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Abstract

Focal and segmental glomerulosclerosis (FSGS) is an important cause of steroid resistant
nephrotic syndrome in adults and children. It is responsible for 5-20% of all cases of end-stage
kidney disease (ESKD) in the United States. The pathogenesis of FSGS has not been fully
elucidated; however data from molecular studies of familial cases in the last two decades suggest
that FSGS is a defect of the podocyte. The therapeutic agents available for treatment of FSGS are
not very effective and only a small percentage of affected individuals will achieve complete
remission. Recent data from molecular biology and molecular genetics has provided insight into
mechanisms of action of old agents and also identification of other novel therapeutic targets. This
review focuses on recent advances in the molecular pathogenesis of FSGS and currently available
therapeutic agents as well as potential novel therapies.
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INTRODUCTION

Focal segmental glomerulosclerosis (FSGS) was first described in kidney biopsy of adults
with nephrotic syndrome by Fahr in 1925 [1-2]. About thirty two years later, Rich made the
observation that the lesion of FSGS in children with nephrotic syndrome classically starts
from the corticomedullary junction before involving other parts of the renal cortex [1-2].
FSGS is a clinicopathologic entity that is characterized frequently by steroid-resistant
nephrotic syndrome and rapid progression to end-stage kidney disease (ESKD) in the
majority of affected individuals. Histologically, the lesion is characterized by focal
glomerulosclerosis or tuft collapse, segmental hyalinosis, occasionally IgM staining on
immunofluorescence and effacement of foot processes on electron microscopy [3]. Its
incidence is estimated at seven per million [4]. FSGS is responsible for 5-20% of all cases
of ESKD in the USA and is second only to urogenital and kidney malformations as a cause
of ESKD in children [4-6]. The incidence of FSGS appears to be increasing, Kitiyakara et
al., reported an 11-fold increase among dialysis patients over 21 years [6]. In every age
group, the incidence is higher in blacks than whites and the rate of decline in kidney
function is also worse in blacks [4, 6].
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CLASSIFICATION

Clinical classification of FSGS is based on presumed etiology (Table 1), however in more
than 80% of cases the etiology is unknown and this group is therefore classified as having
primary or idiopathic disease. FSGS may be secondary to other disease processes such as
sickle cell disease, obesity, heroin use, HIV nephropathy and other glomerulonephritides
that are associated with nephron loss. Familial cases of FSGS, both syndromic and non-
syndromic have been reported. Although this group is probably responsible for less than 1%
of all cases, detailed molecular study of hereditary forms has helped advance understanding
of the pathogenesis of FSGS.

Histopathological findings in FSGS are heterogeneous and until recently, there was no
standard sub-classification of FSGS based on morphological features. In order to standardize
the pathological diagnosis of FSGS subtypes and possibly relate morphological findings to
clinical course, the Columbia classification of FSGS was proposed [7]. In this classification
schema, five light microscopic patterns of FSGS have been defined including FSGS not
otherwise specified (NOS), perihilar variant, cellular variant, tip variant and a collapsing
variant. There are limited data on the correlation between subtypes of FSGS and clinical
course of the disease. In a study of adults with FSGS, Stokes et al., [8] reported that
collapsing FSGS had the highest rate of renal insufficiency at presentation and progression
to CKD compared with the other variants. In the same study, subjects with the tip lesion
variant had the highest rate of remission following therapy. In a similar study of 93
European adults with FSGS, the tip lesion was found to be significantly associated with
nephrotic syndrome at presentation, and also had a higher remission rate and renal survival
after five years of follow up compared with other variants [9]. Studies in children are
limited, in a retrospective review of 41 children, Silverstein et al., reported worse outcome
in children with collapsing FSGS [10]. The classification scheme is however not a predictor
of recurrence of disease in renal allografts following transplantation [11].

PATHOGENESIS

The glomerular filtration barrier

The kidney is responsible for filtration of approximately 180 liters per day of plasma
containing over 7,200g grams of albumin; over 99.9% of albumin is retained by combined
actions of selective filtration and tubular reuptake [12]. This regulation of filtration of
macromolecules is made possible by the glomerular filtration barrier, which is comprised of
specialized fenestrated endothelial cells, the glomerular basement membrane (GBM), and
glomerular epithelial cells (podocytes) whose distal foot processes are attached to the GBM
(Figure 1) [13]. Neighboring podocyte foot processes are connected to each other by
networks of specialized cell-cell junctions known as slit diaphragms. In addition, the GBM
has an abundant supply of negatively-charged heparan sulfate proteoglycans, resulting in
negatively-charged molecules being relatively more restricted from passage than positively-
charged molecules of the same size [14]. In health, filtration of macromolecules decreases
with increasing molecular size especially with molecules greater than 42 A in diameter or
more than 200 kDa [15]. The maintenance of the GFB depends on structural and functional
interaction between the three components [16-20].

The fenestrated endothelial layer

The glomerular endothelial cells in humans have numerous fenestrae that are approximately
50-100 nm in size. Fenestrae in adults lack diaphragms, which should preclude them from
acting as a filtration barrier for macromolecules. However, if the endothelial layer provided
no barrier to the macromolecules, movement of albumin and other macromolecules would
probably result in the clogging of the glomerular filter [18-19]. In addition there is evidence
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to suggest that the fenestrae of the endothelial layer are not fully patent, containing dense
assemblies of glycoprotein that serve as sieve plugs [17]. Furthermore, during glomerular
development podocytes produce angiogenic factors such as vascular endothelial growth
factor-A (VEGF-A) and VEGF-C, while the endothelial cells express the receptors for these
molecules suggesting that the endothelial layer is important in maintaining the GFB [16, 20].

