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Abstract Membranous nephropathy, a disease character-
ized by an accumulation of immune deposits on the outer
aspect of the glomerular basement membrane, is the most
common cause of idiopathic nephrotic syndrome in white
adults. In the rat model of Heymann nephritis, the target
antigen of antibodies is megalin, a multiligand receptor
expressed at the podocyte cell surface. This review sum-
marizes key findings provided by this experimental model
and by our discovery of neutral endopeptidase being the
alloantigen involved in neonatal cases of membranous
nephropathy. We discuss the role of alloimmunization as a
new mechanism of renal disease and the approach that we
use to identify new podocyte antigens. We also summarize
current knowledge on the mechanism of proteinuria, with
special emphasis on the role of complement. In conclusion,
substantial progresses have been made in understanding
molecular mechanisms of membranous nephropathy, which
should lead to novel therapeutic approaches.
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Introduction

Membranous nephropathy is the most common cause of
idiopathic nephrotic syndrome in white adults, accounting
for about 20% of cases. Although spontaneous remission of
nephrotic syndrome occurs in about a third of patients,
membranous nephropathy ends for about 40% of patients in
end-stage renal failure after 10 years [1, 2]. Eighty percent
of cases are classified as idiopathic, to conceal our igno-
rance about causes, while about 20% present with associate
clinical conditions including infections, autoimmune dis-
eases, cancers, and are thus classified as having secondary
disease. Treatment of membranous nephropathy is often
disappointing [3, 4]. This is due in part to heterogeneity of
the disease and lack of reliable biomarkers because of
ignorance of the target antigen(s) and nephritogenic anti-
bodies. Strategies to target B lymphocytes with anti-CD20
antibody [5] and to inhibit complement [6] are steps in the
right direction, but more specific concept-driven therapies
are urgently needed.

Membranous nephropathy is characterized by an accu-
mulation of immune deposits on the outer aspect of the
glomerular basement membrane, which causes a mem-
brane-like thickening (Fig. 1). The immune deposits consist
of IgG, with a predominance of IgG4 [7, 8], so far un-
identified antigens, and the membrane attack complex of
complement C5b-9 (MAC). Functional impairment of the
glomerulus causing proteinuria results from the formation
of subepithelial immune deposits and complement activation.
The key to a specific hypothesis-driven therapy is the
understanding of the development of immune deposits, which
first requires identification of the pathogenic antigen(s), and
of the ensuing events mediated by C5b-9. This review
focuses on the molecular pathomechanisms of membranous
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Fig. 1 Granular immune deposits revealed by immunofluorescence
with an anti-IgG antibody (a) and by electron microscopy (b) in a
patient with membranous nephropathy. Note that deposits are discon-
tinuous and exclusively located on the outer space of the glomerular
basement membrane. Podocyte foot processes appear flattened by
electron microscopy in this patient with abundant proteinuria. US
Urinary space, GBM glomerular basement membrane, Pod podocyte

nephropathy with particular emphasis on the antigenic targets
of nephritogenic antibodies.

Heymann nephritis: the rat experimental model
of autoimmune membranous nephropathy

We have learned a great deal about idiopathic membranous
nephropathy from Heymann nephritis, which provided the
bases of molecular and kinetic concepts of immune deposit
formation and glomerular capillary wall injury. The active
model of Heymann nephritis is induced by immunization of
Lewis rats with preparations of brush-border proteins [9].

Initial studies of this model suggested that the subepi-
thelial deposits resulted from glomerular trapping of
circulating immune complexes formed by circulating
brush-border-related antigens and the corresponding anti-
bodies. This hypothesis was based on the observation that
the glomerular disease was induced by fractions of
membrane prepared from rat renal brush border, not from
glomerular extracts.

Subsequently, the development of the model of passive
Heymann nephritis in rats that received an injection of rabbit
anti-rat brush-border antibodies led to the suggestion that
subepithelial immune deposits could be formed without the
intervention of circulating immune complexes. Van Damme
et al. [10] and Couser et al. [11], using ex vivo and isolated
perfused kidney systems, further demonstrated that anti-
brush-border antibodies could bind glomeruli in the absence
of circulating brush-border-related antigen, which provided
the proof of principle that immune complex formation oc-
curred in situ. Definitive evidence establishing the role of in
situ immune complex formation in the glomerular capillary
wall required identification of the antigen moiety.

@ Springer

Identification of megalin, a new rat podocyte protein

The autoantigenic target in the rat disease was identified by
Kerjaschki and Farquhar [12, 13] in the early 1980s as the
podocyte membrane protein now called megalin. The
polyspecific receptor megalin, a member of the low-density
lipoprotein-receptor superfamily, is expressed with clathrin
at the sole of podocyte foot processes (where immune
complexes are formed). The system was dissected on a
molecular level to the precise amino acid sequence of
pathogenic epitopes (see below). The continued growth of
immune deposits seems to require the de novo synthesis by
the podocytes of new molecules of megalin, which are
assumed to be delivered via vesicles that eventually fuse
with the cell membrane at the base of the foot processes
[14]. These findings provided the first evidence that
podocytes actively contribute to the formation of glomer-
ular immune deposits in membranous nephropathy.

Antibodies to receptor-associated protein, a 39-kDa
protein which acts as a chaperone for and binds to megalin
[15], were also detected in rats with Heymann nephritis,
and passive Heymann nephritis could be induced by
monospecific antibodies against receptor-associated pro-
tein. However, the rats did not develop proteinuria, and ID
were cleared within a few weeks from the kidneys of rats
injected with anti-receptor-associated protein antiserum
[16]. Furthermore, receptor-associated protein by itself
could not induce active Heymann nephritis. These results
indicate a clear divergence in pathogenic potential of
megalin and receptor-associated protein, which may be
related to the fact that megalin is an integral membrane
protein, whereas receptor-associated protein is not bound to
the podocyte membrane.

