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Abstract

Background: Membranous nephropathy (MN), a major
cause of nephrotic syndrome in the adult, is an immune-me-
diated disease characterized by the accumulation of subep-
ithelial immune deposits leading to complement activation
and podocyte injury. However, the target antigens of circu-
lating antibodies are unknown. Current treatments for pa-
tients with MN are entirely empirical, and concept-driven
therapies are dramatically lacking. Methods: Specificity of
circulating antibodies and composition of glomerular de-
posits were analyzed in Heymann nephritis (HN), a faithful
rat model of MN, and in a subset of patients with antenatal
MN. Results: 20 years after the identification of megalin as
the podocyte target antigen of nephritogenic antibodies in
HN, we identified the human counterpart of megalin, the
enzymatic podocyte antigen neutral endopeptidase (NEP).
Antibodies to megalin or NEP induce formation of subepi-
thelialimmune deposits and of C5b-9, the membrane attack
complex of complement. Conclusion: It is likely that anti-
gens involved in idiopathic MN are expressed at the podo-
cyte membrane. Their identification together with that of
immunodominant epitopes may lead to specific antigen/
epitope-based immunotherapy aimed at inducing specific

tolerance. Copyright © 2007 S. Karger AG, Basel

Introduction

The first podocyte antigen (megalin) involved in glo-
merular disease was identified in the early 1980s in Hey-
mann nephritis, a rat model of membranous nephropa-
thy (MN) [1]. Twenty years later, a human counterpart to
megalin, the neutral endopeptidase (NEP) antigen, was
identified in a small subset of patients with antenatal MN
[2]. Because the podocyte is continuously exposed to the
flux of small amounts of circulating Ig that traverse the
glomerular basement membrane (GBM), it is likely that
additional podocyte target antigens will be characterized
as targets of nephritogenic antibodies, particularly in pa-
tients with common forms of idiopathic MN. This ne-
phropathy is characterized by an accumulation of im-
mune deposits (ID) on the outer aspect of the GBM that
cause a membrane-like thickening. The ID consist of IgG
(mostly IgG4), so far unidentified antigens, and the mem-
brane attack complex of complement C5b-9. As in the
experimental model, proteinuria mostly likely results
from the formation of subepithelial ID and complement
activation leading to podocyte injury.

This review will focus on the long road that has been
traveled from the rat to the human MN, and on new
mechanisms of immune-mediated glomerular diseases
involving podocyte antigens.
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Podocyte Antigens in Experimental Glomerular
Disease: The Case of Heymann Nephritis

We have learned a great deal about idiopathic MN
from Heymann nephritis (HN), which provided the bas-
es of molecular and kinetic concepts of ID formation and
glomerular capillary wall injury. The active model of HN
is induced by immunization of Lewis rats with prepara-
tions of renal brush-border (BB) proteins [1]. Initial stud-
ies suggested that the subepithelial ID resulted from glo-
merular trapping of circulating immune complexes (IC)
formed by circulating BB-related antigens and the corre-
sponding antibodies. The development of the model of
passive HN in rats injected with rabbit anti-rat BB anti-
bodies led to the suggestion that subepithelial ID could
be formed without the intervention of circulating IC. Van
Damme et al. [3] and Couser et al. [4], using ex vivo and
isolated perfused kidney systems, further demonstrated
that anti-BB antibodies could bind glomeruli in the ab-
sence of circulating BB-related antigen, which provided
the proof of principle that IC formation occurred in
situ.

The autoantigenic target in the rat disease was identi-
tied as the podocyte membrane protein now called mega-
lin [5, 6]. This antigen is expressed with clathrin at the
sole of podocyte foot processes (where IC are formed).
The system has been dissected on a molecular level to the
precise amino acid sequences of pathogenic epitopes [7,
8]. Megalin is a transmembrane polyspecific receptor
protein with a molecular weight of approximately 600
kDa [9]. This protein is the endocytotic receptor for which
the most ligands have been described including receptor-
associated protein RAP [9]. This is a 39-kDa protein
which acts as a chaperone [9]. Antibodies to RAP were
also detected in rats with HN, and passive HN could be
induced by monospecific antibodies against RAP. How-
ever, the rats did not develop proteinuria, and ID were
cleared within a few weeks from the kidneys of rats in-
jected with anti-RAP antiserum [10]. Furthermore, RAP
by itself could not induce active HN. These results indi-
cate a clear divergence in pathogenic potential of megalin
and RAP, which may be related to the fact that megalin is
an integral membrane protein whereas RAP is not bound
to the podocyte membrane.

