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Abstract

Context—Etiologic factors and pathways leading to altered podocyte phenotype are clearly
numerous and involve the activity of different cellular function.

Objective—To focus on recent discoveries in podocyte biology and genetics and their relevance
to these human glomerular diseases, named podocytopathies.

Data Sources—Genetic mutations in genes encoding for proteins in the nucleus, slit diaphragm,
podocyte cytoplasm, and cell membrane are responsible for podocyte phenotype and functional
abnormalities. Podocyte injury may also derive from secondary stimuli, such as mechanical stress,
infections, or use of certain medications. Podocytes can respond to injury in a limited number of
ways, which include (1) effacement, (2) apoptosis, (3) arrest of development, and (4)
dedifferentiation. Each of these pathways results in a specific glomerular morphology: minimal
change nephropathy, focal segmental glomerulosclerosis, diffuse mesangial sclerosis, and
collapsing glomerulopathy.

Conclusions—Based on current knowledge of podocyte biology, we organized etiologic factors
and morphologic features in a taxonomy of podocytopathies, which provides a novel approach to
the classification of these diseases. Current and experimental therapeutic approaches are also
discussed.

In the past few years, an increased number of podocyte-expressed genes have been
identified, stimulating a growing interest in studying their role in the development of
proteinuria and glomerular disease. Substantial progress has been made not only in
clarifying the mechanisms of podocyte injury as a major cause of proteinuria, but also in
organizing this new knowledge and integrating it in new classification schemes where
morphology, etiology, and mechanisms of podocyte injury are the variables that define each
glomerulopathy. Here, we describe how one such schema relates to the pathogenesis of the
various lesions.

Podocytes are highly specialized postmitotic cells with different structural and metabolic
functions, including maintaining the filtration barrier and the normal structure of the
glomerular tuft, remodeling the glomerular basement membrane (GBM), performing
endocytosis of filtered proteins, and counteracting the intracapillary hydrostatic pressure.!
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Podocytes are formed by a cell body containing the nucleus, primary processes, and foot
processes, which adhere to the GBMs and are connected to each other by the slit diaphragms
(SDs). The complex structure of the cell may be altered at any level: podocyte injury may
derive from abnormalities of transcription factors in the nucleus, altered energy production
by mitochondria in the cytoplasm, altered intracellular Ca* homeostasis or aberrant
lysosomal activity, abnormalities of proteins residing in the luminal (facing the urinary
space) or abluminal (facing the GBM) surface of the cell membranes, and abnormalities of
proteins that are part of the SD complex, and therefore participate in maintaining the
integrity of the filtration barrier, or that are part of the actin-based cytoskeleton. In addition,
podocyte pathologic changes may derive from abnormal immune system activation or direct
viral infection of podocytes. Abnormal cell function may reflect primary, intrinsic damage
of the podocytes, sometimes genetically determined, or may be the result of extrinsic factors
that interfere with the normal molecular anatomy and biology of the cell. In response to
these stimuli and according to the developmental state at the time of the injury, podocytes
may react in different ways: (1) they can modify their phenotype and undergo foot process
effacement, a phenomenon that is not associated with alteration of the number of podocytes
per glomerulus; (2) they can undergo apoptosis, an event that may occur as result of intrinsic
or extrinsic damage; (3) under certain circumstances, podocytes may undergo developmental
arrest and resemble immature precursors, a phenomenon generally accompanied by mild
proliferative activity; and (4) adult podocytes can dedifferentiate and reenter the cell cycle to
actively proliferate and, under specific circumstances, express a dysregulated phenotype. A
recently proposed taxonomy of podocytopathies identifies 4 patterns of glomerular injury
that appear to result from these 4 pathways that injured podocytes may take: (1) minimal
change nephropathy (MCN), if the number of podocytes per glomerulus is unchanged; (2)
focal segmental glomerulosclerosis (FSGS), if there is podocytopenia; (3) diffuse mesangial
sclerosis (DMS), where low proliferative index has been described; or (4) collapsing
glomerulopathy (CG), if there is marked proliferation (Figures 1 and 2).1

We propose that the 4 pathways of response to podocyte injury can result from multiple
pathogenic stimuli. Here, we describe how recent advances in podocyte biology present
paradigms of podocytopathic injury. Each of these relates to specific functions of the
podocyte.

MECHANISMS OF INJURY IN THE PODOCYTOPATHIES

Transcriptional Regulators in Podocyte Injury

Numerous transcription factors have been characterized in podocyte gene regulation. Some
of these have been implicated in human diseases, whereas others are associated only with
experimental animal models. Improved understanding of signal transduction processes in
podocytes not only has increased our knowledge of the mechanisms of diseases but also
identified new potential therapeutic strategies to reverse foot process effacement, limit
apoptosis, and control podocyte differentiation state (see below).

Wilms tumor 1 (WT1), a zinc finger protein, is a transcription factor that regulates podocyte
differentiation state and is expressed in all cell precursors during early phases of
development, but it is expressed only by podocytes as the nephron matures. Various degrees
of loss of podocyte WT1 protein content or WT1 gene mutation are noted in the different
forms of genetically determined or acquired podocytopathies, including steroid-resistant
FSGS,2 DMS,3 and CG.# Data from experimental models suggest that WT1 is critical to the
development of podocyte architecture and integrity of the filtration barrier, and WT1
mutations are associated with an immature podocyte phenotype. Two WT1-associated
proteins, WT1-interacting protein (WTIP) and brain acid-soluble protein 1, function as
cofactors in WT1 transcriptional activity. In particular, WTIP, mapped on chromosome
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19913.1, a region with genes linked to familial FSGS, can translocate from the nucleus to
the SD with the probable purpose of modulating SD assembly during development and in
adult life. It has been proposed that WTIP regulates podocyte phenotype by translating
extracellular information into altered gene expression, by shuttling between cytoplasm and
nucleus and, when restricted to the nucleus, by repressing WT1 transcriptional activity.?

PAX2, a protein that regulates early kidney development, also is linked closely to WT1, and
its expression is downregulated by increased expression of WT1 as the glomerulus matures.
On the other hand, WT1 is a direct target of PAX2 activity. A role for PAX2 in the
development of nephrotic syndrome has been demonstrated in experimental models as well
as in human disease.36 Podocyte-specific transgene expression results in glomerular
collapse, confirming the observation that in human CG, PAX2 is reexpressed in relation to
podocyte injury. A tamoxifen-inducible model of PAX2 reexpression reveals morphologic
changes similar to those of human CG, with podocyte proliferation, and points toward a
direct regulatory effect of both WT1 and nephrin expression as a cause of foot process
effacement and proteinuria.’

