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1- Podocyte structure and function
2- Podocyte injury
3- New classification of podocytopathies

4- Immunologic and non- immunologic treatment




Normal Structure of the Podocyte

The podocyte consists of a large cell body (soma) in the urinary space Connects to the underlying
glomerular basement membrane (GBM) of the capillary loop by major cellular extensions from the soma.
Extensions terminate as fOOt processes on the GBM that interdigitate with those from adjacent podocytes.

Podocyte foot processes are anchored to the GBM and between foot processes, the filtration slit is bridged by a
40-nm wide zipper-like slit diaphragm.
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The POAOCYtEe has an intrinsic part to play in forming and maintaining
the glomerular filtration barrier (GEB), but the relevance of the various
structural components of the GFB in disease is complex.

For instance, the glomerular basement mem-brane (GBM) not only serves
as a barrier to protein /n vivo but also requires the slit diaphragm (SD) to
prevent albumin passage from the capillary lumen into urinary space.

In addition to SDs, the glycocalyx overlying the endothelial cells restricts

macromolecular passage and ensures that plasma albumin is largely
excluded from the GFB.




Podocyte is a visceral epithelial cell which is standing or sitting on top of
the capillaries and it is the core component of filtration barrier.

There is a number of molecules located in the slit diaphragm which adjust
the shape of podocyte.

In the podocytopathies, the orderly structure of the podocytes and the
foot process interlinked by SD is lost(foot process effacement).
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Major Functions of the Podocyte

» Structural support of the capillary loop

» Major component of glomerular filtration barrier (GFB) to
proteins

» Synthesis and repair of the GBM

» Production of growth factors (VEGF) traverses the GBM against
the flow of glomerular filtration

» Acts on VEGF receptors on glomerular endothelial cells

» Effect is to maintain a healthy fenestrated endothelium

» Platelet-derived growth factors (PDGFs) critical for the
development and migration of mesangial cells into the
mesangium

» Immunologic function

Podocytes may be a component of the innate immune system.

Possibly have a surveillance role for pathogens or abnormal proteins

in Bowman space

PODOCYTE'S ROLES

¥ Create size barrierto protein passage ¢ Interactwith endothelial cells
¥ Create charge barrierto protein passage ¢ Counterbalance pressure

y ¢ Produce & maintain basal lamina

As listed by Shankland SJ. The podocyte’s response to injury: role in
proteinuria and glomerulosclerosis. Kidney Int 2006;69:2131-2147
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The spectrum of podocyte diseases
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Abstract | Podocytopathies are kidney diseases in which direct or indirect podocyte injury

drives proteinuria or nephrotic syndrome. In children and young adults, genetic variantsin

>50 podocyte-expressed genes, syndromal non-podocyte-specific genes and phenocopies with
other underlying genetic abnormalities cause podocytopathies associated with steroid-resistant
nephrotic syndrome or severe proteinuria. A variety of genetic variants likely contribute to
disease development. Among genes with non-Mendelian inheritance, variants in APOL1

have the largest effect size. In addition to genetic variants, environmental triggers such as
immune-related, infection-related, toxic and haemodynamic factors and obesity are also

important causes of podocyte injury and frequently combine to cause various degrees of
proteinuria in children and adults. Typical manifestations on kidney biopsy are minimal

change lesions and focal segmental glomerulosclerosis lesions. Standard treatment for primary
podocytopathies manifesting with focal segmental glomerulosclerosis lesions includes
glucocorticoids and other immunosuppressive drugs; individuals not responding with a
resolution of proteinuria have a poor renal prognaosis. Renin—angiotensin system antagonists
help to control proteinuria and slow the progression of fibrosis. Symptomatic management
may include the use of diuretics, statins, infection prophylaxis and anticoaqulation. This Primer
discusses a shift in paradigm from patient stratification based on kidney biopsy findings
towards personalized management based on clinical, morphological and genetic data as well
as pathophysiological understanding.




Podocyte injury

FPE

PC detachment & loss

New PC formation

Although FPE is potentially reversible,
podocyte detachment or death implies
irreversible podocyte loss.
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The architectural design of our kidneys is amazingly complex, and culminates in the 3D structure
of the glomerular filter.

During filtration, plasma passes through a sieve consisting of a fenestrated endothelium and a

broad basement membrane before it reaches the most unique part, the slit diaphragm, a
specialized type of intercellular junction that connects neighbouring podocyte foot processes.

When podocytes become stressed, irrespective of the causative stimulus, they
undergo foot process effacement and loss of slit diaphragms—two key steps
leading to proteinuria. Thus, proteinuria is the unifying denominator of a broad
spectrum of podocytopathies.
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Immune-mediated Nonimmune-mediated
insult insults

Diabetic nephropathy
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Repair response

Healthy Podocyte loss
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v Patient age and sex are associated with an increased probability of
different types of podocytopathies related to different causes or risk
factors that can frequently even combine in the same patient.