The HN model also taught us about subsequent steps
in the pathogenesis of MN. Complement activation by
the podocyte-associated megalin-anti-megalin IC is re-
quired for proteinuria to occur [11, 12]. Kerjaschki et al.
[13] directly visualized the insertion of C5b-9 into the
podocyte plasma membrane and its transcellular trans-
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Fig. 1. a In situ formation of immune deposits in neonatal MN.
NEP (blue dots) serves as pathogenic antigen in the podocyte’s
cell membrane. Antibodies to this protein originate in women
who lack NEP epitopes because of truncating mutations. Anti-
endopeptidase antibody is transported across the placenta and
causes the formation of immune complexes at podocyte mem-
branes, similar to those observed in experimental HN. It is likely
that as for megalin (the antigen of HN), NEP-anti-NEP immune
complexes are then shed and rapidly immobilized in the GBM,
thus preventing clearance of the complexes by the podocyte
through endocytosis. b Schematic description of the cellular
mechanisms that lead to proteinuria in MN. C5b-9 formation on
the membrane of podocytes leads to various intracellular events,
including production of reactive oxygen species (ROS) and prote-
ases, and cytoskeletal changes. These result in degradation of
GBM and redistribution of proteins that compose the slit dia-
phragm, eventually leading to the development of protein leakage
into the Bowman’s space (left). In addition, C5b-9 attack leads to
podocytopenia through apoptosis, lack of proliferation resulting
from complement-induced DNA damage, and podocyte detach-
ment (right).

port by podocytes. Membrane insertion of C5b-9 leads to
a cascade of cellular events that dramatically affect the
functions of podocytes and the glomerular capillary wall
(see fig. 1 for NEP antigen).

Megalin cannot be responsible for human MN be-
cause it has not been found in human glomeruli or podo-
cytes, nor has it been detected in subepithelial ID in pa-
tients with MN. Other podocyte membrane proteins such
as dipeptidyl peptidase IV (DPPIV) [14], NEP [15] and
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aminopeptidase A [16] were shown to serve as target an-
tigens for circulating antibodies in rats, rabbit and mice,
respectively. Because both DPPIV and NEP are expressed
on the human podocyte, we hypothesized some 18 years
ago that these two enzymatic antigens might play some
role in the pathogenesis of MN in humans [15].

NEP, the First Podocyte Target Antigen Identified in
Human MN

From 2002 to 2004, we identified in three families a
human counterpart to HN in infants born with nephrot-
ic syndrome, acute renal failure or both, and histologi-
cally diagnosed MN [2, 17]. We found that pathogenic
antibodies directed against NEP were transplacentally
transferred from the mother to her child. NEP is a
membrane-bound enzyme that can digest biologically ac-
tive peptides. It is expressed on the surface of human
podocytes and syncytiotrophoblastic cells, as well as on
polymorphonuclear leukocytes, lymphoid progenitor
cells, and epithelial cells of non-lymphoid organs. The
anti-NEP antibodies produced by the mother, which were
transiently found in the infant’s serum, were most likely
responsible for the infant’s MN, given that the injection of
rabbits with the serum IgG fraction from the mother in-
duced intraglomerular deposits and proteinuria, whereas
injection with the IgG fraction from the father did not.
Furthermore, NEP was localized by confocal microscopy
in ID together with C5b-9, both in the infant and in rab-
bits that received an injection with the mother’s IgG [18].