A third important podocyte transcription factor is LIM homeobox transcription factor 13
(Lmx1b), which is mutated in patients with nail-patella syndrome. The LmxZ1b protein
contains 2 zinc-binding LIM domains at the NH, terminus, which represent the interface for
the interaction with other proteins, and a homeodomain in the middle, which is responsible
for DNA binding. The mutations described so far delete or inactivate the homeodomain, so
that the mutated protein is no longer able to recognize its target genes (reviewed in Rascle et
al®). Lmx1b regulates the expression of COL4A3 and COL4A4 genes, as well as NPHS2, the
gene encoding for podocin, and its mutated form is associated with abnormal deposition of
collagen in the GBM, impaired podocyte differentiation, and development of mesangial and
segmental sclerosis.? Because of the variable disease manifestations of nail-patella
syndrome, it has been suggested that regulatory proteins of Lmx1b, such as Ibd1l, act as
modifiers of the transcriptional activity.10

Other relevant podocyte transcription factors have been studied only in experimental models
of proteinuria and/or in vitro. For example, Pod1 (capsulin, epicardin), a basic helix-loop-
helix protein expressed in developing and adult podocytes,1t modulates the expression of
another transcription factor crucial to cell differentiation process, MafB (Maf-1, Kreisler)
(reviewed in Rascle et al8). Inactivation of MafB results in downregulation of NPHS1,
NPHS2, and CD2AP, genes that encode for critical proteins of the SD, and consequent foot
process effacement.12

FOXC2 (Mfh2) plays a role in determining proliferation and differentiation of multiple
tissues, including podocytes. Foxc2 knockout mice retain an immature phenotype and do not
have organized foot processes and SD. As in Lmx1b and Pod1 knockout mice, in mice
lacking FOXC2 synthesis of collagen type IV a3 and a4 chains, nephrin, MafB, and Cited2,
a novel podocyte transcriptional coactivator, are downregulated (reviewed in Rascle et al®).

Another relevant transcription factor in nephrotic syndrome is MATHG6 which, like WT1, is
found in the meta-nephric-derived mesenchyme during development, but its expression is
restricted to the podocyte during adult life. MATH6 may have a role in modulating cell
differentiation state, as its expression is reduced in experimental CG.13

The role of hypoxia-inducible factors (HIFs) has been studied recently in podocytes.
Hypoxia-inducible factors are heterodimeric proteins where expression of the o subunit (but
not the B subunit) is sensitive to oxygen levels. In conditions of normoxia, the HIF-a subunit
promotes an interaction with the von Hippel-Lindau protein, which leads to ubiquitination
and consequent degradation of the HIF-a. Under hypoxic conditions, HIF-a subunit is
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stabilized and interacts with the p300/CBP transcriptional coactivator, which is involved in
Smad/transforming growth factor f (Smad/TGF-B)-mediated signaling.14 Hypoxia-
inducible factor activity varies from cell to cell and from inducing apoptosis to inducing
proliferation. Target genes for HIF are those encoding for vascular endothelial growth factor
(VEGF) and the chemokine receptor Cxcr4,® and proteins involved in activation of
proliferation (reviewed in Maxwell16).

Peroxisome proliferator-activated receptor y (PPAR-y) is a member of the nuclear hormone
receptor superfamily containing ligand- and DNA-binding domains. When it is coupled in a
heterodimeric form with retinoid X receptor, it translocates into the nucleus, where it targets
specific genes. In particular, PPAR-y has a role in cell cycle regulation inhibiting cell
growth and promoting differentiation. In a puromicin aminonucleoside (PAN) model of
glomerular injury, activation of PPAR-y protects podocytes from apoptosis.1’” Similarly, all-
trans retinoid acid was effective in the treatment of a PAN model of podocyte injury.18 All-
trans retinoic acid has been shown to promote podocyte differentiation in vivo and in vitro,
and to reduce proliferation and increase expression of NPHS1 and NPHS2.19 The
mechanism of action appears to be the binding and activation of retinoic acid receptors
which, in response, undergo major conformational changes and orchestrate the transcription
of specific gene networks through binding to specific DNA elements and recruiting cofactor
complexes, such as p300/CBP.20

Very recently, the role of the Notch signaling pathway has also been investigated in human
and murine podocytopathies.?122 The signaling pathway has important regulatory functions
and is activated by the proteolytic cleavage of Notch receptors by y-secretase; the Notch
intracellular domain can then translocate into the nucleus and bind to RBPJ-«, a nuclear
transcriptor repressor. Notch signaling is known to control podocyte differentiation during
early stages of development, but its suppression is necessary to promote terminal
differentiation. Ectopic activation of Notch during development or in adult life results in
phenotype heterogeneity. In fact, ectopic expression of Notch intracellular domain in
embryonic podocytes of transgenic mice leads to dedifferentiation and reentry of the cell
cycle (proliferation), with a resulting pattern of glomerular injury resembling diffuse
mesangial sclerosis.?2 In contrast, when Notch intracellular domain is induced in adult mice,
increased apoptosis is detected, and the resulting phenotype resembles segmental sclerosis.
Notch expression has also been detected in human FSGS and diabetic nephropathy, two
known examples of podocytopenia-associated glomerular injury.?! It has been suggested
that Notch signaling may represent a common pathway of podocyte injury and a potential
target for treatment.2?

Altered Components of the SD Complex

The essential role of podocytes in the development of nephrotic syndrome was brought to
the attention of nephrologists by the work of Nagata and others?3:24 and the discovery by
Kestila et al?> of NPHS1, the mutated gene responsible for congenital nephrotic syndrome of
Finnish type, encoding for a critical protein of the SD, nephrin. This initial observation was
followed by additional discoveries in the genetics of proteins that comprise the SD.
Mutation of the gene encoding for podocin (NPHS2) was described in patients with steroid-
resistant nephrotic syndrome.26 Podocin is a scaffolding protein that interacts with the
cytoplasmic domain of nephrin and is essential for the structural integrity of the SD, as
suggested by the downregulation of nephrin expression in mice lacking podocin. As
demonstrated by more than one animal model where nephrin or podocin is missing, defects
of SD composition do not interfere with foot process formation and interdigitation,
suggesting that SD formation is a phenomenon secondary to foot process formation, but the
maintenance of foot process structure is dependent on SD proteins (reviewed in Kriz27). In
some cases it has been speculated that lack of any of these crucial components may lead to
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arrested development; in others, to lethal podocyte injury. In human disease, abnormalities
of the SD complex result in extensive foot process effacement but may manifest with more
than one morphologic pattern of injury, from no significant abnormalities on light
microscopy, resembling MCN, to DMS or FSGS.1

More recently, the role of CD2-associated protein (CD2AP) has been investigated in
experimental and human disease with proteinuria.28-30 CD2AP has different functions,
including regulation of the actin-based cytoskeleton, cell motility, endocytosis, and mediated
by TGF-B apoptosis and survival pathways. CD2AP directly interacts with other SD proteins
(including podocin and nephrin), serving as a bridging protein between the SD and other
cytoplasmic proteins.3! Mice null for CD2AP develop proteinuria and mesangial sclerosis
and proliferation.39 Similarly, homozygous or heterozygous CD2AP mutations have been
found in patients who have nephrotic syndrome and mesangial as well as segmental
sclerosis.28:29

In addition to expression, localization and function of these proteins are important.
Experimental evidence suggests that more than one mechanism may disrupt the integrity of
the SD and podocyte phenotype, including (1) genetically determined mutations in genes
directly encoding for SD proteins,2%26 (2) modulation of the conformation of the SD by
WTIP through interaction with CD2AP,® (3) nuclear relocation of SD proteins, such as
nephrin and the CD2AP-binding protein dendrin, and induction of TGF-p—mediated
apoptosis,32 and (4) modulation of the integrity of the SD by external forces challenging
podocytes, as may occur in hyperfiltration-mediated FSGS33 (discussed below).

