC, cPLA localizes and
hydrolyzes phospholipids at the plasma membrane, the membrane of the endoplasmic
reticulum (ER), and the nuclear envelope, but not at mitochondria orGolgi (72). Thus the
activation of cPLA, and release of AA is compartmentalized to specific organelles. cPLA,
appears to be an important mediator of C5b-9-dependent GEC injury. First, the AA released
by cPLA, is metabolized in GECs via cyclooxygenases (COX)-1 and -2 to prostaglandin E,
and thromboxane Ay, and inhibition of prostanoid production reduces proteinuria in PHN
(see immediately below). Second, cPLA, may mediate GEC injury more directly, by
inducing cell membrane phospholipid hydrolysis and the ER stress response (see below).

Consequences of AA Metabolism

The AA released by C5b-9-induced activation of cPLA, may be metabolized to prostanoids
by COX enzymes (132). Resting GEC in culture primarily express COX-1. COX-2, but not
COX-1, is upregulated by incubation with sublytic C5b-9 (135). The upregulation of COX-2
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is dependent on activation of PKC, as well as the c-Jun NH,-terminal kinase (JNK) (66
137). Release of AA results in increased prostaglandin E; production, which was inhibited
by 60% with the COX-2-selective inhibitor NS-398 (135). Glomeruli from rats with PHN
express significantly more COX-1 and COX-2 than normal rat glomeruli. Prostaglandin E,
production in glomeruli of rats with PHN was about twofold greater than in control
glomeruli. This increase was partially inhibited with NS-398 (135). Thus in GEC in culture
C5b-9 increases the expression of COX-2, whereas COX-1 and -2 appear to be unregulated
in vivo in PHN. Both isoforms of COX are involved in prostanoid production.

Earlier studies demonstrated that indomethacin, a nonselective COX inhibitor, reduced
proteinuria in PHN (15 148). Recently, the role of COX isoforms in the mediation of
proteinuria in PHN was addressed by treating rats with either indomethacin or 5,5-
dimethyl-3-(3-fluorophenyl)-4-(4-methyl-sulfonyl)phenyl-2(5H)-furanone (DFU), a COX-2-
selective inhibitor. Compared with vehicle-treated rats, treatment of PHN rats with DFU
reduced proteinuria significantly (by ~33%), but to a lesser extent than indomethacin (56%
reduction) (136). Therefore, inhibition of both COX-1 and -2 was required to achieve a
maximum antiproteinuric effect. Both compounds reduced glomerular prostanoid generation
significantly. Neither indomethacin nor DFU affected inulin clearance or glomerular
expression of COX-1 and -2. In another study, the COX-2 inhibitor flosulide partially
reduced proteinuria in PHN, but this drug also appeared to decrease expression of COX-1
and -2 (6). Other approaches to the blockade of prostanoid production have also been
successful in reducing proteinuria in PHN. For example, treatment of rats with PHN with the
thromboxane synthase inhibitor DP-1904 reduced proteinuria (87). Shifting production of
dienoic prostanoids to inactive trienoic metabolites with a fish oil diet in PHN rats reduced
production of glomerular thromboxane A, and had both protective and therapeutic effects
even after the onset of severe proteinuria (145). Thus a number of studies employing distinct
experimental approaches support a role for prostanoids in exacerbating proteinuria in PHN.

The mechanism(s) by which prostanoids exacerbate proteinuria requires further study. One
possibility is that prostanoids may contribute toward increasing glomerular capillary
pressure, such that proteinuria is increased on a hemodynamic basis. Alternatively, in
cultured GEC, COX inhibition reduced complement-induced cytotoxicity, and this reduction
was reversed by the thromboxane A, analog U-46619, suggesting that production of
prostanoids may exacerbate GEC injury (136). On the other hand, effective substitution of
GEC membrane phospholipids with omega-3 fatty acids substantially reduced thromboxane
A, production but did not protect the cells from C5b-9-mediated injury (43). Thus selective
prostanoid inhibition may be an effective means of reducing proteinuria, perhaps
independently of hemodynamic factors (77); however, the cellular mechanisms are still
uncertain.