Towards identification of nephritogenic megalin epitopes

Numerous attempts have been made to dissect the megalin
system on a molecular level, which is a prerequisite for
specific immunointervention. Cloning of megalin gene in
1994 [17] revealed that megalin is an ~4,600-amino acid
(aa) transmembrane protein with a molecular weight of
~600 kDa [15]. Given the large size of megalin, the
pinpoint by Raychowdhury et al. [18] of a 137-aa fragment
(aa 1,114 to 1,250) in the second ligand-binding domain as
a pathogenic epitope recognized by antibodies eluted from
the glomeruli of rats with active Heymann nephritis
represented a major breakthrough (Fig. 2). Saito et al.
[19] narrowed the epitope to the fifth ligand-binding repeat
consisting of 46 aa (aa 1,160 to 1,205). In fact, all four
putative megalin ligand-binding domains actually contain
pathogenic epitopes capable of inducing passive Heymann
nephritis (i.e., granular subepithelial immune deposits) [20].
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Fig. 2 The structure of megalin indicating the regions of megalin
containing pathogenic epitopes in membranous nephropathy. Megalin
is a 4,600-aa transmembrane protein. The extracellular domain contains
four cystein-rich clusters of low-density lipoprotein-receptor type A
repeats which constitute the ligand-binding domains and are separated
and followed by 17 epidermal growth factor EGF-type repeats and eight
spacer regions that contain YWTD repeats. Molecular determinants on

However, proteinuria was not reported in either of these
models. Therefore, the finding by Makker and coworkers
[21] that a 60-kDa N-terminal fragment (nM60) encompass-
ing aa 1 to 563 could induce full-blown active Heymann
nephritis was a significant feat. Now, by successive C-ter-
minal truncations, Tramontano et al. [22] have further
narrowed the pathogenic epitopes to aa 157-236 in the first
ligand-binding domain. Three additional findings are of
interest. First, full immunogenic activity required expression
of the fragments in insect cells, suggesting that posttransla-
tional modifications and/or conformational determinants are
essential for the pathogenic potential [22, 23]. Second,
lymph node cell proliferation assays indicated that the path-
ogenic epitopes could elicit T cell responses. Third, levels of
B cell responses in rats immunized with different fragments
did not correlate with severity of the disease, which suggests
that qualitative differences in the immune response including
epitope specificity and isotype distribution are of paramount
importance.

Makker’s group further showed that, after immunization
with L6 (the 236-residue N-terminal megalin fragment), a
process of intramolecular epitope spreading occurred, as
defined by appearance of antibodies and lymph node cell
reactivity directed against additional megalin epitopes not
included in the immunizing fragment, but expressed by the
ligand-binding domains [24]. The onset of proteinuria
correlated with the appearance of anti-ligand-binding do-
main antibodies rather than with the antibodies induced by
L6. This indicates that induction of a nephritogenic response
is a complex process which may require multivalent inter-
actions with the target antigen [14], as well as involvement
of appropriate Ig isotypes.

LBD 3 LBD 4

Epitope spreading to LBD regions

Transmembrane domain
[ cytoplasmic tail

the region composed of residues 157-236 (red bars in the scheme) are
critical for expression of the full disease. This fragment initiates a
primary immune response and subsequently triggers epitope spreading
to the other ligand-binding domains (black bar in the scheme).
Epitope spreading enhances polyvalent cross-linkage leading to the
formation of more stable deposits and complement fixation

Although considerable insight in the mechanisms of
immune complex formation and nephritogenic potential has
been provided by studies of Heymann nephritis, megalin
cannot be taken responsible for human membranous nephrop-
athy because it has not been found in human glomeruli or
podocytes, nor it has been detected in subepithelial immune
deposits in patients with membranous nephropathy. In fact,
the rat is the only species where megalin is detected in
glomeruli, although megalin is found in the brush border in all
species as yet studied, including humans.

Enzymatic antigens involved in the formation
of subepithelial immune deposits

The enzymes dipeptidyl peptidase IV (DPPIV) [25], neutral
endopeptidase [26], and aminopeptidase A [27] were
shown to serve as target antigens for circulating antibodies
in rats, rabbit, and mice, respectively. At variance with
megalin, DPPIV is evenly distributed on the membrane of
podocytes, is further expressed on endothelial cells lining
the glomerular capillary wall, and assumes a wide extra-
renal distribution including transport epithelia, capillary
endothelia, and the vast majority of normal lymphocytes
[28, 29]. The kinetics of immune deposits observed in the
rat glomerulus after intravenous injection of anti-DPPIV
monoclonal or polyclonal antibody sharply contrast with
those noticed in rats given anti-megalin antibody [25].
Glomerular binding is maximum 4 h after injection, but from
then on decreases dramatically to be absent or very weak
72 h later. In the mouse, the kinetics of the heterologous
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phase after injection of anti-DPPIV antibody bear close
similarity to those reported in the rat, but the amount of
antibody remaining in the glomerulus is sufficient to induce
the development of an autologous phase that causes
membranous nephropathy [30, 31]. DPPIV-anti-DPPIV
immune complexes formed at the surface of glomerular
endothelial cells may be shed in the capillary lumen,
partly dissociate, then be filtered through the glomerular
capillary wall, and finally reassociate on the outer aspect
of the glomerular basement membrane. This pathophysi-
ological scenario does occur in a model of membranous
nephropathy induced in the rabbit by polyclonal antibod-
ies to angiotensin-converting enzyme, which is expressed
by glomerular endothelial cells, but not by rabbit’s
podocytes [32].