Leaking of proteins is inevitable once the SD is mislocalized. Not only is the functional gate
missing from its usual location, but podocytes undergo effacement, which means that they
lose their interdigitation and reduce their points of intercellular contact. Protein may then
leak through the space between the cell bodies of different podocytes, as the absence of
proteins such as nephrin reduces the number of cell-cell adhesions.34 Proteinuria also may
occur without mislocalization of the SD and in the presence of perfectly normal foot
processes by morphology, as shown in 3 different models of proteinuria, one due to injection
of antibodies to VEGF or soluble VEGF receptor 1, the second due to genetic deletion of
nephrin expression, and the third resulting from deletion of the a3 chain of type IV collagen
in the GBM.3®

Abnormal Assembly or Function of the Actin-Based Cytoskeleton

The oy4-actinin gene, ACTN4, produces a protein that links the cell membrane adhesive
structures to the cytoskeleton. Its mutation causes autosomal dominant familial FSGS.38 The
mechanisms by which podocyte and glomerular damage occurs has been elucidated only
partially. It has been suggested that the mutated proteins have an increased actin-binding
activity and divert its normal localization.3” Podocyte cell lines generated from a4-actinin—
deficient mice were less adherent than wild-type cells to GBM, and this phenomenon was
related to reduced phosphorylation of B1-integrin.38 Interestingly, mutation of ACTN4
appears to induce disease relatively late in life. This observation suggests that a second “hit”
is necessary to disrupt the cytoskeletal apparatus, which is otherwise balanced even in the
presence of abnormal ay-actinin. In support of the second-hit hypothesis, mice with
disrupted cytoskeleton, such as synaptopodin-null mice, have normal phenotype but develop
FSGS if they are also heterozygous for CD2AP mutations.3°

In addition to genetically determined podocyte dysfunction, other mechanisms of podocyte
injury induce reorganization of the actin-based cytoskeleton. Podocytes are continuosly
exposed to mechanical stress as they counterbalance the hydraulic pressure in glomerular
capillaries. The wall tension in glomerular capillaries is transmitted to the podocyte
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cytoskeletal apparatus by cell-matrix contacts, including azp1-integrin and the dystroglycan
complex. In vitro experiments have demonstrated that podocytes in culture reorganize the
actin-based cytoskeleton in response to mechanical stress,32 initiating mechanos-
transduction. This event is accompanied by upregulation of proteins that modify the state of
adhesion of podocytes from strong to intermediate.0 In vivo, diminished cell adhesion may
lead to podocyte detachment and loss, resulting in podocytopenia and FSGS.

Expression and Localization of Membrane (Abluminal and Luminal Side) Proteins

A hallmark of diseases of the glomerular filter is podocyte detachment, resulting in the
detection of podocytes in the urine.?! The preservation of appropriate podocyte adherence to
the underlying GBM is critical for maintenance of normal cell function. This interaction is
modulated by both intrinsic podocyte proteins and extracellular matrix constituents of the
GBM. Integrin and dystroglycan heterodimers serve as a bridge between matrix proteins and
the podocyte contractile apparatus. The ogf4 integrin complex is involved in signaling
events, as demonstrated in a3B1 knockout mice, which develop aberrant cytoskeleton and
foot processes.*2 During effacement, cytoskeletal rearrangement moves the foot processes
along the GBM. Migratory capacity also may be modulated by redistribution to the foot
processes of proteins, such as the lysosomal protease, cathepsin L, which promotes
detachment of podocytes mediated by effects on oz integrin.*3 The role of extracellular
matrix in regulating cell adhesion and foot process conformation is suggested by
experimental models as well as by the observation that patients with Alport disease
eventually develop FSGS.

The a-f dystroglycan complex appears to be the major player in connecting the extracellular
matrix of the GBM to the cytoskeleton. The dystroglycan complex is downregulated in
steroid-sensitive MCN. In contrast, in steroid-resistant MCN and in FSGS, we have
observed preserved dystroglycan expression in 90% of the cases studied (L. De Petris and
L.B., unpublished data). These findings support the notion that FSGS and steroid-sensitive
MCN do not represent different, temporally sequential phases of the same disease and that
there is more than one pathway to effacement.

A recent advance in familial FSGS has been the discovery of a mutant form of canonical
transient receptor potential cation channel 6 (TRPC6), located in the luminal side of the
podocyte cell membrane.#445 The TRPC6 mutation causes a gain of function and increased
intracellular calcium, but the mechanism by which these events lead to FSGS is unknown. It
has been speculated that increased calcium concentration may modify the contractile
apparatus. TRPC6 overexpression induces loss of stress fibers in cultured differentiated
podocytes.® TRPCS is partially colocalized with nephrin and podocin, and it has been
shown that following disruption of the SD complex, TRPCS6 is overexpressed and
mislocalized. These observations suggest that TRPC6 may be part of a complex signaling
process that modulates the cytoskeleton as well as the SD. It has also been suggested that
this complex contains Nephl, Neph2, nephrin, and CD2AP, as well as TRPCG6, and acts as a
sensor in monitoring glomerular pressure and filtration rate (reviewed in Huber et al*7).

A role for calcium homeostasis in podocyte injury also has been supported by the
observation that patients treated with high doses of bisphosphonates develop foot process
effacement, which may manifest as part of MCN, FSGS, or CG.#849 Bisphosphonates can
be internalized by the cell and mediate various cellular activities, such as integrin signaling,
endosomal trafficking, membrane raffling, and cytoskeletal organization.>°

Other proteins located in the luminal/apical side of podocytes have been implicated in the
mechanism of foot process effacement in experimental models. Proteins such as
podocalyxin, the major sialoprotein of the cell membrane with a negative charge, appears to
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have a role in maintaining the SD structure. Disruption of podocalyxin or neutralization of
its negative charge results in its dissociation from the cytoskeleton and subsequent foot
process effacement.>1

In most known podocytopathies, an intrinsic podocyte injury has been identified. What
remains to be explained is the pathogenesis of the so-called idiopathic MCN, FSGS, or CG,
where no specific intrinsic podocyte damage can be proved. It should be noted that the
frequency of true idiopathic cases will continue to decrease as we learn more about the
pathobiology of the podocytopathies. For example, it has been suggested that the immune
system may play a major role in inducing podocyte injury and proteinuria. An interesting
related observation is that B7-1, a transmembrane protein present in the B cell and other
antigen-presenting cells and a costimulator that mediates outside-in signaling in B cells, is
also expressed in podocytes. B7-1 expression is increased in nephrotic syndrome and
following activation of the immune system by LPS in experimental models of
proteinuria.52:53

Dysfunction of Cytoplasmic Proteins

Phospholipase Cel (PLCel) is a signaling protein that promotes protein kinase C and
enhancing calcium signaling. Its activity is regulated by many G-protein—coupled receptors.
Its expression begins at the S-shaped body stage of nephron development and peaks at the
capillary-loop stage. Lack of PLCel interferes with normal development and is associated
with reduced nephrin and podocin expression. In childhood nephrotic syndrome secondary
to mutation in PLCEL, the morphologic features at renal biopsy may vary from DMS in
cases of truncating mutation, to FSGS with slightly later onset of the disease in cases of
nontruncating mutation.>* Truncating mutations in the PLCE1 gene may be the most
freque%t genetic abnormality in children previously diagnosed as having “id-iopathic”
DMS.

