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Ultrafiltration of plasma during pri-
mary urine formation in the glomeru-
lus is one of the central functions of the
kidney. The structurally complex
glomerular capillary wall responsible
for ultrafiltration consists of a base-
ment membrane covered on the inner
surface by fenestrated endothelium and
on the outer surface by highly special-
ized epithelial cells, the podocytes (so
called because of their characteristic
interdigitating foot processes). In many
acquired and inherited nephropathies,
disruption of the glomerular filter is
associated with extensive leakage of
plasma proteins and a diffuse efface-
ment of the podocyte foot processes, as
detected by electron microscopy. The
clinical hallmark of such glomerular
dysfunction is nephrotic syndrome
(NS), which is characterized by heavy
proteinuria, edemas, hypoalbumine-
mia, and hyperlipidemia.

Idiopathic NS represents a heteroge-
neous group of glomerular disorders
occurring mainly in children. This
group is generally divided into steroid-
sensitive and steroid-resistant NS,
depending on the patient’s response to
steroid therapy. Most patients show a
favorable outcome to this treatment,
although they may be subject to more
or less frequent relapses of the disease.
However, 10-20% of patients fail to
respond and may develop end-stage
renal failure. In these cases, although
only minimal histological changes of
the glomeruli can be observed by light
microscopy at early stages, focal seg-
mental glomerulosclerosis (FSGS),
associated in some cases with mesan-
gial proliferation, develops during the
course of the disease. In approximate-
ly a third of these cases, nephrotic syn-
drome recurs almost immediately,
with profuse proteinuria developing
within 24 hours of the onset of

diuresis. The sclerotic lesions of FSGS
also recur and can be detected in sub-
sequent renal biopsies of the trans-
planted kidney. Late-onset recur-
rences, occurring more than 3 months
after transplantation, are also
observed. Overall, recurrences occur at
a mean time of 14 days after trans-
plantation in children (1).

The effacement of podocyte foot
processes observed by electron
microscopy suggested a key role for
the podocyte in the pathogenesis of
idiopathic NS, either as a target of a
glomerular permeability factor or as
the site of alteration of a structural
component of the foot processes.
Accumulating data suggest that
steroid-sensitive NS, as well as a sub-
set of steroid-resistant NS (particular-
ly those recurring after transplanta-
tion) have an immunological basis.
Specifically, it appears that T cells in
these patients promote the produc-
tion of a circulating factor that alters
the glomerular permeability of the fil-
tration barrier. The nature of this fac-
tor remains elusive, but the decrease
of proteinuria by ex vivo immunoad-
sorption using Sepharose-bound pro-
tein A or anti-Ig preparations sup-
ports the hypothesis that Ig’s are
directly or indirectly (e.g., via an Ig-
binding protein) involved in the
mechanism causing proteinuria (2).
Alternatively, other cases of steroid-
resistant NS might be due to a pri-
mary defect in the glomerular filtra-
tion barrier, and these cases would not
be expected to recur after transplanta-
tion, as the donor kidney does not
bear the defect (Figure 1).

Although idiopathic NS is usually
regarded as a sporadic disease, genet-
ic factors now cannot be ignored, as
inherited cases of both steroid-resist-
ant and steroid-sensitive NS have
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been described (3). Furthermore, idio-
pathic NS seems more severe in
African-Americans, but the recur-
rence rate after transplantation is
lower in this population (4). As dis-
cussed below, genetic analysis in ani-
mal models and human families has
already shed considerable light on the
molecular interactions that are affect-
ed in these patients.

Genetic analysis of steroid-resistant NS
Recent genetic studies of human
familial cases and genetically modi-
fied animal models have led to the
identification of new podocyte pro-
teins and have highlighted the crucial
role of podocyte proteins in the
glomerular filtration barrier. Posi-
tional cloning has allowed the identi-
fication of the ACTN4 gene, encoding
the podocyte actin-binding protein
o-actinin 4, as the causative gene in
some cases of autosomal dominant
FSGS (5). This strategy has also led to
the cloning of the NPHS1 and NPHS2
genes, encoding the novel proteins
nephrin and podocin, respectively.
Mutations in these genes have been
shown to be responsible for two rare
autosomal recessive forms of NS: the
congenital NS of the Finnish type
(CNF) for NPHS1 (6), and a familial
form of steroid-resistant NS, which is
characterized by early childhood onset
of proteinuria, rapid progression to
end-stage renal disease, and no recur-
rence after transplantation, for
NPHS2 (7). Additionally, knockout
mice lacking either the CD2-associat-
ed protein (CD2AP; initially known as
a protein involved in T cell activation)
or NEPH1, a novel protein structural-
ly related to nephrin, have been found
to develop congenital NS (8, 9),
although no mutations in the corre-
sponding human homologues have
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yet been identified. Interestingly,
podocin, nephrin, and CD2AP are all
localized at the slit diaphragm, the
podocyte-specific intercellular junc-
tion interconnecting the foot process-
es at the top of the glomerular base-
ment membrane, where they interact
within membrane lipid rafts (10-12).