The second antigen, neutral endopeptidase, has the same
distribution in the rabbit and human kidneys as DPPIV,
whereas in the rat, it is found on cells of the Bowman’s
capsule and in the distal segment of the proximal tubule (pars
recta) [33]. Glomerular deposits observed after injection in
rabbit of monoclonal antibody to neutral endopeptidase are
particularly transient. Their almost complete disappearance
within 24 h coincides with the appearance of the antibody
on the brush border of some proximal convoluted tubules,
as noted in the rat with anti-DPPIV.

Because both DPPIV and neutral endopeptidase are
expressed on the human podocyte, we hypothesized about
20 years ago that those two enzymatic antigens might play
some role in the pathogenesis of membranous nephropathy
in humans [26].

Fetomaternal alloimmune glomerulopathies: the human
counterpart of passive Heymann nephritis

After 20 years of research since the discovery of megalin,
we identified a human counterpart to the Heymann
nephritis antigen in a patient with neonatal membranous
nephropathy [34]. The male infant who was born at
38 weeks of gestation presented with oligoanuria, massive
proteinuria, and respiratory distress on the first day of life.
His parents were unrelated, healthy individuals without a
family history of renal or autoimmune disease. The mother,
aged 24, had had a miscarriage at 14 weeks of gestation
2 months before this pregnancy. Her blood pressure,
urinalysis, and serum creatinine concentration were normal
throughout and after the pregnancy, and she took no
medications. However, antenatal echography showed oli-
gohydramnios and enlarged fetal kidneys from the 34th
week of gestation. Her levels of antineutrophil cytoplasmic
antibodies, antinuclear and anti-DNA antibodies, and
complement were normal.
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Identification of neutral endopeptidase as the target antigen
of nephritogenic antibodies

Because of the early development of membranous nephrop-
athy in this infant, we suspected pregnancy-induced
immunization of the mother with transplacental passage of
nephritogenic antibodies. This hypothesis was first tested
by indirect immunofluorescence examination of normal
human kidney sections. A serum sample obtained 9 months
before pregnancy (7 months before the miscarriage) was
negative. Serum samples obtained at 3 months of gestation
and after delivery showed reactivity on the glomerular
capillary walls and the brush border in all kidney biopsy
specimens, as did the serum obtained from the infant
13 days after birth. No reactivity was detected in the
infant’s serum 40 days after birth, which confirmed that
“anti-kidney” antibodies circulating in the infant’s serum
were of maternal origin [34].

The nature of the target antigen was suspected by
indirect immunofluorescence examination of rabbit and rat
kidney sections incubated with the mother’s or the infant’s
antibody. The same pattern as in human kidneys was
observed in the rabbit, whereas in the rat, staining was
restricted to the cells of Bowman’s capsule and to the brush
border of deep cortical segments of the proximal tubule. We
had previously observed similar interspecies differences
with antineutral endopeptidase antibodies, whereas distri-
bution of DPPIV is not species dependent [33]. The
mother’s IgG antibody and the infant’s IgG antibody
recognized by Western blotting a single antigen of
approximately 90 kDa in protein extracts from rat brush
border, rabbit kidney cortex, and cultured human podo-
cytes. This antigen had the same electrophoretic mobility
as neutral endopeptidase. Furthermore, neutral endopepti-
dase antigen and enzymatic activity were specifically
immunoprecipitated from rat brush border with the
mother’s IgG [34].

The antineutral endopeptidase antibodies produced by
the mother, which were found in the infant’s serum 13 days
after birth, were most likely responsible for the infant’s
membranous nephropathy, given that the injection of
rabbits with the serum IgG fraction from the mother
induced intraglomerular deposits and proteinuria, whereas
injection with the IgG fraction from the father did not.
Furthermore, neutral endopeptidase was localized by
confocal microscopy in immune deposits together with the
MAC of complement, both in the infant and in the rabbits
injected with the mother’s IgG.

Since the description of the index case, we have
identified two other families, one in The Netherlands, the
other one in Belgium but of Moroccan origin, with at least
one infant born with membranous nephropathy and the
same mechanism of disease [35]. Interestingly, the Dutch
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case was reported in 1990; at that time, the mother’s serum
had been tested for the presence of anti-DPPIV antibodies,
but not for that of antineutral endopeptidase antibodies [36].

Mechanisms of neutral endopeptidase—antineutral
endopeptidase immune complex deposition in the infants’
glomeruli

The four cases of antenatal membranous nephropathy
because of transplacental transfer of antineutral endopepti-
dase antibodies led us to revisit the concept of in situ
formed vs circulating preformed immune complexes, which
has remained a debated issue for the last 30—40 years or so.
It is most likely that, in these cases, immune complexes
were predominantly formed in situ at the sole of podocyte
foot process where neutral endopeptidase is expressed [37]
(Fig. 3a). Neutral endopeptidase is expressed in a diffuse
pattern on the membrane of podocytes, as is angiotensin-
converting enzyme on the plasma membrane of mature
oocytes [38]. In vivo interaction of angiotensin-converting
enzyme with divalent antibodies induces the formation of
granular immune deposits through a mechanism of “patch-
ing” and “shedding” of immune complexes [38]. A similar
mechanism may be implicated in the formation of immune
deposits in the infants’ glomeruli. One can speculate that
the immune complexes that are shed from the foot
processes are sequestered between the lamina rara externa
of the glomerular capillary wall and the podocytes’ slit
diaphragms, whereas those that are shed from the podocyte
cell bodies are excreted in the infant’s urine.