The 4 cases of antenatal MN because of transplacental
transfer of anti-NEP antibodies led us to revisit the con-
cept of in-situ-formed compared with circulating-pre-
formed IC, which has been debated for the past 30-40
years. It is most likely that in these cases, IC were pre-
dominantly formed in situ at the sole of podocyte foot
process where NEP is expressed (fig. 1a). NEP is found in
a diffuse pattern on the membrane of podocytes, as is an-
giotensin-converting enzyme on the plasma membrane
of mature oocytes [19]. In-vivo interaction of angioten-
sin-converting enzyme with divalent antibodies induces
the formation of granular ID through a mechanism of
‘patching’ and ‘shedding’ of IC [19]. A similar mechanism
may be implicated in the formation of ID in the infants’
glomeruli between the lamina rara externa and the podo-
cytes’ slit diaphragms. Transient low levels of circulating
IC that contained NEP were detected in the infant’s se-
rum [2]. Their contribution to the formation of subepi-
thelial ID is uncertain, because levels of circulating IC
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were low, manifestations of serum sickness were absent,
and subendothelial and mesangial ID were not seen. The
two mechanisms of IC formation (in situ compared with
preformed) are not mutually exclusive.

From NEP-Induced Antenatal MN to
Alloimmunization

Antenatal MN as a Model of Alloimmune Glomerular

Disease in the Native Kidney

As the children’s mothers were healthy with normal
renal function (although with high titers of circulating
anti-NEP antibodies), we proposed that these women
were NEP-deficient. This hypothesis was confirmed by
our genetic studies that identified two truncating muta-
tions in the MME gene coding for NEP. We could not
detect truncated proteins in the NEP-deficient mothers’
granulocytes or urine (sites of NEP abundance under
normal circumstances), or in their heterozygous chil-
dren, in whom only normal NEP was detected [17]. These
findings indicate that the mutated MME gene is knocked
out functionally, probably a result of instability of the
mutated messenger RNA or protein.

We have thus characterized a novel fetomaternal dis-
ease in which a genetic defect of the mother causes devel-
opment of MN in her fetus. Currently, rhesus incompat-
ibility is the paradigm of fetomaternal diseases due to al-
loimmunization, and only diseases of this type that affect
red blood cells and platelets have been described. Our
findings bring to light the possibility that truncating
mutations of other podocyte antigens, which do not cause
symptoms in the carrier mother, lead to alloimmuni-
zation of the fetus following transplacental movement
of nephritogenic antibodies. Similarly, immunization
against allovariants of proteins expressed by placental
cells in the mother and by glomerular cells in the fetus
might cause neonatal renal disease.

Podocyte Target Antigens in the Renal Graft

When end-stage renal failure is caused by a genetic
podocyte defect, there is a risk of a specific alloimmune
adverse reaction if the patient — who lacks a specific an-
tigen - is transplanted with a normal donor kidney that
harbors the antigen [20]. In addition to a Goodpasture’s-
like syndrome occurring after transplantation in patients
with Alport’s syndrome, the risk of alloimmunization is
confirmed by observations in patients with congenital
nephrotic syndrome of the Finnish type (CNF) caused by
mutations of NPHSI that encodes nephrin, a key protein
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of the podocyte slit diaphragm. Proteinuria recurs in
about 25% of transplanted patients with CNF [21] almost
exclusively in those of the Fin-major/Fin-major genotype
characterized by complete absence of nephrin in the na-
tive kidney. Of 9 patients with recurrent nephrotic syn-
drome, 8 harbored glomerulus-reactive antibodies, and 4
had high levels of anti-nephrin antibodies [21]. It is likely
that anti-nephrin antibodies have a role in the develop-
ment of severe proteinuria, as in experimental animal
models [22]. This hypothesis is supported by the efficacy
of rescue therapy with cyclophosphamide.

The discovery of alloimmune neonatal MN induced
by anti-NEP antibodies might also shed new light on the
pathogenesis of de novo MN which develops after renal
transplantation. Analogies can be drawn between the
pregnant mother and the graft recipient on the one
hand, and the fetus (and the placenta) and kidney donor
on the other. Because NEP deficiency is asymptomatic
in humans, NEP-deficient graft recipients are not iden-
tified prior to transplant. These individuals are most
likely to raise an anti-NEP alloimmune response when
their immune system is exposed to NEP in the donor
kidney.

Alloimmune Nephropathies in the Native Kidney:

Do They Occur in the Adult?