Podocyte injury also can occur if mechanisms of energy production are affected. That is the
case with the mito-chondriopathies, diseases that may affect one or more cell types and
manifest as syndromic or nonsyndromic disorders. Mitochondrial injury has been described
as a primary or secondary process in nephrotic syndrome. Primary mitochondrial
dysfunction and respiratory chain deficiency were described in 2 boys and 1 girl with severe
congenital nephrotic syndrome and DMS, in patients with mitochondrial tRNALEY and
tRNATY" gene mutation and FSGS, and in patients with mutation in the genes encoding for
enzymes of the CoQ10 biosynthetic pathway: COQ2, encoding the para-hydroxybenzoate-
polyprenyl-transferase, and PDSS2, encoding for decaprenyl diphosphate synthase
(reviewed in Barisoni et al®). Mutations in the gene encoding for CoQ6 have also been
associated with FSGS and DMS (F. Hildebrandt, personal communication, June 2008).
Secondary mitochondrial dysfunction has also been described in experimental FSGS
induced by puromicin® as well as in children with congenital nephrotic syndrome of
Finnish type.>8:59 Mitochondrial toxicity has been suggested as a mechanism leading to
proteinuria in patients treated with high doses of pamidronate.5% The mechanism by which
mitochondrial activity may mediate foot process effacement and FSGS is complex and still
under investigation. On the one hand, mitochondria are crucial for cell motility via their
interaction, mediated by the outer membrane protein zyxin, with the actin cytoskeleton. This
observation suggests that intrinsic abnormalities of mitochondria may lead to effacement in
a cytoskeleton-dependent manner.51 On the other hand, these organelles also are mediators
of apoptotic stimuli, and cell death is the prerequisite for the development of segmental
sclerosis. What remains to be explained is why some of these patients develop DMS or CG,
where proliferation appears to be the defining variable for the diagnosis. One explanation
may come from experimental models of ischemic myocardial injury, where mitochondria
have been shown to promote proliferation rather than apoptosis. This pathway is mediated
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by the ion channels of the inner membrane, with activation of HIF-1 and increased
expression of adaptive enzymes resulting in protection of the cells from death.62 As
discussed above, HIF-1 is also implicated in promoting podocyte proliferation,15:16

Other syndromic genetic diseases associated with abnormalities that affect podocytes
include lysosomal storage disorders, such as Fabry disease, due to a-galactosidase A (a-
GAL A) deficiency, with glomerular lesions resembling FSGS; or action myoclonus-renal
failure, due to a mutation in a gene encoding a lysosomal protein (SCARB2/LIMP-2), and
presenting with glomerular lesions resembling CG.53 The mechanism by which
accumulation of lysosomal inclusions in cells leads to FSGS needs to be further
investigated. However, 2 major processes may be implicated: for example, defective activity
of a-GAL A results in accumulation of globotriaosylceramide in endothelial cells of the
microvasculature. This phenomenon may be associated with chronic ischemic changes,
which may lead to podocyte damage and death. Alternatively, accumulation of
globotriaosylceramide in podocytes may be directly lethal to this postmitotic cell. The
mechanism by which other lysosomal defects lead to CG is still obscure, but it is possible
that accumulation of lysosomal vacuoles not only in podocytes but also in endothelial cells
may lead to secondary podocyte injury, ischemia induced.

PATHWAYS OF PODOCYTE INJURY

The pathways leading to altered podocyte phenotype are clearly numerous and involve the
activity of different cellular apparati. There is also a long list of etiologic factors involved in
stimulating any of these mechanisms. The next question to ask is how so many diverse
stimuli translate into only 4 morphologic patterns of glomerular damage. The answer lies in
the observation that podocytes can react to injurious stimuli in a very limited number of
ways! (Figure 1):

1. Effacement: Injured podocytes can simply undergo effacement with reorganization
or redistribution of the cytoskeleton, SD, and other proteins. That is the case with
MCN.

2. Apoptosis: Podocytes engage fatal pathways, detach, and die. Once podocytopenia
is detectable, the glomerulus is committed to sclerosis (FSGS).

3. Arrested development: Podocytes fail to complete maturation, accompanied by
preserved proliferative activity, typical of immature phases of nephrogenesis. The
glomeruli also maintain an immature appearance with increased mesangial matrix
(DMS).

4. Dedifferentiation: Injured podocytes regress to a more immature state and reengage
the cell cycle; this phenomenon is associated with the morphologic picture of CG.

TAXONOMY OF THE PODOCYTOPATHIES

How does the above discussion translate into clinical practice? The difficult task for
pathologists, nephrologists, and scientists is to put together all this information about
podocyte mechanisms of injury with conventional pathologic diagnoses and patient care,
with the final goal being to better target therapies for each form of nephrotic syndrome. In
order to meet this goal, we have created a taxonomy of diseases with podocyte injury,
termed podocytopathies (Table 1), organized along 2 axes: histopathology, defined by
glomerular morphology and podocyte number, and etiology. We identified 4 major
histopathologic entities, which are morphologically distinct (Figure 2, A through D; Table 2)
but all have a variable degree of foot process effacement:
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1. MCN, by definition with normal morphology on light microscopy and preserved
podocyte number (Figures 2, A, and 3, a and b);

2. FSGS, defined by segmental solidification of the tuft, occasionally accompanied by
hyalinosis, foam cells or adhesion to the Bowman capsule, and decreased number
of podocytes (podocytopenia; Figures 2, B, and 4);

3. DMS, defined by the presence of mesangial sclerosis with or without mild
mesangial proliferation, and mildly increased proliferative activity of podocytes
(Figures 2, C, and 5);

4. CG, where by definition the glomerular damage causes segmental or global
capillary wall collapse and podocyte number is substantially increased with
pseudocrescent formation (Figures 2, D, and 6, a through d).

Each of these morphologic entities needs then to be classified according to etiology as
idiopathic, genetically transmitted, or reactive/secondary (Table 1). For proposed
mechanisms of disease, see Figures 7 through 10.