However, transient low levels of circulating immune
complexes were detected in the infant’s serum. The immune
complexes isolated from the serum sample contained
neutral endopeptidase [34]. Their contribution to the
formation of subepithelial immune deposits is uncertain
because levels of circulating immune complexes were low,
manifestations of serum sickness were absent, and sub-
endothelial and mesangial immune deposits were not seen.
The two mechanisms of immune complex formation (in situ
vs preformed) are not mutually exclusive.

Alloimmunization: a novel mechanism of renal disease

Mechanisms of the immunization against neutral
endopeptidase in the infant’s mother

Because the first mother reported [34] had no apparent
renal abnormalities despite high serum titers of antineutral
endopeptidase antibody, we hypothesized that she might be
deficient in neutral endopeptidase and analyzed neutral
endopeptidase expression in granulocytes from both
parents. Fluorescence-activated cell sorter analysis of the
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Fig. 3 Mechanisms of immune complex formation and podocyte
injury in alloimmune neonatal membranous nephropathy. a In situ
formation of immune deposits in neonatal membranous nephropathy.
Neutral endopeptidase (blue dots) serves as pathogenic antigen in the
podocyte’s cell membrane. Antibodies to this protein originate in
women who lack neutral endopeptidase epitopes because of truncating
mutations. Antiendopeptidase antibody is transported across placenta
and causes formation of immune complexes at podocyte membranes,
similar to those observed in experimental Heymann nephritis. It is
likely that as for megalin (the antigen of Heymann nephritis), neutral
endopeptidase—antineutral endopeptidase immune complexes formed
on the podocyte membrane are then shed and rapidly immobilized in
the glomerular basement membrane, thus preventing clearing of
complexes by endocytosis in the podocyte. b Schematic description
of the cellular mechanisms that lead to proteinuria in membranous
nephropathy. C5b-9 formation on the membrane of podocytes triggers
various intracellular events, including production of ROS and
proteases, and cytoskeletal changes. These result in degradation of
glomerular basement membrane and redistribution of proteins that
compose the slit diaphragm, eventually leading to development of
protein leakage into the Bowman’s space (leff). In addition, C5b-9
attack leads to podocytopenia through apoptosis, lack of proliferation
resulting from complement induced DNA damage, and podocyte
detachment (right)

mother’s granulocytes showed no neutral endopeptidase at
the cell membrane. Cell extracts prepared from maternal
granulocytes failed to react with either monoclonal or
polyclonal antibodies against neutral endopeptidase after
Western blotting. Moreover, the mother’s serum reacted
with the father’s granulocytes but not with her own
granulocytes, suggesting an alloimmunization process.
Alloimmunization in the mother most likely occurred at
the time of her miscarriage, given that a plasma sample
obtained earlier did not show antineutral endopeptidase
antibodies [34]. At that time, the mother’s immune system
was massively exposed to neutral endopeptidase antigen
expressed by syncytiotrophoblasts and fetal cells.
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Identification of mutations in the mothers’ neutral
endopeptidase gene

We found that the four other antineutral-endopeptidase-
immunized mothers from the Dutch and Moroccan families
were also neutral endopeptidase deficient, which led us to
search for mutations in the MME gene for neutral
endopeptidase [35]. The MME gene is composed of 24
exons. Exons 3 to 24 encode a 749-aa protein that consists of
a short cytoplasmic domain, a transmembrane domain, and a
large extracellular moiety with a zinc-binding motif required
for enzymatic activity. We identified two truncating muta-
tions in these families (Fig. 4). The first mutation, located in
exon 7, is a cytosine deletion at position 466 that results in a
frameshift and premature termination codon at codon 1609.
The second mutation, located in exon 15, is a single-base
nonsense mutation (1342C—T) that generates a stop codon at
position 448. The Portuguese mother is a compound hetero-
zygote who inherited one mutant allele from each parent,
whereas the Dutch and Moroccan mothers were homozygous
for the same deletion mutation 466delC and inherited the
mutant allele from their heterozygous parents (Fig. 4).

Theoretically, mutations in exon 7 and exon 15 lead to
highly truncated proteins of 168 and 450 aa, respectively,
devoid of enzymatic activity (the zinc-binding motif is
encoded by exon 19). However, we failed to detect truncated
proteins in the mothers’ granulocytes and urine samples [35].
These findings indicate that the mutated MME gene is
knocked out functionally probably because of decreased
stability of the mutated mRNA or protein.

Despite the absence of neutral endopeptidase protein in
the five mothers and in a male individual, these individuals,
aged 16 to 42, were healthy (as were heterozygous family
members except for the neonates who were born with
membranous nephropathy). By contrast with MME null
mice [39], they had normal blood pressure, renal functional
tests, and lymphocyte phenotype and function [35]. The
lack of apparent consequence of neutral endopeptidase
deficiency can be partly explained by redundancy of the
enzyme activity [40, 41].