Glomerular basement membrane

Podocytes

The glomerular basement membrane (GBM) is made up of type 1V collagen (a3, 4 and 5),
laminin, nidogen/entactin, proteoglycans such as agrin and perlecan and glycoproteins [15].
The GBM is an important part of the GFB because it accounts for most of the restriction of
the fluid flux [15]. Furthermore, the early suggestion by Shaloub that nephrotic syndrome
results from an abnormality of T-cell function, resulting in secretion of chemical mediators
that are toxic to the GBM, supports the hypothesis that the GBM plays a critical role in
maintaining the integrity of the GFB [21]. An additional observation which supports this is
the report of a FSGS permeability factor by the Savin group in 1996 [22]. The factor is
about 30 to 50 kDa in weight and was shown to increase the permeability of the GBM to
albumin and induce transient proteinuria in rats. Mutations in the /aminin 52 gene, which
encodes for a protein highly expressed in the GBM, is characterized by massive proteinuria,
suggesting that the GBM is an important barrier to these macromolecules [23]. However,
subjects with primary GBM defects such as Alport’s syndrome do not have proteinuria as a
prominent early manifestation.

Podocytes are terminally differentiated glomerular visceral epithelial cells. It consists of a
cell body, the major or primary processes which ultimately branch into minor foot processes
that interdigitate with neighboring podocytes to form a highly specialized interdigitating gap
junction, the slit diaphragm. In the early 1970’s Karnovsky and Ainsworth [24] showed by
elegant electron microscopy studies that the podocyte slit diaphragm is the most important
size selective sieve of the GFB. They described a zipper-like structure with pores that are
smaller than the radius of albumin. It is now known that this zipper-like structure is formed
by nephrin an important component of the slit diaphragm [25]. The identification of nephrin
as the gene mutated in congenital nephrotic syndrome by the Trygvasson group [25] and the
discovery of other FSGS and nephrotic syndrome genes provides solid evidence that the
podocyte and its slit diaphragm are the most important components of the GFB and that its
functional or structural alteration is important in the pathogenesis of FSGS and other
glomerular diseases. This has given rise to the concept of podocytopathies as the unifying
hypothesis for glomerular diseases [26].

FSGS AS A PODOCYTOPATHY

Data from humans and experimental studies have shown that relative or absolute podocyte
depletion or changes in its functional integrity is central to the initiation and progression of
the lesion seen in FSGS [27-29]. The mechanisms by which podocyte damage evolves into
the pathological appearance seen in FSGS have been studied extensively by Kriz and
colleagues using different rat models of FSGS [27]. The initial defect is a reduction in
podocyte density and the inability of podocytes to completely cover the glomerular tufts.
This causes the loss of separation between the glomerular tuft and Bowman’s capsule
leading to the formation of synechiae or adhesions between the tuft and the Bowman’s
capsule [27]. The perfused capillaries in the tuft adhesion deliver their filtrate into the
interstitium instead of Bowman’s space. This misdirected filtration through capillaries
lacking podocytes ultimately leads to progression of segmental injury, tubular degeneration
and interstitial fibrosis [27]. The role of podocyte depletion as the initiating event in FSGS
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and other proteinuric kidney diseases is further supported by findings of podocyturia in
various glomerular diseases [28]. The quantitative relationship between podocyte number
and evolution of FSGS was demonstrated by the Wiggins’ group, using a rat model of
diphtheria toxin induced podocyte depletion in which the degree of podocyte loss is
regulated [29]. In mild podocyte loss, the remaining podocytes underwent hypertrophy in
order to cover the glomerular basement membrane, but with progressive depletion, FSGS
and global sclerosis developed [29].

HEREDITARY FSGS

The most compelling evidence to date for the central role of the podocyte and its slit
diaphragm in the development of FSGS is the identification of genes mutated in human
hereditary FSGS. The products of these genes, without exception localize to the podocyte
and its slit diaphragm and most of them participate in signaling events that are essential for
maintaining the cytoarchitecture of the podocyte and the slit diaphragm. Additionally, data
from animal models and cell based experiments are in agreement with the central role of the
podocyte in the pathogenesis of FSGS [30]. The rest of this section will describe recent
findings from the positional cloning of genes mutated in hereditary FSGS and also describe
how the discovery of these genes contributes to our understanding of the pathogenesis of
FSGS.

Nephrin (NPHS1)

The first major breakthrough was the cloning of nephrin (MPHSZ) as a cause of congenital
nephrotic syndrome (CNS) of the Finnish type [25]. Nephrin is expressed in podocytes and
localizes to the podocyte slit diaphragm forming a zipper-like structure by homophilic
interaction with adjacent molecules. It functions as a transmembrane receptor complex at the
slit diaphragm, forming a complex with the proteins Nephl and podocin. The lesion caused
by the common Fin major (L41fsX90) and Fin minor (R1109X) mutations is characterized
by immature glomeruli with cystic changes in the Bowman’s space which later progresses to
diffuse interstitial fibrosis. Since the initial report, over 130 different mutations have been
reported, including missense mutations causing later onset FSGS and minimal change
disease (MCD) [31].