The relationship between DMS and CG is interesting. In both cases there is podocyte
proliferation, although in DMS the proliferative activity is lower. It has been noted that
some cases of DMS also have morphologic features resembling pseudocrescents.84

The taxonomy of the podocytopathies differs from previous classification schemes by
several points. Previous morphologic classifications were limited to only some of these
diseases but did not include, for example, MCN and DMS. Moreover, they did not take into
consideration recent discoveries in podocyte biology and mechanisms of foot process
effacement, as well as etiology. Differently from the Columbia classification, in our
taxonomy CG is not listed as part of the spectrum of FSGS, but as an independent disease.
The rationale behind this distinction is based on 2 considerations. First is the morphologic
definition of these 2 entities itself, with FSGS defined by solidification of the tuft with
increased extracellular matrix, and CG characterized by wrinkled and folded GBM covered
by pseudocrescents. Second, the pathogenetic mechanism(s) lead to podocytopenia in one
case and cell proliferation in the other (reviewed in Barsoni et al® and Albagumi and
Barisoni®®). The taxonomy also does not include the cellular lesion and tip lesion.

Lesion

Cellular lesion is an uncommon disease, and it is not fully characterized. We know that it
presents with nephrotic syndrome and has a clinical prognosis intermediate between FSGS
and CG,86:67 put very little is known about its etiology and pathomechanism. Although
morphologically there is foot process effacement, the hallmark of the disease is
endocapillary proliferation, mostly due to endothelial cell hypertrophy and hyperplasia. It is
intriguing to speculate that the cellular lesion may possibly represent an “endotheliopathy”
with a secondary podocyte injury, or a mixed endotheliopathy and podocytopathy, probably
mediated by mechanism of cross-talk between endothelium and podocytes. Another example
in the literature of simultaneous endothelial and podocyte damage presenting as proteinuria
is preeclampsia, mediated by a soluble VEGF receptor, which acts as an inhibitor of
endogenous VEGF, normally synthesized in podocytes and critical for maintenance of
endothelial fenestration (reviewed in Stillman and Karumanchi®®). The role of VEGF in
mediating endothelial and podocyte injury has been further elucidated recently by the
observation that cancer patients treated with anti-VEGF antibodies may develop severe
glomerular lesions with endothelial cell and podocyte injury and severe proteinuria.® These
findings are reproducible in animal models involving either administration of anti-VEGF
antibodies’® or genetic suppression of VEGF expression exclusively in podocytes.59 Some
of the patients with preeclampsia also have FSGS-like lesions, which appear to be reversible
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after pregnancy.’? In contrast, patients with primary/idiopathic cellular lesions have a worse
prognosis with progression of the disease,87 perhaps due to continued exposure to the as-yet
unidentified injurious stimulus. Although not much can be said about the pathogenesis, it is
possible that in the future a fifth subcategory of podocytopathy will be created to include
diseases with dual damage across the basement membrane and manifesting simultaneous
endothelial and podocyte injury.

The Tip Lesion

The case of tip lesion is slightly different. Morphologically, it is defined by the presence of
foam cells within the tip of the glomerular tuft, podocyte hypertrophy (but not hyperplasia)
with bridging of podocytes toward the area where the parietal epithelium meets the tubular
epithelium, and extensive foot process effacement on ultrastructural analysis. The nature of
this morphologic entity and its relationship with primary podocyte injury remains to be
investigated. Howie and colleagues’2 have shown that abnormalities of the glomerular tuft
on the site of the tubular origin, including foam cells occluding the capillary lumina and
demonstrated by immunohistochemistry to be monocytes/macrophages, precede prolapse of
podocytes into the proximal tubule origin and adhesion formation. Why this occurs at the tip
of the glomerular tuft is still unknown. In addition, tip lesions are not considered a specific
independent entity, but have been described in association with numerous diseases,
including primary podocytopathies. Some authors believe it is a nonspecific glomerular
reaction to proteinuria.”3~"> According to the unifying hypothesis of Howie et al,”8
enlargement of the tuft may be the primary cause of the tip lesion, leading to mechanical
damage of podocytes and consequent prolapse into the tubular origin.”8

Podocytopathies in Kidney Transplants

Most podocytopathies can recur after transplantation. Proteinuria and foot process
effacement are not unusual, regardless of the original disease in the native kidney, but a
distinction should be made between de novo and recurrent podocyte injury and between
early versus late onset of proteinuria. In patients undergoing transplantation after chronic
kidney failure secondary to FSGS, proteinuria and segmental sclerosis can recur within the
first 4 to 8 weeks after transplantation in approximately 30% of patients. Recurrence is more
common in whites and Hispanics than in African Americans.”’ A circulating factor8 or the
presence of immunologic factors’® has been proposed as the mechanism of podocyte injury.
This hypothesis is reinforced by the observation that after transplantation, recurrent
proteinuria is often sensitive to plasmapheresis and/or cyclophosphamide. Unexpectedly, a
small percentage of patients with known podocin deficiency also have recurrent podocyte
injury after transplantation, despite the complete absence of anti-podocin antibodies.8% There
is no clear explanation for posttransplant recurrence of proteinuria in patients with
homozygous or heterozygous NPHS2 mutations. It has been suggested that proteinuria may
be explained by a multifactorial pathogenesis, with susceptibility to the disease given by
podocin but really produced by plasma mechanisms.81 No recurrence of DMS is known in
patients with WT1 mutations. The causes of recurrent CG have not been addressed in the
literature, but it is reasonable to speculate that, similarly to FSGS, a plasma component or an
abnormal immune response inducing proliferative pathways may be implicated. Although a
specific circulating factor has not yet been identified, rats injected with serum from patients
with CG develop proteinuria and glomerular disease.82 Given the known causative
relationship between CG and viral infection, it is also possible that latent viruses (such as
parvovirus B19, for example) can be reactivated upon immunosuppression.

Podocytopathies can occur as de novo diseases. For example, a single kidney is susceptible
to hyperfiltration and, with time, mechanical stress can compromise podocyte integrity and
lead to FSGS. The possibility of a preexisting condition in the donor kidney that predisposes
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to or accelerates podocyte injury should also be taken into consideration during evaluation
of potential donors. De novo CG also has been described as idiopathic8 or in association
with diseases that are causative for glomerular collapse in native kidneys.
Immunocompromised patients are obviously more susceptible to infections such as CMV or
parvovirus B19.84 In addition, obliterative vascular changes secondary to transplant
arteriopathy, vascular rejection, or calcineurin inhibitor—induced thrombotic
microangiopathy can cause collapsing pattern of glomerular injury.8°

The same consideration and precautions used in the treatment of native kidney
podocytopathies should be used when approaching these diseases in allografts, and etiology
and pathogenetic mechanisms should be taken into serious consideration before approaching
already immunocompromised patients.

THERAPEUTIC APPROACH TO PODOCYTOPATHIES

Conventional Therapies

Conventional treatment approaches to the podocytopathies should take into account
available genetic testing (Table 3). Current approaches are outlined in Table 4. At present,
these therapies have been adopted based largely on empiric evidence of efficacy. Only
cyclosporine has been shown efficacious in FSGS in a randomized controlled trial. Further,
we have an extremely limited understanding of how these therapies might exert favorable
effects on the podocytes.