We, thus, have characterized a novel fetomaternal dis-
ease in which a genetic defect in the mother leads to the
development of membranous nephropathy in her fetus.
Currently, Rhesus incompatibility is the paradigm of fetoma-
ternal diseases because of alloimmunization, and such
diseases have been described only for red blood cells and
platelets. Our findings raise the possibility that truncating
mutations in other podocyte antigens, asymptomatic for the
carrier mother, could lead to fetomaternal alloimmune
glomerulopathies (FMAIG). 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.
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Alloimmune membranous nephropathy in the renal graft

The discovery of alloimmune neonatal membranous ne-
phropathy induced by antineutral endopeptidase antibodies
might also shed new light on the pathogenesis of de novo
membranous nephropathy which develops after renal
transplantation [42]. Indeed, analogies can be drawn
between the pregnant mother and the graft recipient on the

IgG subclass
Mother 1 2 3 4

I P3
b N4 |

Il M4 |

Il M6 |

1111

I M8

Fig. 4 Pedigrees and distribution of IgG subclasses in families with
FMAIG. a Pedigrees of the three families. Roman numerals indicate
generations in the respective families. Families are from Portugal (P),
The Netherlands (N), and Morocco (M). Black Segregation of
mutation in exon 7, red segregation of mutation in exon 15. Blue
asterisk indicates the mother with antineutral endopeptidase anti-
bodies; blue plus symbol indicates the children born with membranous
nephropathy. b Distribution of neutral-endopeptidase-specific IgG
subclasses in the sera of mothers determined by Western blot analysis.
Note that mother [IM8 showed a low titer of antineutral endopeptidase
antibodies, which were exclusively of the IgG4 subclass. Her children
had no overt manifestation of neonatal renal disease. In contrast, the
four remaining mothers had a high titer of antineutral endopeptidase,
which belonged to the IgG1 and IgG4 subclasses. Their children were
born with membranous nephropathy
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one hand, and the fetus (and the placenta) and the kidney
donor on the other. Because neutral endopeptidase deficien-
cy is asymptomatic in humans, neutral-endopeptidase-
deficient graft recipients are not identified before transplant.
These individuals are most likely to raise an antineutral
endopeptidase alloimmune response when their immune
system is exposed to neutral endopeptidase in the donor
kidney. Other kidney antigens might elicit a similar response
if the recipient is genetically deficient or expresses an
allovariant.

Alloimmune membranous nephropathy in the adult native
kidney: from graft-versus-host disease to spontaneously
occurring microchimerism

The view that alloimmune nephropathies occur in adult
native kidneys is supported by observations made in
patients receiving a bone marrow transplant or allogenic
blood stem cells, and those suffering from graft-versus-host
disease (GVHD) [43—47]. To our knowledge, glomerulop-
athy subsequent to hematopoietic stem cell transplantation
has been reported in less than 30 cases in the English
literature; however, incidence might increase with new
chemotherapy regimens, as has occurred recently. Mem-
branous nephropathy is by far the most common histologic
lesion [48] accounting for more than 30% of cases. The
pathogenetic mechanism of glomerulopathy after hemato-
poietic stem cell transplantation remains unclear.

Existing GVHD is considered to be a key event in
development of renal disease of this nature. GVHD mimics
the biological and clinical features of systemic lupus
erythematosus or other immune-complex-related disorders.
In experimental models of GVHD, glomerular injury has
been observed in association with immune complexes [49].
Circulating immune complexes are too large to traverse the
glomerular capillary wall. They might partially dissociate on
the endothelial side of the glomerular capillary wall, before
crossing and reassembling on the epithelial side. Alterna-
tively, podocyte-associated proteins might serve as targets
for the circulating alloimmune antibodies that are directed
against a podocyte antigen expressed in the recipient but
absent from the donor, or against an allovariant.

GVHD is a typical example of acquired microchimerism
that fulfills the classical definition; that is, presence of a
small population of cells (or DNA) in one individual that is
derived from another genetically distinct individual. In
addition to iatrogenic chimerism occurring as a conse-
quence of hematopoietic cell transplantation, organ trans-
plantation, and blood transfusion, it has recently been found
that cell trafficking between mother and fetus during
pregnancy can result in long-term persistence of fetal cells
(fetal cell microchimerism) in the mother [50], and of
maternal cells in her progeny (maternal cell microchimerism)

[51]. Although not yet proven, fetal cell microchimerism is
presumed to persist after miscarriage and abortion. Con-
cerns about the histocompatibility of these fetal or maternal
cells have raised questions about the long-term consequen-
ces of an immune response on the mother’s and child’s
health, respectively.

Maternal cell microchimerism has been investigated in
systemic sclerosis, dermatomyositis, and neonatal lupus
[52]. On the other hand, the possible connection between
fetal cell microchimerism and autoimmune disease has
received much attention because autoimmune disease
occurs predominantly in women, and after the peak of
childbearing years. Some autoimmune diseases also have
features of chronic GVHD. The question all studies have
raised is whether fetal cells, once established in women
after pregnancy, can trigger an alloimmune response and
initiate an “autoimmune” disease [53]. Systemic sclerosis
was the first autoimmune disease to be studied. We favor
the hypothesis that microchimerism has a role in some renal
diseases, particularly membranous nephropathy. This hy-
pothesis is supported by the occurrence of membranous
nephropathy in GVHD (as discussed above), and produc-
tion of autoantibodies against nephrin in an experimental
model [54]. Microchimerism might thus trigger production
of antibodies against podocyte antigens by mechanisms that
remain to be elucidated.

Which target antigens for adult membranous
nephropathy?

Is neutral endopeptidase still a candidate?