The view that alloimmune nephropathies may occur
in adult native kidneys is supported by observations made
in patients receiving a bone marrow transplant or alloge-
neic blood stem cells, especially in those suffering graft-
versus-host disease [20]. MN is by far the most common
histologic lesion, accounting for more than 30% of cases
[23]. Podocyte-associated proteins might serve as targets
for the circulating alloimmune antibodies that are direct-
ed against a podocyte antigen expressed in the recipient
but absent from the donor, or against an allovariant.
Autoantibodies against nephrin were produced in an ex-
perimental model [24]. The possible connection between
fetal cell microchimerism (i.e. long-term persistence of
fetal cells in the mother) and MN is worthy of investiga-
tion.

Involvement of Podocyte Antigens in ‘Autoimmune’
MN: Still a Matter of Debate

It is unlikely that the subepithelial deposits character-
istic of MN are the consequence of glomerular trapping
of preformed IC directly from the circulation. However,
such deposits can be produced by local or in situ IC for-
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mation involving antigens that could be exogenous or en-
dogenous and could act in three ways. First, exogenous
antigens could localize on the subepithelial surface be-
cause of their cationic charge and small size. Second, they
could form IC on the inner (endothelial) surface of the
capillary wall that then dissociate, traverse the GBM and
re-form in the subepithelial space. In so-called secondary
forms of MN, hepatitis B, hepatitis C and Helicobacter
pylori antigens, tumor antigens and thyroglobulin have
been detected in subepithelial deposits, but there is no
real proof that these antigens are pathogenic [18]. They
may simply have been trapped passively between the lam-
ina rara externa and the slit diaphragm because of in-
creased permeability of the glomerular capillary wall to
proteins, as is the case for albumin.

In the third scenario, endogenous constituents of the
glomerular capillary wall, mostly antigens of the podo-
cyte membrane, serve as targets for autoimmune anti-
bodies. This scenario is supported by the total absence of
deposits at subendothelial (and mesangial) sites in idio-
pathic MN, as well as the ability to induce the disease
with anti-podocyte antibodies including anti-megalin in
the rat and anti-NEP in humans. As yet, we have failed to
detect NEP in the ID in patients with MN. All past stud-
ies performed with sera or Ig eluted from patients with
MN have failed to identify relevant antigens. The neph-
ritogenic antibodies most often circulate in very low
amount and/or may be diluted in kidney Ig eluates from
aged MN, so we have developed sensitive methods to de-
tect the target antigens of circulating antibodies in pa-
tients with MN. Some of those antigens have been identi-
tied by mass spectrometry. Most of these proteins are not
specific for podocytes, which suggests that the corre-
sponding antibodies might recognize a neo-epitope on
podocyte antigens that fails to be expressed on other cell

types.

Towards Antigen (Epitope)-Driven Therapies in
Patients with MN

Current treatments for patients with MN are entirely
empirical: concept-driven therapies are dramatically
lacking. The design of specific therapies for autoimmune
diseases is primarily based on induction of specific im-
mune tolerance. Ideally, this requires identification of
pathogenic epitopes borne by the antigen. One way to in-
duce tolerance is mucosal administration of antigen or
immunodominant synthetic peptides. Nasal administra-
tion of recombinant NC1 domain of the a3 chain of type
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IV collagen was shown to induce tolerance in a model of
anti-GBM glomerulonephritis [25].

We have recently identified two immunodominant
epitopes in the NEP antigen that are specifically recog-
nized by the mothers’ antibodies [26]. Future pregnancies
in NEP-immunized mothers are at high risk for the fetus
[27] so that epitope-driven therapies including induction
of mucosal tolerance may be needed in addition to non-
specific immunosuppressive therapy based on intrave-
nous Ig and high-dose corticosteroids. A similar ap-
proach could be used in idiopathic MN once the target
(podocyte) antigen is identified. In patients with immu-
nologically active glomerular disease, a combination of
non-specificand antigen/epitope-driven therapies should
be envisaged. For instance, the effect of anti-CD20 mono-
clonal antibodies on Ig production could be complement-
ed by peptide-based immunotherapy aimed at reducing
specifically the synthesis of anti-podocyte antibody.

In conclusion, substantial progress has been made in
the past few years in understanding the pathophysiology
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