ER Injury and Stress Response

C5b-9-induced activation of cPLA, results in damage to the membrane of the ER and
induction of ER stress, i.e., the “unfolded protein response” (56). Brief incubation of GEC
with complement perturbed the integrity of the ER membrane in a cPLA,-dependent manner
(22). Exposure of GEC to chronic complement attack (4—24 h) resulted in increased
expression of the ER stress proteins bip and grp94, and these increases were, at least in part,
mediated via activation of cPLA, (22). The increases in ER stress proteins were a direct
result of cPLA,-mediated phospholipid hydrolysis (and, presumably, membrane injury) and
were not due to products of phospholipid hydrolysis (e.g., AA, lysophospholipids) or their
metabolites (i.e., prostanoids). Expression of bip antisense mRNA in GEC exacerbated
complement-mediated GEC injury, thus confirming a functionally important protective role
for ER stress proteins. Furthermore, “preconditioning” of GEC with other stimuli that can
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increase expression of ER stress proteins (e.g., puromycin aminonucleoside) limited the
amount of injury during subsequent complement attack (22).

In vivo, expression of glomerular bip and grp94 was increased in rats with PHN (day 14)
compared with control. Administration of a subnephritogenic dose of adriamycin or
tunicamycin to rats also enhanced glomerular expression of bip and grp94. Based on these
results, rats were treated with a subnephritogenic dose of adriamycin, or tunicamycin, and
PHN was then induced in these pretreated rats and in untreated animals. Substantial
proteinuria developed in untreated rats with PHN, whereas the amount of proteinuria was
significantly lower in the rats with PHN that had been pretreated with the two compounds
(days 7, 9, and 13) (22). Thus increasing ER stress protein expression can reduce C5b-9-
mediated GEC injury in vivo. Adriamycin and tunicamycin did not decrease proteinuria by
reducing the amount of glomerular antibody deposition, or complement activation, and
serum creatinine was not significantly different among the three groups of rats, suggesting
that there were no significant differences in renal function. This study provides a rationale
for developing non-toxic methods to induce expression of ER stress proteins in vivo, which
may eventually have applications to therapy of complement-mediated glomerular disease.

Reactive Oxygen Species

p38 Kinase

Phagocytes generate reactive oxygen species (ROS) in response to a variety of stimuli. This
process is catalyzed by a multicomponent enzyme complex, the NADPH oxidase, which, in
the presence of NADPH, reduces molecular oxygen to the superoxide anion (138).
Superoxide can then be further metabolized to other ROS. Although the NADPH oxidase
system is best characterized in phagocytic cells (138), GEC in culture and in vivo express
components of the NADPH oxidase (44' 93). Incubation of cultured GEC with complement
stimulated superoxide production via the NADPH oxidase. The mechanism involves
activation of cPLA; and release of AA (100).

Classically, production of ROS is believed to be associated with cell or tissue damage, but
more recently, ROS (particularly at low concentrations) have been shown to function in
signal transduction (36’ 138). In GEC in culture and in vivo, complement-induced
superoxide production led to activation of JNK, and in culture, JNK activation was
associated with cytoprotection (100). In contrast, earlier studies showed that high amounts
of ROS are produced in PHN and that ROS are associated with lipid peroxidation and
modification of GEC membrane proteins and glomerular basement membrane components
by malondialdehyde adducts (92' 93). Inhibition of ROS and lipid peroxidation with
probucol (a cholesterol-lowering drug with antioxidant properties) reduced urine protein
excretion in PHN, compared with a control group of rats that were treated with simvastatin
(a cholesterol-lowering drug without antioxidant properties), suggesting that ROS
exacerbate proteinuria by damaging the glomerular capillary wall (92). Thus in PHN, ROS
may potentially play a dual role, both facilitating signal transduction and contributing to cell
injury. The relative importance of these functions to the pathogenesis of PHN will require
further study.