We have investigated the outcome of antenatal membranous
nephropathy in the four infants who were born to neutral-
endopeptidase-immunized mothers. All infants showed a
rapid improvement of renal failure and the nephrotic
syndrome. However, children IV P1 and III M1 (Fig. 4)
showed persistent albuminuria. Patient IIT N1, now 20 years
old, is of particular clinical interest because of the
postponed development of severe chronic renal failure with
nephrotic-range proteinuria. Although we could not under-
take a second kidney biopsy in the oldest patient, current
renal manifestations are likely to result from an aged
membranous nephropathy combined with the delayed
consequences of immunologically mediated antenatal neph-
ron loss. Deposition of IgG produced by infants to idio-
types or allotypes on the maternal IgG could contribute to
later progression of the disease. These observations suggest
that antineutral-endopeptidase-induced antenatal renal dis-
ease might account for “idiopathic” membranous nephrop-
athy or chronic renal failure detected during adolescence or
early adulthood.
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As yet, we have failed to find neutral endopeptidase in
the subepithelial immune deposits in patients with “idio-
pathic” membranous nephropathy. This does not rule out a
role for neutral endopeptidase in the disease because the
initiating antigen may no longer be present in aged immune
deposits. However, should antineutral endopeptidase anti-
body be produced, they would bind to neutral endopepti-
dase that is heavily expressed on granulocytes; therefore,
they would not be available for their glomerular target
antigen. Conversely, one can also hypothesize that neutral
endopeptidase—antineutral endopeptidase immune com-
plexes formed on the surface of granulocytes are shed in
the serum, where they partially dissociate, allowing their
components to traverse the basement membrane before they
reassociate between the lamina rara externa and the slit
diaphragms.

We hypothesize that neutral endopeptidase might mostly
serve as an alloantigen in alloimmune conditions including
FMAIG, de novo membranous nephropathy in the grafted
kidney, and membranous nephropathy occurring after
allogenic bone marrow transplantation.

The case of secondary membranous nephropathy

In so-called secondary forms of membranous nephropathy,
hepatitis B, hepatitis C, and Helicobacter pylori antigens;
tumor antigens; thyroglobulin; and DNA-containing mate-
rial have been detected in the subepithelial deposits, but
there is no real proof that these antigens are pathogenic [55,
56] (Table 1; [57-63]). Because of the increased perme-
ability to proteins of the glomerular capillary wall, they
may have been trapped passively between the lamina rara
externa and the slit diaphragm as is the case for albumin
[64]. Some similarities, such as glomerular deposition of
renal tubular epithelial antigens, have been found between
experimental Heymann nephritis and individual cases of
membranous nephropathy, but the antigens could not be
characterized at the molecular level [65-67].

Childhood membranous nephropathy occasionally may
be associated with linear or granular deposits of IgG and C3
along the tubular basement membrane. This rare subgroup
of patients may have proximal tubule impairment and
extrarenal manifestations, including lung hemorrhage,
diarrhea because of intestinal villous atrophy or autoim-
mune enteropathy, and cornea and neurologic symptoms
[68]. Antibodies to the 58-kDa tubulointerstitial nephritis
(TIN) antigen were reported in 5 of the 11 reported cases
[68]. The TIN antigen is a glycoprotein molecule [69] that
has the highest expression in the basement membrane of the
proximal tubules, whereas it is absent from the glomerular
basement membrane and the mesangial matrix [70].
Therefore, the TIN antigen cannot serve as a target glomer-
ular antigen for circulating antibodies. Moreover, careful
analysis of the reports strongly suggests that, in childhood
membranous nephropathy with antitubular basement mem-
brane nephritis, the glomerular disease is the primary
lesion, and the formation of antitubular basement mem-
brane antibodies and their fixation to the tubular basement
membrane and the development of the tubulointerstitial
disease are secondary phenomena. Because some cases are
associated with anti-brush-border antibodies [71], identifi-
cation of the relevant antigen(s) would be of great value.

The case of idiopathic membranous nephropathy

Most eluates from kidneys of patients with membranous
nephropathy do not react with normal kidney [72], which
should not be taken as an argument against in situ formation
of immune complexes implicating podocyte antigens be-
cause eluates were usually obtained in late stage of the
nephropathy. At that stage, immune deposits differ signifi-
cantly from initial immune reactants because the immune
deposits may be perpetuated by a secondary anti-idiotype
antibody response directed against the original antibody, and
also because the composition of immune deposits is
continuously being altered by incorporation of passively

Table 1 Antigens identified in immune deposits in patients with secondary membranous nephropathy

Groups Disease or agent Antigen References
Immune diseases Systemic lupus dsDNA, nucleosomes, histones 57, 58
Thyroiditis Thyroglobulin, microsomal antigens 59
Infectious or parasitic disease Hepatitis B Hbe antigen 60, 61
Syphilis Treponemal antigen, antitreponemal 62
antibody
Gastric infection Helicobacter pylori 63

Cancer
prostate, melanoma

Lung, colon, stomach, palate, kidney,

CEA, PSA, RTE, “tumor antigen” review in 55

From Ronco and Debiec, ] Am Soc Nephrol 2005, 16:1205

dsDNA Double-stranded DNA, CEA carcinoembryonic antigen, PSA prostatic-specific antigen, RTE renal tubule epithelium antigen
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trapped molecules that have traversed the diseased glomer-
ular capillary wall.