Podocin (NPHS2)

Podocin was positionally cloned by the Antignac group in children with autosomal recessive
FSGS that is characterized by early onset, resistance to therapy and rapid progression to
ESKD [32]. Podocin is expressed mainly in the podocytes and localizes to the intercellular
junction of the podocyte foot processes [33]. Podocin belongs to the stomatin family of
proteins. Molecules in this family are known to associate with lipid rafts (a signaling
domain) and recruit transmembrane receptors to these rafts. Podocin seems to recruit
nephrin, Nephl and CD2-associated protein (CD2AP) to the lipid raft, thereby forming a
complex receptor at the slit diaphragm, with which other components of the slit diaphragm
interact [34-36]. This multifunction complex is coupled to the podocyte actin cytoskeleton
and also participates in signaling that is responsible for maintaining the functional integrity
of the slit diaphragm [37-38]. In one series, podocin mutations were reported to be
responsible for up to 20% of all cases of childhood onset FSGS [39], furthermore, the risk of
recurrence of disease in renal allograft following transplantation was reduced in individuals
with NPHS2 mutations compared to those with no mutations (8% versus 35%) [39]. Recent
reports suggest that common variants in podocin may also increase the risk of FSGS in older
children and adults [40]. The molecular mechanism by which mutant podocin protein causes
FSGS is not completely understood. This is partly because podocin knockout (KO) mice do
not survive beyond the first week of life. The KO mice develop severe albuminuria at birth,
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mesangiolysis and mesangial sclerosis and not classical FSGS seen in humans with podocin
mutations. [41]. A conditional podocin inactivation model in mature kidneys using the Cre-
loxP technology was recently reported [42]. The mice in this model survived up to eleven
weeks and demonstrated the histology of FSGS and clinical features of human nephrotic
syndrome [42]. Genome-wide gene expression study of glomeruli from these mice showed a
perturbation of the cell-cycle regulation and proliferation pathways, suggesting that a
podocyte phenotype switch may be important in the mechanisms of disease in this model
[42].

Alpha-actinin-4 (ACTN4)

ACTN4 is an actin-filament cross linking protein and is a member of the spectrin super
family [43]. It is expressed abundantly in the podocyte foot process as well as other tissues.
Mutations in ACTN4 were reported as a cause of adult onset autosomal dominant FSGS by
the Pollak group [43]. These mutations appear to cause a gain of function, as the mutant
ACTN4binds to F-actin more strongly than the wild-type. This strong affinity for F-actin
disrupts normal filament assembly and disassembly in the podocyte. Furthermore, it was
shown that the mutations also cause protein misfolding and degradation that is partly
mediated by the ubiquitin-proteasome pathway [43-44]. In another study, mutant ACTN4
was found to mislocalize within the intracellular compartment. This maldistribution
impaired podocyte motility, spreading and peripheral projection [45].

Transient Receptor Potential Cation Channel, Type 6 (TRPC6)

A missense mutation in 7RPC6 was reported as a cause of familial FSGS in a large New
Zealand family with FSGS by Winn et al., [46]. Subsequently, other families with different
TRPC6 mutations have been reported in both adults and children [47-49]. TRPC6 and other
TRP ion channels are groups of cation channels with six membrane-spanning domains with
both carboxyl- and amino- termini located intracellularly [50]. The TRP channels perform a
variety of biologic functions including mechanosensation, ion homeostasis, cell growth and
phospholipase C-dependent calcium entry into cells [51]. TRPC6 is widely distributed in the
body and is found in the podocyte cell body and the slit diaphragm. Most of the mutations
reported to date are gain of function mutations causing increased intracellular calcium
influx. The mechanisms, by which the increased calcium influx causes FSGS, are not clear,
but possible mechanisms include modification of podocyte contractile structure, increased
podocyte apoptosis, or reduced podocyte proliferation during glomerulogenesis [51].
Increased expression of TRPC6 has been reported in kidney biopsy specimens from
individuals with acquired kidney disease, suggesting that TRPC6 may have a role in the
pathogenesis of the more common idiopathic disease [52]. Recent data from Winn and
colleagues showed that the TRPC6 knockout mice developed significantly less proteinuria
compared with the wild-type following angiotensin Il infusion (Ang 1) for 28 days [53].
Furthermore, wild-type mouse primary podocyte cultures showed a change in membrane
current in response to Ang Il when patch clamping optimized for the TRPC6 channel was
performed, whereas TRPC6 null podocytes did not, suggesting that the mechanism of
TRPC6-induced injury may be due to changes in ion channel current, likely induced by
calcium influx, in response to Ang Il (personal communication). TRPC6 KO mice are also
protected from puromycin aminonucleoside (PAN) induced renal injury, suggesting that
increased apoptosis may be one of the possible mechanisms by which TRPC6 induces
glomerular injury [54].

CD2-Associated protein (CD2AP)

CD2AP is an adapter protein with an SH3 domain. It interacts with the T-cell adhesion
protein CD2 and is expressed in epithelial and lymphoid cells [55]. In the kidney, CD2AP
localizes to the slit diaphragm of podocyte where it interacts with and links podocin and
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nephrin to the phosphoinositide 3-OH kinase to form a signaling complex in the lipid raft of
the slit diaphragm [36, 56]. CD2AP-deficient mice develop severe proteinuria and renal
dysfunction and die shortly after birth [57]. On the other hand, heterozygous mice live
longer and develop an FSGS-like lesion around the age of nine months [55]. The role of
CD2AP in human FSGS is still being elucidated, but individuals with homozygous
mutations in CD2AP have been reported to present with early onset FSGS, while those with
heterozygous mutations tend to present in adulthood [55, 58-59].