In addition to ERK and JNK, C5b-9 can activate the p38 kinase pathway in cultured GEC
(1). Treatment of GEC with p38 inhibitors significantly augmented complement-mediated
cytotoxicity (1). In contrast, cytotoxicity was reduced by the expression of a constitutively
active mutant of transforming growth factor-activated kinase-1 (a kinase upstream of p38)
(66). By analogy to cultured cells, p38 activity was also increased in glomeruli from rats
with PHN, and treatment of these rats with a p38 inhibitor exacerbated proteinuria. In
cultured GEC, complement induced phosphorylation of mitogen-activated protein kinase-
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associated protein kinase-2 (MAPKAPK-2), a kinase downstream of p38 (66). Heat shock
protein-27 (HSP27) is a cytoskeleton-interacting substrate of MAPKAPK-2. Overexpression
of wild-type HSP27, but not a phosphorylation-defective mutant, markedly reduced
complement-mediated GEC injury (1). Therefore, activation of p38 appears to be protective
against complement attack, and cytoprotection may involve HSP27.

Nuclear Factor-kB

Activation of the transcription factor nuclear factor kB (NF-«B) is central to inflammatory
processes (79). In cultured GEC, complement can activate NF-xB and NF-xB-dependent
gene transcription (137). In vivo, glomerular nuclear extracts from rats with PHN showed
increased NF-xB binding activity compared with control rats (86). By
immunohistochemistry, the p50 subunit demonstrated nuclear translocation, predominantly
within podocytes. Expression of the NF-kB-dependent gene interleukin-1pwas increased in
GEC of rats with PHN (at days 10 and 20), although expression of another NF-xB-
dependent gene, matrix metalloproteinase-9 (MMP-9), did not change. NF-xB was inhibited
in vivo by administration of pyrrolidone dithiocarbamate (PDTC). In mild PHN (i.e., PHN
induced by a low dose of nephritogenic antibody, where rats developed modest proteinuria),
PDTC produced a significant decline in proteinuria (on days 15 and 20), but PDTC had no
effect in PHN with high levels of urine protein excretion. PDTC also induced a decline in
MMP-9 expression but had no significant effect on the level of interleukin-1p (86). These
results suggest that NF-xB is activated, and may, in part, contribute to proteinuria in PHN.
The genes transcriptionally regulated by NF-«B require further elucidation.

Growth Factors and Signals for Proliferation

Responses to cell injury may include proliferation and/or apoptosis and may involve
induction of growth factors, growth factor receptors, and proteins that regulate the cell cycle
(128). Platelet-derived growth factor (PDGF) B-chain was upregulated on day 3 of PHN in
both visceral and parietal GEC (38). The increase was evident before the onset of significant
proteinuria. In contrast, PDGF-C expression was not demonstrated (33). Heparin-binding
epidermal growth factor-like factor (HB-EGF) mRNA and protein were upregulated within
3 days following induction of PHN, before the onset of proteinuria (97). At this time point,
HB-EGF was localized in the cytoplasm of GEC, whereas on day 21 HB-EGF showed a
nodular pattern within GEC and along the GBM, suggesting secretion and binding to the
GBM. The functional relevance of these growth factors will require further elucidation.
Receptors for PDGF are not present in GEC; consequently, PDGF might act in a paracrine
fashion. In contrast, HB-EGF could be involved in EGFR activation in GEC.

In vivo, the GEC is believed to be a terminally differentiated cell with a low capacity for
proliferation under normal circumstances and after injury (128). In PHN, GEC do not
proliferate, although an increase in proliferating cell nuclear antigen expression has been
reported (38). Various changes in cyclins, cyclin-dependent kinases (CDKSs), and CDK
inhibitors have also been reported in PHN. There is pronounced upregulation of the CDK
inhibitors p21 and p27 in association with decreased CDK2 kinase activity (128). The CDK
inhibitor p57 was decreased (50). Cdc2, cyclins B1, B2, and D1 and phosphorylated histone
3 were increased (32’ 1017104). Administration of exogenous basic fibroblast growth factor
to rats with PHN attenuated the increase in p21 levels and increased GEC mitosis and ploidy
(128 129). Thus the low proliferative capacity of GEC in vivo in response to injury may be
due, at least in part, to an increase in expression of specific cyclin kinase inhibitors,
including p21 and p27.