Novel Therapies

Given the limited efficacy of conventional therapies, there is currently intense interest in
novel approaches. Sirolimus has been used in FSGS, with 1 group reporting favorable
results8® and 2 groups cautioning about possible exacerbation of glomerular
dysfunction.87:88 Pirfenidone, an antifibrotic agent being developed for idiopathic
pulmonary fibrosis, has been shown to slow progressive loss of renal function in patients
with advanced FSGS.89 Table 5 lists 6 clinical trials that are currently enrolling subjects.

Experimental Therapeutic Approaches

Therapies to Promote Podocyte Differentiation and Phenotype Stabilization
and Prevent Podoycte Apoptosis—These therapies might offer benefit in MCN,
FSGS, and DMS.

1. Glucocorticoids were introduced into the therapy of podocyte disorders largely on
empiric grounds and have been assumed to act via suppression of the immune
system, possibly by reducing putative soluble factors that are posited to affect
podocytes. Recent in vitro data suggest that these agents have favorable direct
effects on podocytes, stabilizing actin filaments, % increasing the expression of
podocyte proteins, including nephrin and p21, reducing expression of interleukin
6,91 and preventing apoptosis in response to PAN.92 There remains uncertainty as
to the best way to administer glucocorticoids (daily, alternate day, or intermittent
pulse therapy), the appropriate duration of therapy, and the benefit of combining
glucorticoids with a second immunosuppressive agent (eg, cy closporine),
particularly in unfavorable histologies, such as collapsing glomerulopathy.

2. Retinoids are critical to fetal kidney development and have been shown to partially
reverse podocyte injury in several animal models of podocyte injury. These effects
include preventing apoptosis and promoting a differentiated phenotype, including
PAN nephrosis,18 anti-GBM nephritis,1® a human immunodeficiency virus—
transgenic mouse model,?3 and cultured podocytes.1994 These encouraging in vitro
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and in vivo studies have prompted the clinical trial using retinoids that is listed in
Table 5.

3. The statin class of HMG-CoA reductase inhibitors has recently been shown to have
direct effects on podocytes, including restoring expression of nephrin and podocin
via inhibiting RhoA activation and stabilizing actin filaments in PAN nephrosis,?>
as well as reducing oxidative stress in Zucker obese rats.% Table 5 lists 2 clinical
studies in nondiabetic nephropathies.

4. PPAR-y agonists have potential as therapies for podocytopathies, as shown by
piaglitazone-induced suppression of apoptosis and TGF-f1 expression in PAN-
treated podocytes.1’” A recently completed, unpublished phase 1 trial examined the
effects of rosiglitzaone in children with FSGS (ClinicalTrial.gov identifier:
NCT-00193648; listed at www.clinicaltrials.gov, Web site accessed May 30, 2008).

5. Protein misfolding is a feature of podocytopathies associated with certain genetic
mutations of podocyte proteins, including nephrin and podocin, as well as a feature
of a more generalized process of cellular stress. Mizoribine is an
immunosuppressant agent that has been used in renal transplantation, vasculitis,
and lupus nephritis, among other conditions. Puromicin aminonucleoside induces
endoplasmic reticulum stress in mice, leading to impaired delivery of nephrin to the
podocyte SD; mizoribine has been shown to restore posttranslational processing of
nephrin by improving intracellular energy balance, thereby normalizing nephrin
trafficking.?’

6. An ever-expanding list of proteins, including cytokines, growth factors, adipokines,
and the like, have been shown to protect or to injure podocytes, arriving via the
circulation or from intraglomerular cells. On the protective side, leptin infusion
prevented the glomerular damage and podocyte loss that are present in a mouse
model of lipoatrophy,?8 and bone morphogenetic protein 7 (BMP7) reduced
podocyte loss associated with diabetes in vivo® and podocyte damage associated
with hyperglycemia in vitro.100 Recently, activated protein C has been shown to
inhibit podocyte apoptosis in diabetic mice, acting to suppress the mitochondrial
apoptosis pathway.191 On the injury side, small molecule therapies targeting
endothelin192 and insulin-like growth factor-mediated phosphatidylinositol-3-
kinase activation193 have demonstrated protective effects on podocyte injury
models. Monoclonal antibodies are available against many potentially pathogenic
proteins; antibodies against basic fibroblast growth factor reduce proteinuria and
podocyte desmin staining in puromcyin aminonucleoside nephrosis.1%4 Antibodies
against TGF-f and connective tissue growth factor may hold promise in the
primary podocytopathies.

7. Studies in diabetic nephropathy models have suggested that certain agents prevent
podocyte loss; these interventions might also benefit primary podocytopathies. In
streptozotocin-treated rats, therapy with the antioxidant lipoic acid reduced
podocyte loss as assessed in tissue sections.10% In a clinical pilot study, the anti-
platelet drug dilazep reduced microalbuminuria by 40% and urinary podocyte
excretion by 70%.106

Therapies to Promote Podocyte Replacement—These approaches might benefit
FSGS and perhaps DMS. Fibroblast growth factor induces podocyte cell cycle reentry in
vivo, and the cells undergo nuclear division; there remains a block to cyokinesis, and the
cells do not undergo cell division.197 Further understanding of the mechanisms underlying
pathologic cell division in collapsing glomerulopathy may lead to therapeutic interventions
to restore podocyte numbers in the setting of absolute or relative podocyte deficiency.
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Therapies to Reduce Podocyte Proliferation—These therapies might offer benefit in
CG, particularly when used in conjunction with therapies to promote podocyte
differentiation. In particular, preclinical studies using cyclin-dependent kinase inhibitors and
glycogen synthetase kinase-3 inhibitors may demonstrate suppressed podocyte
proliferation.108

CONCLUSION

Progress has been made during the last decade to better understand podocyte pathobiology
and its relation to proteinuric diseases. The proposed taxonomy of the podocytopathies is an
attempt to integrate new knowledge on podocyte mechanism of injury with pathologic
diagnosis and clinical syndromes. The next critical step, in addition to continuing the
investigation on the mechanism of these diseases, should be dedicated to identifying patient-
specific molecular signatures and new therapeutic interventions to target each specific
mechanism of podocyte damage. Critical for this process is close collaboration among
pathologists, nephrologists, and scientists.
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Figure 1.

Injured podocytes may take 4 different pathways. Under certain circumstances, injured
podocytes undergo foot process effacement without significant change in podocyte number.
When this occurs, the glomeruli generally appear normal on light microscopy (LM), as is the
case of minimal change nephropathy (MCN). If injured podocytes enter apoptotic pathways,
the number of podocytes per glomerulus decreases (podocytopenia). Podocyte death leads to
focal segmental glomerulosclerosis (FSGS). If the injury occurs early in life, it may lead to
developmental arrest. In this case, glomeruli maintain an immature appearance, as reflected
by mesangial expansion and crowding of podocytes, which may express for proliferative
activity. This phenomenon translates into the morphologic pattern of diffuse mesangial
sclerosis (DMS). Instead of engaging apoptotic pathways, specific injurious events may
stimulate podocyte dedifferentiation and proliferation. Morphologically, this phenomenon
translates into collapsing glomerulopathy (CG).
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Figure 2.