We think that a common denominator to idiopathic and
at least some secondary membranous nephropathy is that
podocytes and their membrane-associated proteins have a
pivotal role in the development of the disease by providing
antigenic targets for circulating antibodies for in situ
formation of glomerular deposits. We are currently search-
ing for circulating autoantibodies directed to target antigens
on human podocytes in sera of patients with membranous
nephropathy. To this end, we have developed sensitive
assays because the concentration of nephritogenic circulat-
ing antibodies is likely to be low, as most of those
antibodies may already be deposited in glomeruli. We have
recently characterized several profiles of antipodocyte
autoantibodies as well as several podocyte antigens by
mass spectrometry. Contrary to neutral endopeptidase and
megalin, most of those antigens are mostly located in the
cytoplasm or cytoskeleton, and some of them are implicated
in important metabolic pathways. We do not know yet
whether they are involved in the initial phase of the disease
as targets for circulating antibodies or whether they are
released after podocyte injury induced by complement
activation, then triggering a second wave of immunization.
The nephritogenic potential of the antibodies specific for
those antigens remains to be established.

Fire at the podocyte surface: what causes podocyte
injury and proteinuria?

Once immune complexes are deposited in the subepithelial
space under the slit diaphragm, a cascade of complex
events is triggered, leading to podocyte injury and massive
proteinuria (nephrotic syndrome; Fig. 3b). Complement
activation certainly plays a major pathogenic role, but other
factors including IgG subclass and a direct effect of
nephritogenic antibodies should not be dismissed.

Role of complement activation

Complement is a crucial mediator of podocyte injury in
experimental membranous nephropathy [73]. Both C6 and
C8 are required for the development of proteinuria [74, 75].
We showed that the subepithelial immune deposits in
antenatal membranous nephropathy contained heavy de-
posits of C5b-9 that were colocalized with the neutral
endopeptidase antigen and the IgG antibodies [76].
Activation of the classical pathway of complement
activation is required to induce the disease. Both in active
[77] and passive [73] Heymann nephritis, only the IgG
subclasses that are very effective at binding Clq lead to

proteinuria. A similar requirement for a classical pathway-
activating human IgG isotype is seen in antenatal membra-
nous nephropathy.

However, the unique role of the classical pathway of
complement activation is challenged by the fact that most
cases of idiopathic human membranous nephropathy have a
predominance of IgG4, with less IgG3 and no IgGl in
immune deposits [78, 79]. Furthermore, there is little to no
demonstrable Clq and C4 in these deposits [80]. These
findings suggest that the alternative pathway of comple-
ment activation might be involved. The alternative path-
way, which is spontaneously active, is controlled by
complement regulatory proteins including membrane com-
plement receptor 1 (Crry in rodents) and decay-accelerat-
ing factor that both are expressed at the podocyte surface.
Alternative pathway activation and C5b-9 generation on
the podocyte in membranous nephropathy could occur
because of absent, dysfunctional, or inhibited complement
regulatory proteins. There is no evidence that podocyte
complement regulatory proteins are targets of autoanti-
bodies in human membranous nephropathy. However, the
possibility that CR1 is cleaved by proteases or that it is
absent has been investigated by Moll et al. [81], who have
shown that the entire protein is absent in glomerular
diseases, including membranous nephropathy. Whether
absence of CR1 represents an intrinsic or acquired defect
and whether this contributes to disease pathogenesis
remains to be established [6].

In the rat model, glomerular damage induced by C5b-9
is presumably mediated by the formation by podocytes of
reactive oxygen species (ROS) [82]. Although these reac-
tive compounds can directly damage matrix proteins, their
effect is further potentiated by local peroxidation of lipids,
which can be suppressed by treatment with the scavenger
probucol [83]. It is possible that a sequence of complement
activation, ROS formation, and lipid peroxidation contrib-
utes to glomerular damage and proteinuria [84].

C5b-9, directly or via the production of ROS, can
enhance expression by podocytes of matrix metalloprotein-
ase-9 [85, 86], a matrix-degrading enzyme with targeted
activity on collagen type IV (a main component of the
glomerular basement membrane), and alter nephrin expres-
sion [87]. In patients with membranous nephropathy, a
more granular pattern or a loss of staining of nephrin was
observed [88]. Nephrin is linked to the actin cytoskeleton
via nck and CD2AP (review in [89]). C5b-9 formation
leads to cytoskeleton changes of podocytes [90] with
dissociation of nephrin from the actin cytoskeleton and
development of proteinuria [88, 91]. However, the molec-
ular mechanisms whereby C5b-9 induces cytoskeleton
changes remain to be established. Cathepsin L was recently
identified as a new mediator of proteinuria through cleav-
age of GTPase dynamin resulting in foot process efface-
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ment [92]. Whether cathepsin L is induced by C5b-9 is a
timely issue.

Other noxious effects of C5b-9 include an increase in
cyclooxygenase-2 and eicosanoid production [93], and in
production of laminin and type IV collagen [94]. The
effects of C5b-9 on extracellular matrix production, which
are likely TGF-[3-driven, may be responsible for the spike-
like extension of matrix between the immune deposits on the
subepithelial aspect of the glomerular basement membrane.