In cultured GEC and in PHN, C5b-9 induced an increase in DNA damage (103 104). This
damage was associated with increases in p53, the p21 CDK inhibitor, the growth-arrest
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DNA damage-45 (GADDA45) gene, and the checkpoint kinases-1 and -2. C5b-9-induced
activation of ERK (17) appeared to protect GEC from DNA damage, as inhibition of the
ERK pathway reduced the increases in p21 and GADD45 and augmented DNA damage
(104). Induction of DNA damage by C5b-9 may explain, in part, why GEC proliferation is
limited following injury.

Extracellular Matrix

The glomerular capillary wall is a size- and charge-selective filter that is critical for
ultrafiltration and restricting passage of proteins (140). Several studies indicate that C5b-9
may induce changes in the expression of GBM components or enzymes involved in
extracellular matrix metabolism. Steady-state mMRNA levels of az-ag type 1V collagen chains
were reported to be increased in glomeruli of rats with PHN (on day 14), and complement
depletion blunted the increase in a4 chain (81). In addition, there was de novo synthesis of
type | collagen. Expression of agrin, the main heparan sulfate proteoglycan of the GBM, was
decreased in active HN, and the reduction correlated inversely with the amount of
proteinuria (111). MMP-9 mRNA and protein were upregulated in GEC in rats with PHN
(days 5 and 15) (78). GEC heparanase expression was increased in PHN on days 5, 14, and
28, and the change on day 5 was abrogated by complement depletion (54). In addition,
glomerular and urinary heparanase activities were increased on days 5 and 21.
Administration of polyclonal anti-heparanase antibody significantly reduced proteinuria on
day 5 (54' 68). Finally, transforming growth factor (TGF)-p family members may mediate
changes in the metabolism of extracellular matrix components. Expression of TGF-, and
TGF-B3 (but not TGF-B4), as well as TGF-p type | and type Il receptors, was increased in
PHN in a complement-dependent manner (130). Together, the results of these studies
indicate that in PHN, assembly of C5b-9 in GEC may promote formation of an expanded
and disorganized GBM. In addition, secreted proteolytic enzymes may be induced/
upregulated in GEC and may play a role in the breakdown or turnover of glomerular
capillary wall components, as well as in the pathogenesis of proteinuria.

PODOCYTE CYTOSKELETAL CHANGES INDUCED BY ANTIBODY AND
COMPLEMENT

Condensation of the actin cytoskeleton at the base of effaced podocyte foot processes is a
prominent feature of both human and experimental MN. This is accompanied by various
alterations in the intervening filtration slits, including widening, formation of occluding-type
junctions, and displacement and disruption of slit-diaphragms (31: 122). In an in vitro model
of anti-Fx1A- and complement-mediated sublethal injury of rat GEC, C5b-9 assembly
induced the dissolution of F-actin microfilaments and loss of the focal adhesion complexes
that anchor the cytoskeleton to integrins (139). The in vitro changes were found to be
reversible as the cells recovered when the antibodies and complement were removed (139).
The disassembly of focal adhesions was associated with substantial ATP depletion and
dephosphorylation of paxillin and other proteins but was not prevented by tyrosine
phosphatase inhibition, nor was reassembly retarded by tyrosine kinase inhibition. There
was also no evidence of proteolysis of the focal adhesion or cytoskeletal proteins, which
argues for a dynamic disassembly and reassembly process perhaps mediated by Rho and
downstream members of the Ras family of small GTPases. Interestingly, the a3B4-integrins,
which attach podocytes to the underlying matrix, remained intact. This finding corresponds
to in vivo immunoelectron microscopy observations showing normal distribution of -
integrins on the basal aspect of effaced foot processes in proteinuric human and
experimental diseases, including MN (61). It is also noteworthy that an increase has been
reported in the expression of the antiadhesive protein SPARC, together with upregulation of
the intermediate filament desmin in HN and other models of podocyte injury (37). Together,
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these findings of collapse of the actin cytoskeleton and altered adhesion to the GBM may
account for loss of the column-like architecture and effacement of the foot processes in MN

(Fig. 3).