Wilms’ Tumor 1 (WT1)

The WT1 suppressor gene encodes a zinc finger transcription factor that regulates the
expression of many genes by DNA binding. It was first identified in the 1990°s as a cause of
Wilms’ tumor, aniridia, genitourinary malformations and mental retardation (WAGR)
syndrome. Since then, many studies have shown that WT1 is widely expressed in the kidney
and it is very important for the development of the genitourinary tract. The spectrum of
glomerular diseases associated with WT1 mutations has recently been reviewed by Niaudet
and Gubler [60]. WT1 mutations can cause syndromic and non-syndromic glomerular
disease. The syndromic forms include Denys-Drash syndrome (early onset nephrotic
syndrome with the histology of diffuse mesangial sclerosis, male pseudohermaphroditism
and Wilms’ tumor) and Frasier syndrome (male pseudohermaphroditism, FSGS and
gonadoblastoma) which is caused by a mutation in the intron 9 splice site of the gene
leading to the loss of the +KTS isoform of the protein. Mutations associated with both
syndromic and non-syndromic glomerular disease tend to cluster in exons 8 and 9 of WT1
which encode for zinc fingers 2 and 3 [60-61].

Phospholipase C epsilon-1 (PLCE1/NPHS3)

Mutations in PLCE1/ NPHS3 were recently reported as a cause of early onset nephrotic
syndrome that is characterized predominantly by the histology of diffuse mesangial sclerosis
(DMS) [62]. In the original report, families with truncation PLCEI mutations exhibited the
histology of DMS, while a single family with a missense mutation had the onset of FSGS in
later childhood. Remarkably, two patients with homozygous truncating mutations responded
to steroids or calcineurin inhibitor therapy. Follow-up study showed that mutations in
PLCE1 are responsible for about 28% of all cases of isolated DMS [63]. Recent reports
suggest that PLCE1 loss of function mutation(s) can also cause FSGS and that some
individuals may also remain asymptomatic, implying that there may be modifier genes, yet
to be identified, that interact with PLCE1 to cause DMS/FSGS [64-65]. PLCel is a member
of the phospholipase family of proteins that catalyze the hydrolysis of polyphosphoinositides
such as phosphatdylinositol-4,5-bisphosphate (PtdIns(4,5)P2) to generate the second
messengers Ins(1,4,5)P3 and diacylglycerol [66]. The products of this reaction initiate a
cascade of intracellular responses that result in cell growth and differentiation and gene
expression. The mechanisms by which PLCEI mutations cause nephrotic syndrome have
not been completely elucidated. It has been shown however, that PLCe1l is expressed in
developing and mature podocytes and that AL CEZ mutations cause glomerular
developmental arrest and may reduce nephrin/podocin expression [62].

Laminin B2 (LAMB2)

Mutations in this gene cause Pierson syndrome (diffuse mesangial sclerosis, microcoria and
neurological anomalies) [23]. LAMP2 is widely expressed in the eyes, glomerular basement
membrane and in the developing brain [23]. LAMPB2 is thought to play a major role in
anchoring and the differentiation of podocyte foot processes [23]. The typical renal
phenotype associated with LAMBZ2 mutations is diffuse mesangial sclerosis, however, FSGS
and non-specific ocular anomalies have been reported in individuals with missense
mutations in LAMB2[67].
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Inverted formin 2 (INF2)

The Pollak group recently reported a new locus for FSGS on chromosome 14g32 [68]. The
gene encoding Inverted Formin 2 (/NF2) was sequenced and 2 heterozygous missense
mutations R128Q and S186P were found in two unrelated families. Further analysis of about
90 other families with FSGS yielded nine families with eight new variants most of which
clustered in exon 4, a region of the gene encoding for the N-terminal regulatory region of the
protein. INF2 is a member of the formin family. Formin is one of the three proteins that
promote nucleation of actin, a rate limiting step in actin polymerization. Cell transfection
experiments showed mislocalization of the mutant INF2 in the podocyte suggesting that
these changes probably have the ability to dysregulate the podocyte cytoskeleton. The
disease in subjects with /AF2mutations is characterized by onset of FSGS in early
adolescence and adulthood. In addition to the classical findings of FSGS, some of the
affected individuals also have prominent actin bundles within the podocyte foot process. The
mechanisms by which mutant /AF2induces these changes are still being investigated.

Myosin heavy chain 9 (MYH9) and idiopathic FSGS

The genetic risk factors for the complex and more common, idiopathic FSGS are unknown.
Recently, using the strategy of mapping by admixture linkage disequilibrium, two studies
reported sequence variation in non-muscle myosin heavy chain 1A (MYH9) as a risk factor
for FSGS and ESKD in African Americans [69-70]. These studies reported a strong
association between three intron 23 SNPS (E-1 haplotype) and the risk of FSGS in African
Americans but not in other racial groups. Follow up studies have replicated these results in
the Hispanic population but not in Native American Indians [71-72]. MYH9 is a non-
muscle myosin type 1A that is strongly expressed in the podocyte; where it is an important
component of the podocyte cytoskeleton and presumably contributes to its contractile
function. MYH9 mutations are the cause of a group of autosomal dominant disorders termed
the MHY9-related diseases. The disorders include May-Hegglin, Sebastian, Fechtner and
Epstein syndromes. The phenotypes associated with these disorders include
macrothrombocytopenia, sensorineural deafness, neutrophil Dohle-like bodies and
glomerular disease [73-74]. The discovery of MYH9 as a common disease risk factor for
FSGS is further evidence that podocyte integrity is central to the pathogenesis of FSGS.
However, unlike in single gene defects, the disease is not highly penetrant and resequencing
of MYH9 in individuals with the disease associated haplotype did not find any disease
causing variants suggesting that the effect may be in the regulatory elements of the gene or
alternatively, there may be other genetic and environmental factors predisposing the carriers
of high risk alleles to the development of FSGS.