Role of IgG subclass

The glomerular deposition of IgG1 and IgG4 subclasses is
a characteristic feature of membranous nephropathy [7, 8].
Idiopathic membranous nephropathy is characterized by a
large predominance of IgG4, whereas secondary forms
including lupus- and neoplasia-related membranous ne-
phropathy show only weak deposits of IgG4 contrasting
with heavy deposits of the other subclasses (Table 2) [95,
96]. Both IgGl and IgG4 subclasses were found in the
diseased infants’ biopsy specimens [35]. However, the
expression of the renal disease was variable in the infants
who were born to the five mothers who had produced
antineutral endopeptidase antibodies. The infants from four
mothers presented at birth with renal failure, whereas all
four children from mother IIM8 had no overt manifestation
of renal disease either at birth or at the most recent follow-
up assessment. We found that this mother produced
approximately ten times less antineutral endopeptidase
antibody than the others, and, perhaps more important,
she produced only IgG4 subclass antibodies, whereas the
four other mothers produced both IgGl and IgG4 anti-
neutral endopeptidase antibodies (Fig. 4b). The lack of
renal manifestation in the neonates is not explained by
deficient transplacental transfer of IgG4 because, at birth,
fetal and maternal IgG3 and IgG4 concentrations are
normally equal, whereas IgGl and IgG2 concentrations
are higher and lower in the fetus than in the mother,
respectively [97]. A more plausible explanation is that IgG
subclasses differ in their ability to induce cell injury
because they interact differently with complement and
Fcy receptors [98]. By comparison with IgGl, even
aggregated IgG4 can weakly activate complement [99], a

Table 2 IgG subclass distribution in membranous nephropathy

IgGl IgG2 IgG3 IgG4
Idiopathic + + + -+
Lupus +++ +++ ++ +
Neoplasia +++ +++ + +

From Glassock, Bergamo Meeting on membranous nephropathy,
March 2007
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key mediator of proteinuria in membranous nephropathy as
discussed above.

Functional damage induced by antimegalin and antineutral
endopeptidase antibodies

In addition to forming immune complexes, antipodocyte
antibodies may directly alter podocyte biology. Antimegalin
antibodies were shown to inhibit the uptake of lipoproteins
that normally bind the multiligand receptor megalin [100].
The accumulation of lipoproteins (apoE and apoB) within
the immune deposits together with the production of ROS
potentially favors the formation of lipid peroxidation
products (see above).

Neutral endopeptidase is involved in the catabolism of a
number of regulatory peptides with vasoactive properties,
including bradykinin, atriopeptin, and endothelins, and
plays an important role in turning off peptide-signaling
events at the cell surface. In the human kidney, it is found
on podocyte, brush border, and vascular smooth muscle
cells [101]. For evaluating a potential effect of antineutral
endopeptidase antibodies on enzymatic activity, lysates of
human podocytes were preincubated with maternal or
paternal IgG. The neutral-endopeptidase-specific activity
of podocyte lysates was dose-dependently inhibited by
maternal but not paternal IgG. These findings suggest that
some of the deleterious effects of antineutral endopepti-
dase antibody might be mediated by the blockade of
neutral endopeptidase enzymatic activity. In the first case
reported [34], the infant’s kidney biopsy specimen
showed unusually severe arterial lesions without immune
deposits and a collapse of glomerular capillary tufts that
was suggestive of major renal ischemia during prenatal
development. Because the mother’s antibodies inhibited
neutral endopeptidase activity, their transplacental passage
might increase concentrations of vasoconstrictor peptides,
particularly endothelin, in the vascular wall and thus induce
the proliferation of vascular smooth muscle cells. The
antineutral endopeptidase antibodies might also induce
podocyte alterations and proteinuria via their blocking
enzyme activity, as previously shown after injection of an
anti-aminopeptidase A monoclonal antibody in the mouse
[27].

Neutral endopeptidase can also act through direct
protein—protein interaction. The neutral endopeptidase
cytoplasmic tail might play a key role in providing a
scaffold for signaling proteins in the regulation of cell
proliferation and organization of the membrane-associated
cytoskeleton [102, 103].

However, given the size of subepithelial deposits and the
intensity of C5b-9 staining, it is likely that podocyte alterations
and increased permeability of the glomerular capillary wall
resulted mostly from immune complex formation.
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Further studies are needed to establish the role of neutral
endopeptidase in podocytes.

Towards antigen (epitope)-driven therapies in patients
with membranous nephropathy

Current treatments of patients with membranous nephropa-
thy are entirely empirical, and concept-driven therapies are
dramatically lacking. The design of specific therapies for
autoimmune diseases is primarily based on induction of
specific immune tolerance. This requires ideally identification
of the pathogenic epitopes born by the antigen. One way to
induce tolerance is mucosal administration of the antigen or
immunodominant synthetic peptides. Nasal administration of
recombinant NC1 domain of the &3 chain of type IV collagen
was shown to induce tolerance in a model of antiglomerular
basement membrane glomerulonephritis [104].

We have recently identified two immunodominant
epitopes in the neutral endopeptidase antigen that are
specifically recognized by the mothers’ antibodies [105].
Because future pregnancies in neutral-endopeptidase-im-
munized mothers are at high risk for the fetus [106],
epitope-driven therapies including induction of mucosal
tolerance are needed in addition to nonspecific immuno-
suppressive therapy based on intravenous Ig and high-dose
corticosteroids. A similar approach could be used in
idiopathic membranous nephropathy once the target (podo-
cyte) antigen is identified. In patients with immunologically
active glomerular disease, a combination of nonspecific and
antigen/epitope-driven therapies should be envisaged. For
instance, the effect of anti-CD20 monoclonal antibodies on
Ig production could be completed by peptide-based immu-
notherapy aimed at reducing specifically the synthesis of
antipodocyte antibody.

In conclusion, substantial progresses have been made in
the past few years in understanding the pathophysiology of
human membranous nephropathy. The first human podo-
cyte antigen has been identified. Antineutral endopeptidase
antibodies do not cause idiopathic membranous nephropa-
thy, but the experimental and human data strongly suggest
that most antigenic targets sit at the podocyte membrane,
where they should be searched for. Translational research in
this area should soon lead to assays of circulating pathogenic
antibodies and to better targeted therapies aimed at decreas-
ing specifically their production.
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