Alterations in the Slit-Diaphragm Complex

An impressive body of work over the past decade has produced substantial insight into the
structural biology of the podocyte and its role in regulating glomerular permeability. This
includes the identification of genes responsible for congenital forms of nephrotic syndrome
in humans and mice, analysis of pathogenic mechanisms of podocyte injury in experimental
models, and cell biological studies. This progress has been extensively reviewed in several
recent articles (4 74+ 80+ 140). These studies have established that 1) the podocyte is the
primary target in most, if not all forms of inherited and acquired glomerular diseases in
which the initial and major functional abnormality is proteinuria; 2) the slit-diaphragm that
bridges the filtration slits between adjacent foot processes is the final filtration barrier; 3) the
slit-diaphragm is a multicomponent structure including heterophilic and homophilic
interactions between nephrin, and neph 1, and possibly cadherins; 4) the slit-diaphragm is
linked to the cytoskeleton and anchored in a cholesterol-rich lipid-raft domain of the
podocyte plasma membrane by a complex of proteins that includes podocin, CD2AP, and
Z0-1; and 5) the slit-diaphragm complex has signaling properties mediated in part by Src
family kinases,

Morphological alterations in the filtration slits have been well described in human and
experimental MN (31+ 122). In addition, several investigators have examined the integrity of
the slit-diaphragm in acquired proteinuric diseases using nephrin as a marker. Thus it was
reported that nephrin mRNA levels are diminished and that immunostaining for nephrin is
reduced in amount and altered in distribution in human MN (30’ 42> 144). Moreover, it was
documented that the glomeruli of rats with PHN exhibit a progressive decline in nephrin
mRNA and protein content from 1 wk to 8 mo after disease induction and that this decline is
preventable by angiotensin Il blockade (3). Interestingly, recent observations of angiotensin
Il receptor-mediated calcium flux in podocytes and the presence of a local angiotensin
system on podocytes exposed to mechanical stress raise the possibility that the
antiproteinuric action of angiotensin Il blockade and preservation of nephrin may be due to
cellular rather than purely hemodynamic effects (32 34+ 95).

Because the above observations on nephrin in MN were made after the onset of proteinuria,
it is impossible to determine whether they were the cause of proteinuria or the result of
podocyte injury. To examine this question, studies were undertaken at the onset of
proteinuria in rats with PHN (147). These studies showed disruption or dislocation of slit-
diaphragms and formation of occluding-type junctions before or at the onset of proteinuria.
These changes were accompanied by a reduction in the amount and alteration in the
distribution of nephrin on immunofluorescence and immunoelectron microscopy. In
addition, sequential extraction of isolated glomeruli and Western blot analysis from
individual rats at the onset of proteinuria on day 4 and 3 days later when proteinuria was
well established showed a progressive decline in total nephrin, as well as a reduction in the
fraction of nephrin that is bound to actin. In contrast, the amount and actin association of
CD2AP and Z0O-1 were not affected. In addition, complement depletion preserved slit-
diaphragm morphology and the distribution of nephrin as well as inhibiting the development
of proteinuria (120). Whereas complement-replete animals showed a significant reduction in
the total amount of nephrin and the fraction of actin-associated nephrin, the amounts in the
complement-depleted rats were similar to normal controls. Based on these findings, it was
concluded that the onset of proteinuria in experimental MN is due to complement-dependent
dissociation of nephrin from the actin cytoskeleton and loss of slit-diaphragm integrity.
Considering that podocin is also essential for slit-diaphragm integrity, associates with the
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cytoplasmic tail of nephrin, and likely stabilizes nephrin and the slit-diaphragm in a lipid raft
domain in the podocyte plasma membrane (126), a study was undertaken to examine the
distribution and amount of podocin at the onset of proteinuria in PHN (88). Using a
combination of dual-labeling immunofluorescence and Western blotting of sequentially
extracted glomeruli, it was found that the locations of both nephrin and podocin are altered
before the onset of proteinuria and that the two molecules dissociate from each other.
Interestingly, although the total amounts of both proteins were reduced in PHN rats, the
detergent-insoluble fraction of nephrin (lipid raft and/or actin associated) was reduced but
not that of podocin. Moreover, a fraction of nephrin (but not podocin) could be recovered
from the urine of PHN rats. These findings suggest that as nephrin dissociates from podocin
and actin, it loses its tethers to the cytoskeleton and plasma membrane (Fig. 3), which allows
dislocation of the slit-diaphragm and shedding into the urine. The appearance of nephrin in
the urine, as well as studies that showed shedding of nephrin from complement injured cells
in vitro (30), may explain the consistent finding that total nephrin is reduced in experimental
and human MN. On the other hand, shedding of podocytes might also account for the
appearance of nephrin in the urine of rats with PHN (102). In addition, these findings do not
exclude the possibility that there is also reduced production or accelerated degradation of
nephrin. In fact, reduced steady-state mMRNA levels have been demonstrated as well (3+ 42).