Apolipoprotein L1 (APOL1) and idiopathic FSGS

In a follow-up study, the MYH9 locus was found to be in linkage disequilibrium with the
locus for APOL 1 the gene encoding apolipoprotein L1 [75]. Whole genome sequence
showed that two sequence variants in APOL 1 (G1: rs73885319, G2: rs71785313) are more
common in individuals of African descent (Yorubas of South Western Nigeria) compared
with Europeans. Furthermore, the disease associated alleles were more common in African
Americans (AA) with FSGS compared with AA with no disease. The APOL1 locus is
located in a region of the genome that is in linkage disequilibrium with variants that have
shown signals of recent natural selection [75]. In addition apolipoprotein L1 has the ability
to lyse trypanosomes [75]. It is therefore possible that the variant is a survival factor for
trypanosomiasis but a risk factor for renal disease [75]. Future studies will hopefully address
the mechanisms by which APOL 1 variants may predisposes to FSGS.
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FSGS may occur as a component of other single gene defect syndromes. The genetic defects
associated with FSGS are listed in Table 2 [76—78] and the role of the products of these
genes and other genes identified in maintaining the functional integrity of the podocyte and
slit diaphragm is shown in a schematic diagram in Figure 1.

TREATMENT OF FSGS

The major goals of therapy of FSGS are to achieve complete remission of proteinuria and to
preserve kidney function. However, there are no therapeutic regimens that induce remission
in all cases. Most agents used to treat FSGS are immunomodulators. The rationale for this is
that most cases of idiopathic FSGS are thought to be part of the immune-mediated minimal
change disease/FSGS disease spectrum. There are presently no evidence-based guidelines
for the use of these agents, in part due to rarity of the disease and inadequately powered
randomized control trials. The largest trial to date is the FSGS trial sponsored by the NIH
(FSGS-CT, NCT00135811). This study is a randomized control trial of cyclosporine and
mycophenolate mofetil (MMF) + dexamethasone in the treatment of steroid resistant FSGS.
The results of this trial are eagerly awaited.

In addition to immunomodulatory agents, supportive therapy, such as control of edema with
diuretics, management of hyperlipidemia and control of proteinuria with angiotensin-
converting enzyme inhibitors and angiotensin receptor blockers, may improve the quality of
life and may also slow the rate of progression to ESKD. This section will give an update on
current therapy of FSGS and recent data explaining the rationale for their use. In addition,
new experimental therapy and future therapeutic options will also be discussed. Figure 2
shows possible mechanisms of action of current treatment modalities as well as possible
future novel therapeutic targets

Corticosteroids

Corticosteroids are the mainstay of treatment for idiopathic nephrotic syndrome, however;
the International Study of Kidney Disease in Children study (ISKDC) established that only
30% of children with FSGS histology will achieve remission with steroids [79]. Prolonged
high dose intravenous methlyprednisolone in conjunction with oral prednisolone and
alkylating agents may increase the remission rate to 60% [80-81]. However, these studies
were not randomized control trials.

The mechanisms of action of corticosteroids in idiopathic NS and FSGS have not been fully
elucidated. The initial rationale for their use was based on the premise that FSGS is an
immunological disease and corticosteroids act by suppressing a T-lymphocyte mediated
response. However, with the discovery of key podocyte genes, research in this area is now
focused on the effects of corticosteroids on the podocyte and its cytoskeleton.
Dexamethasone has been shown to upregulate the expression of nephrin and tubulin-a in an
immortalized podocyte cell line [82]. Dexamethasone has also been shown to enhance
podocyte survival and downregulate cyclin kinase inhibitor p21, a kinase that is upregulated
in podocyte injury diseases. In a similar study, Ransom et a/., [83] showed that
dexamethasone protected and enhanced recovery of podocytes in a primary murine culture
treated with puromycin amino nucleoside (PAN) by increasing actin polymerization through
the actin-regulating GTPase RhoA. Overall, these data suggest that in addition to the
corticosteroids’ effect on T-cell function, they may also have an effect on the cytoskeleton
which may explain their benefit in nonimmune-mediated FSGS.
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Calcineurin inhibitors

Cyclosporine A and more recently tacrolimus are the two major calcineurin inhibitors used
in the therapy of FSGS. Calcineurin inhibitors act on T-helper cells to downregulate the
transcription of a number of cytokine genes, especially interleukin-2 (IL-2). They also
inhibit the proliferation of cytotoxic T-cells and B-cells in response to T-helper cell
signaling. This T-cell effect of calcineurin inhibitors is thought to be the mechanism of its
action in treating FSGS, although there are also data to suggest that the proteinuria lowering
effect of calcineurin inhibitors may also be through alterations in glomerular hemodynamics
[84]. Recent data suggest that the anti-proteinuric effect of cyclosporine is from blocking the
calcineurin mediated dephosphorylation of synaptopodin [85]. As stated earlier,
synaptopodin stabilizes the actin cytoskeleton of the podocytes by its regulation of RhoA
GTPases. The implication of these findings suggests that calcineurin inhibitors may have a
role in both immune mediated FSGS and familial FSGS that are often due to disruption of
the podocyte cytoskeleton.