Formation of anti-nephrin antibod-
ies seems to play a key role in the late-
onset development of posttransplant
NS in individuals with CNF (13). Fur-
thermore, rats injected with antibodies
directed against the extracellular
domain of nephrin develop protein-
uria (14). Thus, the development of
antibodies against antigens that are
present in the donor kidney but that
are constitutionally absent in the
recipient can lead to steroid-resistant
NS, which can be misdiagnosed as a
late recurrence of the disease.

The group of patients with mutated
glomerular protein genes seems des-
tined to expand. First, genetic hetero-
geneity has been reported in both
dominant and recessive forms, imply-
ing that other, as-yet unidentified,
genes are mutated in families that do
not show linkage to known loci. Sec-
ond, NPHS2 mutations have been
detected even in some steroid-resist-
ant NS patients who had been
described as sporadic cases (15, 16). It
is also possible that a di- or multigenic
inheritance, i.e., mutations in two or
more of these genes, could be respon-
sible for the disease in a number of
affected individuals, as has been
demonstrated, for example, in retini-
tis pigmentosa (17).

The Buffalo/Mna rat strain

The elucidation of the T cell mecha-
nisms involved in idiopathic NS cases
(Figure 1) and the characterization of
the glomerular permeability factor
would be greatly facilitated by the exis-
tence of adequate animal models. As
suggested by Le Berre et al. (18) in this
issue of the JCI, the spontaneously pro-
teinuric Buffalo/Mna rat model might
prove invaluable in this regard. Starting
at two months of age, rats of this strain
spontaneously develop proteinuria and
FSGS lesions (19). Crucially, Le Berre et
al. (18) show that disease recurs in the
donor kidney from healthy LEW.1W
rats transplanted into Buffalo/Mna
recipients. This is highly reminiscent
of the human disease, although the
recurrence in rats is not immediate.
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Figure 1

Mechanisms underlying idiopathic NS. In both its steroid-sensitive and its steroid-insensitive form,
this condition can apparently arise through a T cell dysfunction that leads to the synthesis of a still-
unidentified circulating factor that compromises the glomerular permeability barrier. By contrast,
in a subset of steroid-resistant NS, the disease is due to a primary defect in the glomerular filtra-
tion filter. The potential interactions between this immune defect and altered structural proper-
ties of the glomerular epithelium remain highly speculative.

Moreover, the authors also show that
when the Buffalo/Mna kidneys are
transplanted into normal LEW.1W rats,
proteinuria and renal lesions regress,
which has also been observed in one
case of transplantation of kidneys orig-
inating from an individual with steroid-
responsive NS (20). The Buffalo/Mna
rat seems to be at least partially sensi-
tive to corticosteroids and immuno-
suppressive therapy (21).

These animals should provide an
excellent model for exploring the roles
of NF-xB, which Sahali et al. (22)
recently suggested acts in NS patho-
genesis, and for testing the effects of
cytokine overexpression on podocyte
function (23). They could also be used
to test the up- or downregulation of T
cell genes, during relapse or recurrence
of NS, which different groups are cur-
rently trying to identify using
approaches such as differential display
or DNA microarrays.

The Buffalo/Mna rat strain is partic-
ularly intriguing, as the rats present not
only with nephropathy, but also with
benign thymoma and muscle weakness
associated with anti-ryanodine recep-
tor antibodies (24). Genetic analyses
have shown that the development of
the proteinuria is regulated by two
autosomal recessive genes with only
one locus identified to date, Purl, on
chromosome 13. Interestingly, this
region is syntenic to the long arm of
human chromosome 1, which contains
the NPHS2 gene encoding podocin
(25). In contrast, the enlarged thymusis
principally determined by a major
locus, Tenl, on chromosome 1, and a
minor locus, Ten2, on chromosome 13,
in a region thought to be distinct from
Purl (26). Moreover, Nakamura et al.
(27) found no effect of neonatal
thymectomy on the renal disease,
although, curiously, both sham-operat-
ed and thymectomized rats developed a
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very mild renal disease in these experi-
ments. However, given the context of
the renal disease, it seems very likely
that there could be a link or interaction
between thymoma and renal disease. It
would be of the utmost interest, by
using the appropriate backcrosses, to
generate rats with the nephropathy
alone to compare the severity of the
nephropathy under both conditions,
with and without thymoma.

One can speculate that such a mech-
anism could also contribute to the
human disease. Aside from cases of
steroid-resistant NS that are clearly due
to mutations in genes encoding
glomerular components, allelic variants
or heterozygous mutations in NPHS1,
NPHS2, or other genes could modulate
the phenotype of a nephropathy arising
from the presence of a circulating per-
meability factor. These gene variants
would act not as causative genes, but as
modifiers of the phenotype. Favoring
this hypothesis are some of our recent
unpublished data, which show that
some patients with FSGS and recurrent
proteinuria following transplantation
bear heterozygous pathogenic muta-
tions in NPHS2. The identification of
the genes underlying the nephropathy
and the thymoma in the Buffalo/Mna
rat, as well as the characterization of the
immune disorders in this rat strain, and
the genotyping of all individuals with
steroid-resistant NS, regardless of
whether the disease recurs after trans-
plantation, would shed decisive light on
the understanding of the pathogenesis
of idiopathic NS.
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