INFLUENCE OF COMPLEMENT REGULATORY PROTEINS IN
EXPERIMENTAL MN

The alternative pathway of complement is spontaneously active, and there is the potential
for bystander injury when appropriate complement activation occurs through any of the
pathways. Hence, complement regulators are placed throughout the complement activation
cascades (71 84 141), and a number of these are relevant to glomerular diseases (89' 107).
The human podocyte bears CR1 (57), decay-accelerating factor (DAF; CD55) (110), and
CD59 (114). CR1 and DAF are regulators of complement activation that limit activation of
C3 and C5, whereas CD59 is an inhibitor of C5b-9 formation. In the rodent, CR1 has a more
limited distribution and Crry appears to supplant its complement regulatory role on the
podocyte (108).

The proximal tubular brush-border antigens (Fx1A) used to create the HN models of MN
contain both Crry and CD59 (41). Thus neutralizing antibodies to these complement
regulators may be present in the heterologous antisera injected into rats to induce PHN
(108), as well as in the antibody repertoire generated by rats when actively immunized to
develop MN (121). Such antibodies can bind to and inhibit intrinsic podocyte complement
regulators and lead to unrestricted complement activation through the alternative pathway,
thereby amplifying the activation of complement induced by other cell-bound antibodies via
the classical pathway (108). Thus in the case of active HN, the presence of antibodies that
inhibit podocyte Crry is necessary for anti-megalin antibodies to result in sufficient
complement activation to induce podocyte injury (121). However, in PHN, sufficient
antibody reactive with megalin and other podocyte antigens (134) may be present to
overwhelm this intrinsic complement regulation, and disease proceeds irrespective of
whether podocytes have functional complement regulators (14). Interestingly, intravenous
administration of immunoglobulin (IVIG) to rats with PHN ameliorated proteinuria and
deposition of C3c and C5b-9 without altering systemic complement levels or glomerular
immune deposits (91). These findings suggest a possible therapeutic mechanism for IVIG
involving complement regulation in autoimmune diseases. The relevance of podocyte
complement regulators is also illustrated in another model of antibody-mediated podocyte
injury, in which a hierarchical protection occurs with DAF and CD59 (70).
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OTHER EFFECTS OF COMPLEMENT IN EXPERIMENTAL MN

There are other less direct roles for the complement system in experimental MN.
Complement activation is intimately involved in the metabolism of immune complexes by
limiting their size and interaction with receptors responsible for their clearance (46> 106). By
virtue of its physicochemical characteristics, actively administered cationized bovine serum
albumin becomes incorporated into subepithelial immune complexes, leading to a model of
MN in which disease expression is dependent on generation of C5b-9 on the podocyte (45).
In this model, the passage of immune complexes from subendothelial to subepithelial
locations is partly dependent on C3 activation (131). Similarly, in chronic serum sickness,
classical pathway complement activation appears to be required for immune deposits to
migrate to the subepithelial space (109). Abnormalities or absence of early complement
proteins can lead to altered tolerance, resulting in the development of autoantibodies and, in
some cases, production of a lupus-like disease (10' 143) and, occasionally, development of a
MN-like disease (69). Finally, it appears that complement proteins present in the glomerular
ultrafiltrate in proteinuric diseases such as MN can be activated via the alternative pathway
and lead to C5b-9 generation on tubular epithelium (8: 90). As reviewed in detail elsewhere,
it is conceivable that such tubular damage from complement activation is responsible for
progressive interstitial inflammation and fibrosis (52).