The clinical data on the use of these agents in the treatment of FSGS are limited. In a recent
Cochrane collaboration metanalysis of three randomized trials involving 49 patients with
steroid resistant nephrotic syndrome and histology that was mainly MCD and FSGS,
cyclosporine was shown to significantly increase the number of children who achieved
complete remission compared with placebo or no treatment [86]. In this series, the major
adverse effects reported were infection (23%) and hypertension (8%). Combining the data
from this study and others, cyclosporine combined with prednisolone and ACEI can induce
complete or partial remission in up to 60% of children with FSGS [87-88]. Limited data
suggest that tacrolimus may be equally effective as cyclosporine [89]. However, there is a
high rate of relapse with withdrawal of calcineurin inhibitors in the therapy of FSGS that has
to be balanced with the increased risk of nephrotoxicity with prolonged therapy [88, 90].
Randomized controlled trials are needed to develop evidence-based guidelines addressing
indications, duration of therapy, target therapeutic levels, and potential combination therapy
in the treatment of FSGS.

Anti proliferative agents

Mycophenolate mofetil (MMF) is an important ant-proliferative agent. It is used extensively
for immunosuppresion in solid organ transplantation. MMF acts through its active
metabolite mycophenolic acid (MPA) as a non-competitive inhibitor of the enzyme inosine
monophosphate dehydrogenase (IMPDH) that preferentially inhibits B and T lymphocyte
proliferation. Its mechanism of action in the treatment of glomerular disease is not fully
known, but it has been shown in both human and experimental studies that it may act by
suppressing lymphocyte proliferation and antibody production [91-94]. MMF may also
inhibit mesangial proliferation [93]. It also decreases interleukin 2, interleukin 4 and
adhesion molecule expression in the kidney [91-94]. Limited clinical data seem to suggest
that it may induce complete or partial remission in steroid and cyclosporine resistant FSGS
without inducing the side effects of nephrotoxicity seen with calcineurin inhibitor therapy
[95-96]. The rate of relapse after withdrawing MMF therapy and the long term side effects,
such as malignancy, are unknown. The results of the FSGS trial will hopefully clarify the
usefulness of MMF and cyclosporine in the treatment of FSGS.

Monoclonal antibodies

Monoclonal antibodies are increasingly being used in the treatment of steroid-resistant and
steroid-dependent FSGS. The rationale for this therapy is based on the premise that some
cases of FSGS and nephrotic syndrome result from T-cell dysregulation and that podocytes
express different patterns of cytokines and chemokines during relapse and remission of
FSGS. Additional justification for the use of these biologic agents is the identification of
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soluble human FSGS factors that can induce increased permeability in isolated rodent
glomeruli [22]. The main advantage of these agents is that they are directed towards specific
cell surface ligands, soluble complement components and cytokines and they therefore
produce a more targeted action [97]. Some of the agents that have been used in the treatment
of FSGS are:

Rituximab—This is a chimeric monoclonal antibody that inhibits CD20 mediated B
lymphocyte proliferation and differentiation. The efficacy of rituximab in the treatment of
FSGS has not been well defined; however, there are isolated reports and case series that
suggest that it may have a therapeutic role in FSGS. An open prospective study of 22
children comprised of 19 patients with minimal change disease and three children with
FSGS was recently reported from France [98]. Children in this cohort were treated with
weekly infusions of 375mg/m? of rituximab for two to four weeks. This regime induced
remission in three out of seven patients who were in relapse at the time of the study and also
produced sustained remission in 19 of the 22 patients studied. The results of this study
should be interpreted with caution because the participants were on other
immunosuppressive agents in addition to the rituximab; it is therefore difficult to ascribe the
effects seen solely to rituximab. In another study, only two out of eight adults with
idiopathic FSGS achieved sustained remission following treatment with rituximab [99].
There is a need for randomized studies to define the efficacy of rituximab in the treatment of
FSGS and also its side effects and the clinical predictors of a therapeutic response.

Adalimumab—Adalimumab is a human monoclonal antibody directed against tumor
necrosis factor a (TNF-a). The rationale for its use in FSGS treatment is based on the
observation that TNF-a is upregulated in both human FSGS and also in experimental
models 100-101]. An ongoing phase 1 trial by the novel therapies for resistant FSGS
(FONT) study group in children with therapy resistant FSGS showed that adalimumab was
well tolerated and after sixteen months of follow up, more than half of the cohort showed
stabilization of renal function and reduced proteinuria [100-101]. This observation suggests
that adalimumab may have a role in slowing the progression of FSGS, but further studies are
needed to confirm this.

Rosiglitazone—This is a peroxisome-proliferator activated receptor-y agonist that
increases insulin sensitivity. It is licensed for the treatment of diabetes mellitus. It has been
shown to have anti-fibrotic effects in experimental FSGS. A recent phase 1 trial by the
FONT study group showed that rosiglitazone was well tolerated in children with therapy-
resistant FSGS and after 16 months of follow up, 71% of participants had stable GFR and
reduced proteinuria [101-102]. A comprehensive review of the roles and mechanism of
actions of monoclonal antibodies in the therapy of FSGS and other podocytopathies can be
found in the review by Marasa and Kopp [97].

Novel therapy

Galactose—A recent observation by Savin group showed that the FSGS soluble factor
found in recurrent FSGS has an affinity for galactose in column chromatography
experiments [103]. Based on this finding, they postulated that free soluble factor may have
galactose binding sites that interact with the transmembrane protein of the glycocalyx
leading to activation of signal transduction in podocytes [103]. Galactose may block the
binding site or change the configuration of the free soluble factor preventing it from binding
to the podocytes [103]. In a single patient with recurrent FSGS, oral galactose reduced the
plasma activity of the FSGS soluble factor. An adult patient with therapy resistant FSGS had
reduced proteinuria following prolonged high dose oral galactose therapy [103-104]. While
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these 2 case reports are tantalizing, larger studies are needed to evaluate the role and side
effects of this novel approach to the therapy of FSGS. Other possible therapeutic targets for
FSGS are shown in Figure 2 and were, recently reviewed by Lavin etal [105] and other
groups [106-107].