Podocytopathies: morphologic patterns. A, No changes are seen in minimal change
nephropathy (MCN), with the exception of foot process effacement on ultrastructural
analysis. B, On the contrary, in focal segmental glomerulosclerosis (FSGS), by definition
there is focal and segmental solidification of the glomerular tuft, accompanied by adhesion
of the tuft to the Bowman capsule. Hyaline material and foam cells can be appreciated
within the sclerosis. Parietal cells are bridging from the Bowman capsule toward the
glomerular tuft. C, In diffuse mesangial sclerosis (DMS), the sclerosis is global and involves
the mesangium. The overlying podocytes appear cuboidal rather than flat, resembling more
immature stages. D, In collapsing glomerulopathy (CG), the capillary lumina are obliterated
by the wrinkled and folded glomerular basement membranes (collapsed). In contrast to
FSGS and DMS, there is no increased extracellular matrix. Podocytes are increased in
number and form pseudocrescents, filling the urinary space. Figure modified with
permission from the Clinical Journal of the American Society of Nephrology, Copyright
2007.1
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Figure 3.

Minimal change nephropathy. a, A normal glomerulus on light microscopy (silver, original
magnification x40). On electron microscopy (b), the glomerular basement membranes are
normal in thickness and contour. Podocytes reveal extensive foot process effacement
accompanied by condensation of the actin-based cytoskeleton against the sole of podocytes
and microvillus transformation (uranyl acetate and lead citrate stain, original magnification
x10000).
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Figure 4.

Focal segmental glomerulosclerosis. The glomerulus is partially obliterated by segmental
sclerosis and hyalinosis. The tuft is adhering to the Bowman capsule, and no podocytes are
present in the area where solidification of the tuft is seen (hematoxylin-eosin, original
magnification.x40).

Arch Pathol Lab Med. Author manuscript; available in PMC 2011 June 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Barisoni et al.

Page 23

Figure 5.

Diffuse mesangial sclerosis. Two glomeruli reveal advanced global sclerosis with
obliteration of the capillary lumina. Podocytes are hypertrophic and have a cuboidal
appearance. Tubulointerstitial damage with focal dilatation of the tubules is also present
(hematoxylin-eosin, original magnification x40). Pictures were kindly provided by Helen
Liapis, MD, Washington University, St Louis, Mo.
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Figure 6.

Collapsing glomerulopathy. a, Segmental collapse with early podocyte hypertrophy and
hyperplasia (white arrow). The remaining portion of the glomerulus appears intact (silver,
original magnification x40). b, Global collapse with almost complete obliteration of the
capillary lumina by wrinkled glomerular basement membranes. Podocytes are markedly
hypertrophic and hyperplastic and form pseudocrescents obliterating the urinary space
(silver, original magnification x40). ¢, Microcysts can be present in the interstitium and
contain large proteinaceous casts (silver, original magnification x20). d, On ultrastructural
analysis, the folded glomerular basement membranes can be appreciated. The capillary
lumen is obliterated. The overlying podocyte has a large, pale cytoplasm and lack of foot
processes and primary processes. No condensation of the actin-based cytoskeleton is noted
(uranyl acetate and lead citrate stain, original magnification x10000).
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Mechanisms of disease: minimal change nephropathy (MCN). Minimal change nephropathy
may result from specific mutations in genes encoding for slit diaphragm (SD) proteins,
activation of the immune system, or modification of the actin-based cytoskeleton. It is
possible that genetic susceptibility may play a role in the disease.
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Figure 8.

Mechanisms of disease: focal segmental glomerulosclerosis (FSGS). Focal segmental
gloemrulosclerosis may result from specific genetic mutations affecting the slit diaphragm
(SD), the actin-based cytoskeleton, protein located in the cytoplasm, in mitochondria, in the
luminal or abluminal cell membrane, and in the nucleus (transcriptor factors). Focal
segmental glomerulosclerosis can also result from mechanical stress on podocytes or toxic
effect secondary to use of certain medications. It is possible that certain patients are
genetically more susceptible to podocyte depletion under these circumstances. In fact,
recently, genetic variation in MYH9 has been identified as a risk factor for idiopathic and
hypertension-associated FSGS in African Americans.10?
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Figure 9.

Mechanisms of disease: diffuse mesangial sclerosis (DMS). Diffuse mesangial sclerosis is
often observed in the presence of specific mutations affecting nuclear transcriptor factors,
slit diaphragm (SD), or cytoplasmic proteins.
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Figure 10.

Mechanisms of disease: collapsing glomerulopathy (CG). Collapsing glomerulopathy
derives from various and heterogeneous etiologic factors that may act through few common
pathways here represented. Some forms are clearly linked to a specific genetic mutation;
however, it has been recognized that there is probably a genetic susceptibility to develop CG
once the patient encounters any of the potential injurious stimuli. Genetic variation in
MYH9 has been recently identified as a risk factor for certain forms of CG in African
Americans.109 Figure modified with permission from the Clinical Journal of the American
Society of Nephrology, Copyright 2007.9°
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Table 1

Taxonomy of the Podocytopathies™

Idiopathic Forms  Genetic Forms

Reactive Forms

MCN  Idiopathic MCN Nonsyndromic
Steroid sensitive NPHS2
Steroid resistant ~ Syndromic
DYSF (limb-girdle muscular dys-
trophy 2B)

FSGS Idiopathic FSGS Nonsyndromic
NPHS1+ NPHS2
NPHS2
ACTN4
CD2AP
TRPC6
WT1
mtDNA tRNALeU
mMtDNA tRNATY
PLCE1

Syndromic
WT1 (Frasier)
mtDNA tRNALeY (MELAS)
PAX2 (renal-coloboma syndrome

with oligomeganephronia)

LMX1B (nail-patella)
COoQ2
coqet
PDSS2 (Leigh)
ITGB4
COLA4A3, A4, A5 (Alport)
GLA (Fabry)

DMS  Idiopathic DMS Nonsyndromic

NPHS1 (CNFT)
WT1
NPHS2
PLCE1
LAMB2
Syndromic
LAMB2 (Pierson)
WT1 (Denys-Drash)

coqst

Nonsyndromic
C0Q2
Syndromic
SCARB2/Limp2 (action myoclo-
nus-renal failure)
ZMPSTE24 (mandibuloacral dys-
plasia)

CG Idiopathic CG

Reactive MCN
Hodgkin disease
Immunogenic stimuli
Medication associated: nonsteroidal anti-inflammatory agents,
gold, penicillamine, lithium, interferon a and y, biophospho-
nates

Postadaptive FSGS
Reduced nephron mass: renal dysplasia, surgical renal mass re-
duction, reflux nephropathy, chronic interstitial nephritis
Initially normal nephron mass: obesity, increased muscle mass,
sickle cell anemia, cyanotic congenital heart disease, hyperten-
sion®
Medication associated
Cyclosporine, tacrolimus, interferon v, lithium, biophosphonates