IMPLICATIONS FOR HUMAN MN

Whereas the target antigen (megalin) responsible for in situ immune deposit formation in
HN has been identified on the soles of podocyte foot processes in rats (35), megalin is not
expressed on human podocytes (58' 73) and the pathogenesis of human MN remains
unknown (12). Nonetheless, given the remarkable similarities between human and
experimental MN, it is likely that circulating autoantibodies gain access to an antigen on the
podocyte foot processes in human MN, although the identity of the human antigen(s)
remains unknown in the majority of cases. Perhaps the most exciting observation related to
the pathogenesis of MN is a recent report of a case of antenatal MN, an exceedingly
uncommon condition (25). The mother of the child was found to be homozygous deficient in
a neutral endopeptidase (NEP) and developed circulating alloantibodies at the time of a
previous miscarriage. These crossed the placental barrier and caused the formation of
subepithelial immune deposits in the fetus, and the clinical and pathological manifestations
of MN were found after birth. Serum from the mother and antiserum to NEP colocalized on
podocytes of normal kidney sections, and the mother’s serum formed membranous-type
glomerular deposits of 1gG when injected into rabbits. In follow-up studies, three individuals
from two other families were identified with a similar pathogenesis (26). Interestingly, a
NEP-deficient female from one of these families bore four children, none of whom
developed MN; while she had measurable anti-NEP antibodies, these were 1gG4 and not the
complement-fixing 1gG1 subclass, which the authors suggested could explain their lack of
pathogenicity (26). Whereas these reports support the concept of in situ immune deposit
formation by circulating antibodies to a podocyte antigen in human MN, it is unlikely that
NEP is the target antigen in the majority of cases of idiopathic MN. Discovering the human
MN antigen is of much more than academic interest. It will aid the development of a
diagnostic immunoassay and allow speciation of the autoantibodies. This will allow rational
therapy with anti-B cell therapy in those cases with high titers of circulating antibodies (115)
and targeted application of complement inhibitors and regulators (55 113 133 146) in
those cases with antibodies belonging to a complement-fixing subclass (IgG1 or 1gG3).

One might question the role of complement activation in human MN because the non-
complement-fixing 1gG4 isotype predominates in the immune deposits (29' 53), and the
Clqrys, complex is quite large (M, ~ 800 kDa), which undoubtedly impedes its access to the
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subepithelial space. Still, there is a good deal of circumstantial evidence that complement is
activated in subepithelial immune deposits, including the presence of C3 and C5b-9 in many
cases (48' 99) and C3d in all cases of human MN (28); C3d is the stable C3 product
generated from iC3b by factor I, presumably relying on podocyte CR1 as a cofactor. Despite
these apparent contradictions, it does seem likely that in human MN complement activation
is initiated through the classical pathway with possible amplification by the alternative
pathway, a scenario that may be more common than previously appreciated (51). One
possible explanation for how classical pathway activation is initiated is that 1gG antibodies,
with and without in vitro C1q binding properties, are able to cooperate and synergize in
activating both the classical and alternative pathways to produce a lytic response greater
than that expected from the C1q binding antibodies alone (5). This is particularly true when
the different antibodies identify different antigen epitopes (119) as is likely to be the case in
a polyclonal disorder like human MN. Alternatively, the non-complement-fixing antibodies
may render the target cells more susceptible to subthreshold amounts of complement-fixing
antibodies (112).