Future therapy

Podocyte stem cells—As described in the previous section, the initiating event in FSGS
may be absolute or relative podocytopenia. Podocytes are however terminally differentiated
cells with limited capacity to divide. There are data to suggest that throughout life, we
constantly shed podocytes into the urine, yet symptomatic FSGS is not a common aging
phenomenon in the general population [108]. It is therefore plausible to hypothesize that
there exist cells in the body that are capable of regenerating podocytes throughout life. One
possible source of cells for podocyte regeneration is bone marrow derived stem cells. These
cells were shown in one study to be capable of migrating to the glomerular tuft in a mouse
model of Alport’s syndrome [109]. As attractive as this is, the efficiency of such a
mechanism is in doubt as the cells have to cross an anatomical barrier (GBM) to reach the
glomerular tufts. Also the bone marrow derived progenitor cells were shown to be only a
tiny fraction of the new podocytes in this study, implying that there are other progenitor
cells that are probably native to the kidney. Another possible source of progenitor cells are
the glomerular parietal epithelial cells (GPEC) lining Bowman’s capsule. These cells are
located in the same compartment as the podocyte and are in direct continuity with the
glomerular tuft at the vascular pole, they therefore do not have to cross anatomical barriers
(Figure 3). Two recent studies using different approaches showed that these cells are capable
of switching to the podocyte phenotype and may therefore be a source of “podocyte stem
cells” [110-112].

Ronconi et al,, [110] showed that there are at least three different populations of cells lining
Bowman’s capsule. Cells at the urinary pole are the least differentiated and they are CD133+
(marker of hematopoietic and other adult tissue stem cells), CD24+ (marker of human stem
cells) but podocalyxin- (PM-: podocyte marker negative); whereas cells that are CD133+,
CD24+, PM+ are more differentiated and are found between the urinary and the vascular
pole. The third population of cells are terminally differentiated cells that are CD133- and
CD24~ and are found mainly at the vascular pole. The CD133+, CD24+, PM- cells are
capable of transforming into podocytes and tubular cells; whereas the CD133+, CD24+, PM
+ are only capable of differentiating into podocytes. The three different GPEC groups were
injected into SCID mice with adriamycin-induced renal injury and only the mice injected
with CD133+, CD24+, PM- cells showed reduced proteinuria and reduced glomerular
damage, suggesting that this cell line has the capacity to ameliorate glomerular injury. In
another study, Appel et al., [111], using transgenic animals that differentially identified
GPEC and podocytes showed that there are podocyte progenitor cells lining Bowman’s
capsule and these cells have the ability to switch to the podocyte phenotype and migrate to
the glomerular tuft. If these observations are confirmed by subsequent studies, identification
of an on/off switch for transformation of GPEC to podocyte would be a promising
therapeutic target for FSGS.

Deoxyspergualin—Buffalo/Mna rats have been reported to develop spontaneous FSGS
and nephrotic syndrome and may also develop recurrence of the disease after kidney
transplantation as seen in 30% of humans with idiopathic FSGS [113]. A recent report
showed that treatment of these rats with deoxyspergualin, a potent immunosuppressive
medication known to block T and B lymphocyte differentiation, induced complete remission
and regression of FSGS in both native and transplanted kidneys [113]. The effect of this
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ent in human disease is unknown but this observation may lead to the development of new
ents for the treatment of FSGS.

CONCLUSION

FSGS remains an important cause of renal failure worldwide. Advances in molecular
genetics and cell biology have contributed significantly to our understanding of the biology

of
in

the podocyte and its slit diaphragm. Defects in podocyte function play an important role
the pathogenesis of FSGS. However, this increase in knowledge has not been matched by

therapeutic advances. There is a need for further understanding of the mechanisms of actions

of

agents currently being used in the treatment of FSGS and exploration of other therapeutic

options such as podocyte regeneration by native renal cells. Further studies of inherited

fo

rms of FSGS will continue to help in unraveling the mechanisms of this disease and

possibly lead to the identification of new and better targeted therapies.
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Figure 1. The podocyte and the other components of the glomerular filtration barrier

The glomerular filtration barrier is formed by fenestrated endothelial cells, the glomerular
basement membrane and podocytes. The podocyte has a unique actin cytoskeleton made up
of F-actin and non-muscle myosin such as MYHS. In addition, it has actin-binding proteins
such as synaptopodin and a-actinin4 (ACTN4) and actin polymerization regulatory protein
inverted formin 2 (INF2). Mutations in ACTN4, INF2 genes are causes of familial FSGS
and MYHQ9 is a complex disease locus in idiopathic FSGS. Wilms’ tumor 1 (WT1) gene is a
nuclear transcription factor that is expressed abundantly in the podocyte, mutations in WT1
is a cause of syndromic and non-syndromic nephrotic syndrome. The junctional part of the
podocyte (the slit diaphragm) is formed by nephrin, podocin, CD2 aasociated protein
(CD2AP) and NEPH1. Podocin associates with lipid rafts, a signaling domain of the slit
diaphragm. It recruits nephrin and NEPHL1 to form a signaling complex with other molecules
such as Transient Receptor Potential Cation Channel, Type 6 (TRPC6), growth factor
receptor-bound protein 2 (Grb2) and Phospholipase C epsilon-1 (PLCE1) at the slit
diaphragm. Mutations in nephrin, podocin, TRPC6, PLCE1 and CD2AP are known causes
of hereditary FSGS and nephrotic syndrome in humans. The apical membrane of the
podocyte is formed by negatively charged molecules such as podocalyxin, podoplanin,
podoendin and glomerular epithelial protein-1 (GLEPP-1). The basal part of the podocyte
contains a3p1 integrin and a and B dystroglycans that anchors the podocyte to the
glomerular basement membrane (GBM). Talin, Paxillin and Vincullin (TPV) interact with
different laminins in the GBM especially laminin f2. Mutations in laminin B2 is a cause of
early onset nephrotic syndrome.