Infection
Viruses (HIV-1, parvovirus B19, CMV)
Others (Campylobacter enteritis, Loa loa filiariasis, visceral leish-
maniasis, Mycobacterium tuberculosis)
Disease associations

Autoimmune diseases,§ Guillan-Barre syndrome, thrombotic mi-

croangiopathy, hematologic malignancy//
Medications
Interferon y, biophosphonates, valproic acid, calcineurin inhibi-
tors
Others
Permeability factor
Severe hyaline arteriopathy

wduosnue Joyiny vd-HIN

*This table has been modified from its previous version reported in the Clinical Journal of the American Society of Nephrology, Copyright 2007.1
The primary podocytopathies are organized into 4 morphologic patterns and 3 etiologic categories. The morphologic patterns include minimal
change nephropathy (MCN), focal segmental glomerulosclerosis (FSGS), diffuse mesangial sclerosis (DMS), and collapsing glomerulopathy (CG).
Named syndromes are shown. The genes, encoded proteins, and syndrome abbreviations are as follows: NPHS2, podocin; DYSF, dysferlin;
NPHS1, nephrin; ACTN4, a4-actinin; CD2AP, CD2-associated protein; TRPCS, transient receptor potential cation channel, member 6; WT1, Wilms
tumor 1; PLCEZY, phospholipase Ce1; MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis, and strokelike episodes; PAX2, paired
homeobox protein 2; LMX1B, LIM homeobox transcription factor 1 f; COQ2, coenzyme Q synthetase 2; COQ6, coenzyme Q synthetase 6; PDSS2,
decaprenyl diphosphate synthase; ITGB4, B4-integrin; COL4, type IV collagen; GLA, o-galactosidase A; LAMB2, laminin B2 chain; ZMPSTE24,
zinc metalloproteinase gene. CNF indicates congenital nephrotic syndrome of Finnish type; HIV, human immunodeficiency virus; and CMV,
cytomegalovirus.
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TDisease associations for which causation has not been clearly established.

¢COQ6 mutations have been discovered recently in 7 siblings from 3 different families. A total of 6 of the 7 patients had FSGS, and 1 had DMS.
All patients had sensorineural deafness (F. Hildebrandt, personal communication, June 2008; manuscript in preparation).

§Aut0immune diseases include adult Still disease, mixed connective tissue disorder, systemic lupus erythematosus, and lupuslike syndrome.

Hematologic malignancies include multiple myeloma, acute monoblastic leukemia, and hemophagocytic syndrome.
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Table 2

Major Morphologic Features of Podocytopathies”

Light Microscopy

Glomeruli

Tubulointerstitium

Electron Microscopy

MCN

FSGS

DMS

CG

Normal morphology

Focal and segmental solidi-
fication of the tuft

Adhesion of the tuft to the
Bowman capsule (sine-
chae)

Hyalinosis

Foam cells

Hypertrophy of podocytes

Bridging of parietal cells

Diffuse and global in-
creased mesangial matrix

Mild mesangial cell hyper-
cellularity

Marked podocyte hypertro-
phy

Occasionally, slight imma-
ture appearance of the
glomeruli

Segmental or global wrin-
kling and folding of the
GBM (collapse)

Podocyte hypertrophy and
hyperplasia (pseudocres-
cents)

Generally normal

Focal interstitial fibrosis

Focal tubular atrophy

Minimal inflammation,
generally restricted to
the areas of fibrosis

Focal interstitial fibrosis
Focal tubular atrophy
Minimal inflammation,
generally restricted to
the areas of fibrosis
Microcysts can be seen

Extensive interstitial fibrosis
and inflammation

Tubular atrophy

Microcysts

Extensive foot process effacement

Condensation of the actin-based cytoskeleton against the ablu-
minal surface of podocytes

Microvillous transformation of the luminal surface of podocytes

Variable degree of foot process effacement

Focal condensation of the actin-based cytoskeleton against the
abluminal surface of podocytes

Focal microvillous transformation of the luminal surface of podo-
cytes

Focal detachment from the underlying GBM with interposition of
newly formed extracellular matrix

Extensive foot process effacement
Lack of primary processes
Podocytes have a cuboidal (immature) appearance

Extensive foot process effacement.

Loss of primary processes

Podocytes acquire a cuboidal appearance with pale cytoplasm

Absent actin-based cytoskeleton

Protein reabsorption droplets in podocyte cytoplasm

Wrinkling and folding of the underlying GBM

Focal detachment from the underlying GBM with interposition of
newly formed extracellular matrix

Loss of fenestration of endothelial cells

In HIV-CG, tubuloreticular inclusions in endothelial cell cyto-
plasm

MCN indicates minimal change nephropathy; FSGS, focal segmental glomerulosclerosis; GBM, glomerular basement membrane; DMS, diffuse

mesangial sclerosis; CG, collapsing glomerulopathy; and HIV, human immunodeficiency virus.
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Table 4

Conventional Therapy for the Podocytopathies™
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Idiopathic Forms

Genetic Forms

Reactive Forms

Others

Medication Associated

MCN

FSGS

DMS

CG

First: daily prednisone
Second: CSA or tacrolimus
Third: mycophenolate mofetil

Nephrotic proteinuria
First: daily prednisone or al-
ternate day prednisone
(fewer data)
Second: CSA/tacrolimus
Third: mycophenolate mofetil
Subnephrotic proteinuria
As above or ACEI or ARB

ACEl/ARBT

FirstT: daily prednisone or daily
prednisone + CSA

Second: CSA or tacrolimus

ThirdT: mycophenolate mofetil
or sirolimus

PLCE1 mutation: glucorticoidsJr

NPHS2 mutation
Avoid glucorticoids

Cautious trial CSA,T or ACEIJr or

Arst
Other mutations

ACEI" or ARBT or possibly csat
CleOT in CoQ2 nephropathy
and Leigh syndrome
ACEIT or ARBT

CleOJr in CoQ2 nephropathy

Treat underlying disease

Postadaptive FSGS
ACEIl or ARBT
Obesity-associated:

weight loss

Treat underlying disease

HIV-1 associated
HAART therapy—ACEI

or ARBT
Parvovirus B19-associated
IVIG only if immunosup-

pressedT

Stop medication
Consider glucorticoids

Stop medication
Consider glucorcorti-
coids

Stop medication
Consider glucorti-

coidsT

*

Therapies without symbols are supported by randomized controlled trials (cyclosporine for focal segmental glomerulosclerosis [FSGS] is the only
therapy with this level of support) or by nonrandomized controlled trials, uncontrolled trials, or observational studies (all other therapies). MCN
indicates minimal change nephropathy; CSA, cyclosporine; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;
DMS, diffuse mesangial sclerosis; CG, collapsing glomerulopathy; HAART, highly active antiretroviral therapy; IVIG, intravenous
immunoglobulin; and HIV, human immunodeficiency virus.

TTherapies that are supported by opinion from one or more expert clinicians.
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