As noted above, the complement regulators DAF, CR1, and CD59 are present on human
podocytes. Although these have not been described as the target of antibodies, it is
interesting that CR1 is reduced on podocytes in human MN, as is also the case in lupus
nephritis (82). Such acquired CR1 deficiency could increase the susceptibility of podocytes
to complement activation by antibodies in subepithelial immune deposits (82). As in
experimental MN, C5b-9 is assembled on the podocytes of patients with MN, which is
evident histologically (26: 99) and by examining urine for C5b-9 (65 125). Complicating
the utility of urinary C5b-9 measurement is alternative complement pathway activation on
proximal tubular cells noted previously, which also can result in the appearance of C5b-9 in
the urine of proteinuric patients, including those with MN (85 96). Thus the utility of C5b-9
in stratifying patients with MN is unclear (11). Based on the clear pathogenesis of
experimental MN in which C5 activation leads to C5b-9 generation on the podocyte, a
multicenter, double-blind controlled study of an inhibitory humanized anti-C5 monoclonal
antibody (eculizumab) was performed in 130 patients with idiopathic MN. While there was
no effect on the primary end point of proteinuria after 16 wk of therapy, patients given up to
1 yr of this agent in an open-label extension had impressive responses, which have led to
optimism with this approach, although its fate is uncertain (Quigg RJ, unpublished
observations). Better characterization of the circulating autoantibodies once the antigen is
identified may allow selection of patients most likely to benefit from such therapy.

MN derives its name from the progressive GBM expansion that surrounds and encases the
subepithelial immune deposits. This is due to increased deposition of the GBM type IV
collagen isoforms az(1V), as(1V), and as(1V), as well as laminin and nidogen (64), most
likely derived from increased synthesis by the injured podocytes as in experimental MN (39
81). Subsequent accumulation of the a1(1V) and a(1V) type IV collagen isoforms in the
subendothelial GBM appears to encroach on, and narrow, the capillary lumen (64). These
changes in the GBM and findings in experimental MN may help explain the observation that
only a fraction of patients with MN respond to anti-B cell therapy with rituximab (anti-
CD20) or eculizumab (anti-C5). Thus proteinuric kidneys transplanted from rats with active
HN into normal syngeneic rats had persistent proteinuria, albeit at a lower level, despite
resolution of glomerular complement and the absence of new antibody deposition (75). This
is likely due to the extensive remodeling and disorganization of the GBM (40’ 81), which
prevent the reconstitution of the normal cell-matrix interface and cause persistent
abnormalities in podocyte architecture. As a corollary, it might be expected that therapies
targeting B cells and complement activation in MN are most likely to be effective when
there are high titers of autoantibody, active immune deposition, and complement activation
(105' 124+ 125) before extensive GBM remodeling has occurred.
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Identification of the cellular signaling pathways and their products may also point the way
for therapeutic intervention. For example, if one were able to achieve the same level of
membrane phospholipid substitution with omega-3 fatty acids as achieved in rats (145), a
substantial reduction in thromboxane A, and proteinuria might be seen. Other promising
therapeutic avenues arising from the signaling work described above include cytoprotection
against complement attack by inducing ER stress proteins, inhibition of intracellular oxidant
injury, and selective activation of p38 MAP kinase or HSP27. A better understanding of the
cellular mechanisms of cytoskeleton and slit-diaphragm disassembly and the advent of small
molecule kinase inhibitors and activators provides hope of reversing the damage to
podocytes after immune injury has already occurred. In the final analysis, effective therapy
will likely involve a combination of approaches, specifically targeting autoantibody-
producing B cells, inhibiting complement activation, and providing cytoprotection by
angiotensin blockade and the intracellular modalities noted above.
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Fig. 1.

Signaling pathways activated by C5b-9 in cultured glomerular epithelial cells (GEC).
[Ca?*);, intracellular Ca2* concentration; RTKSs, receptor tyrosine kinases; PKC, protein
kinase C; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; PLC,
phospholipase C; PLA,, phospholipase A,; ER, endoplasmic reticulum; Hsp, heat shock
protein; NF-kB, nuclear factor-xB; COX, cyclooxygenase; MMP, metalloproteinase; PDGF,
platelet-derived growth factor; HB-EGF, heparin-binding epidermal growth factor-like
factor; TGF, transforming growth factor; CDK, cyclin-dependant kinase; ECM, extracellular
matrix.
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Fig. 2.
Activation of signaling pathways leading to GEC injury and proteinuria. Tx, thromboxane.
See legend for Fig. 1 for other abbreviations.
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Fig. 3.

Normal podocyte foot process structure and alterations induced by antibody and
complement C5b-9 in passive Heymann nephritis (PHN). CD2AP, CD2-associated protein;
FAK, focal adhesion kinase; ozf1-integrin.
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