Pediatr Nephrol. Author manuscript; available in PMC 2013 April 12.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Gbadegesin et al.

Page 20

A‘.'A'c'&‘."'A'A‘."’A'A‘l e U"A“l"A"“'."V av.,

Figure 2. New insight into mechanisms of action of FSGS therapy and novel therapeutic targets
1. In addition to their immunomodulatory role, corticosteroids may also ameliorate kidney
injury by increasing actin (A) polymerization through GTPase RhoA [83] 2. Anti-
proteinuric effects of calcineurin inhibitors may be as a result of inhibition of
dephosphorylation of synaptopodin (S) [85] 3. Inhibition of TRPC6 (T) channel may be
useful in the therapy of familial and idiopathic FSGS [46, 52] 4. Galactose may block the
binding site or change the configuration of the free soluble factor preventing it from binding
to the podocytes [103] 5. Phosphorylation of nephrin (N) and Neph-1 (N1) by Fyn kinase
may induce actin polymerization [105, 106]. Modulation of this pathway may be of
therapeutic benefit in proteinuric kidney disease. 6. Modulation of sialylation pathway is a
potential therapeutic target because glomerular proteinuria induced by mutation in key
enzyme of sialic acid synthesis (pathway responsible for sialylation of major podocyte
protein such as podocalyxin [P]) is rescued by N-acetylmannosamine [105, 107].
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Figure 3. Glomerular parietal epithelial cells (GPEC) as podocyte “ stem cells’

A schematic representation of the glomerulus showing the visceral glomerular epithelial cell
or podocyte (Pod; blue) and glomerular parietal epithelial cells (PEC; red). Note that PEC
and Pod are in direct continuity at the vascular pole (VP). There are three populations of
PEC cells, the least differentiated cells (CD133+, podocyte marker (PM-) and CD24+) are
found closer to the urine or tubular pole (TP) and the terminally differentiated cells
(CD133-, CD24-, PM+) are found at the VP, and intermediate plueripotent cells (CD133+,
CD24+, PM+) cells are found midway between the TP and the VP. Injection of CD133+,
CD24+ and PM- cells ameliorate the clinical course of adriamycin-induced proteinuria
[110]. Adapted and reproduced with permission from Appel ef a/. [111].
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Table 1
Etiology of FSGS

Primary/l diopathic FSGS
Hereditary diseases (See Table 2)
Infections
Hepatitis C
HIV infection
Cytomegalovirus
Epstein-Barr virus
Parvovirus B19
Drugs/Toxic agents
Interferon-a
Pamidronate
Lithium
Gold
Heroin
Hyperfiltration
Bilateral or unilateral renal dysplasia
Obesity
Reflux nephropathy
Other causes of glomerulonephritis associated with nephron loss
Aging
Ischemia
Renal artery stenosis
Hypertensive kidney disease
Calcineurin inhibitor nephrotoxicity
Acute and chronic renal allograft rejection
Cholesterol crystal embolism

Cyanotic congenital heart disease
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Table 2
Genetic causes of FSGS and nephrotic syndrome
Genes(Inheritance)  Protein localization Locus Phenotype
NPHS1/nephrin (AR)  Podocyte and slit diaphragm 19913.1 Congenital nephrotic syndrome
NPHSZ2/Podocin (AR)  Podocyte and slit diaphragm 1g25-931 Early onset FSGS
CD2AP(AD) Podocyte and slit diaphragm 6p12.3 Adult onset FSGS
WT1(AD) Podocyte 11p13 Syndromic DMS, Syndromic and isolated FSGS
a-actinin 4 (AD) Podocyte 19913 Adult onset FSGS
TRPC6 (AD) Podocyte 11g21-9g22  Adult onset FSGS
PLCEI1(AR) Podocyte 10023-g24  Non syndromic DMS, FSGS
LMX1B (AD)™® Podocyte 9934.1 Syndromic NS and skeletal dysplasia
SMARCALI (AR)" Podocyte 2034-936 Syndromic immune complex nephritis and skeletal defect
LAMBZ (AR) Glomerular basement membrane  3p21 Syndromic DMS, isolated FSGS
SCARB2 (AR)™8 Lysosome 4g21.1 Syndromic FSGS
MYH9(Complex) Podocyte 22p Idiopathic FSGS
INF2 (AD) Podocyte 14932 Adult onset FSGS
Unknown Unknown Unknown  Galloway Mowat syndrome
Multiple Unknown Multiple Charcot-Marie-Tooth disease

AD= autosomal dominant ; AR= autosomal recessive. 76 (Dreyer, Zhou et al. 1998),77 (Boerkoel, Takashima et al. 2002) Note: other genes are

cited in the text.
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