For example, genetic causes are more frequent in children and young
adults, whereas immunological causes are more frequent in male
children.

v On the other hand, podocytopathies related to inhibition of vascular
endothelial growth factor (VEGF) are observed during pre-eclampsia
and are, therefore, more prevalent in pregnant women.

v Major risk factors for the development of a podocytopathy, such as
Increased single-nephron glomerular filtration rate for obesity or
diabetes, are more frequently observed in adult middle-age patients,
whereas a low nephron mass endowment can cause a
podocytopathy during adolescence or early adulthood.
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Mutations in syndromal genes (including collagens)
¢ Interferon therapy, lithium and other chemotherapies
5
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nirinsic factony @rinsic factors

Transcriptional regulators: Infections: Circulating viral
WT1, PAX-2, WTIP, LIM protein, lipopolysaccharides

homeobox transcription factor 1B
Toxic: Medication (pamidronate,

Alteration of slit diaphragm interferon), toxin (puromycin
complex: Nephrin, podocin, aminonucleoside, adriamycin)
CD2AP, FAT-1, FAT-2, ZO-1

Cytoskeletal abnormality: Lymphokine or other host
ACTN-4 mutation protein: IFN-a. IFN-B. FSGS

permeability factor, TGF-
Luminal and abluminal

proteins: o-p dystroglycans, Mechanical: Obesity,

podocalyxin, TRPCG6 hyperfiltration, acute ischemia
associated with thrombotic

Cytoplasmic proteins: PLCe1 microangiopathy

Mitochondria: tRNA mutation,

COQ2 mutation Immunologic: Lupus, IgA
nephropathy, membranous

Metabolic: Fabry's, SCARB2/ nephropathy

LIMP-2

Metabolic: Diabetes
Extracellular matrix: LAMB2 Miscellaneous: Stress induced
induction of CD80

WT1: Wilms tumor 1, WTIP: Wilms tumor 1 interacting protein, TGF-B: Transforming
growth factor beta, FSGS: Focal segmental glomerulosclerosis,
IFN-a: Interferon-alpha, IFN-B: Interferon-beta, PLCe1: Phospholipase Ce1,
LAMB2: Laminin beta 2, LIMP-2: Lysosomal integral membrane protein type 2,
TRPCG: Transient receptor potential cation channel 6, Z0O-1: Zonula occludens 1




Approach to Diagnosis and Management
of Primary Glomerular Diseases Due to
Podocytopathies in Adults: Core
Curriculum 2020

Wooin Ahn and Andrew 5. Bomback

Podocyte injury is the initiating step in the pathway toward clinically evident forms of nephrotic syn-
drome known as podocytopathies, represented as either minimal change disease (MCD) or focal
segmental glomerulosclerosis (FSGS). There are hallmark differences in the histologic appearances of
MCD and FSGS, which in tum represent distinct pathogenic models after initial podocyte injury {(eg,
no change in podocyte number in MCD vs podocyte detachment and death in FSGS). However, MCD
and FS@GS also share a number of common causes, supporting the theory that these diseases lie
along a shared podocytopathy spectrum. In this installment of AJKD's Core Curriculum in Nephrology,
we demonstrate how the podocytopathies can be classified according to pathogenesis and treatment
response as an altermative to histologic description. Using case examples, we show how these
alternative classification schemes can assist not only diagnosis, but also long-term management of
podocytopathies.

Complete author and article
information provided at end
of article.
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New Classification of podocytopathy

1- Pathogenesis- based
2- Histopathology- based
3- Treatment response- based



Pathogenesis based classification

1- Permeability factor
2- Genetic

3- Toxic

4- Hyperfiltration



Recurrence

Type of Causes and Clinical After
Podocytopathy Pathogenesis Pathology Manifestation Treatment Transplantation
Permeability Circulating factor MCD, FSGS with Sudden-onset Immunosuppression, Commaon;
factor—mediated causing podocyte extensive FPE nephrotic plasma exchange sometimes
injury syndrome immediate
Toxic Direct toxicity or MCD, FSGS Vanable clinical Removal of toxic injury  Possible; usually
cytokine mediated  (frequently course; slowly several months
+ APOL1 collapsing) * progressing CKD later
OVerexpression endothelial or nephrotic
tubuloreticular syndrome
inclusions
Genetic Mutation causing MCD, MesGN, Steroid-resistant RAS inhibitors Rare
structural or FSGS nephrotic
functional syndrome
abnormalities of
podocytes
Hyperfiltration- Adaptive changes FSGS (frequently Slowly progressive  RAS inhibitors Rare

mediated

due to excessive
nephron workload

perihilar) with
glomerulomegaly
and segmental
FPE

proteinuria without
edema and
hypoalbuminemia




Gene (Inheritance
Pattern)

Product

Clinical Manifestations

COL4A3/4/5
(AD, AR, XL)
NPHS1 (AR)
NPHS2 (AR)

WT1 (AD)

PLCET (AR)
LAMB2 (AR)
CD2AP (AD)
ACTN4 (AD)
TRPCE (AD)

INF2 (AD)

MT-TLT, MT-TL2, MT-TY
{mitochondrial)

LMX1B (AD)

ITGB4 (AR)
CD151 (AR)
SCARB2 (AR)

CUBN (AR}

COQ6 (AR)
MYHS (AD)

SMARCALT (AR)

Type IV collagen

Nephrin
Podocin
Wilms tumor 1

Phospholipase Cel
Laminin B2
CD2-associated protein
a-Actinin 4

Transient recepior potential
cation channel 6

Inverted formin 2

Mitochondral tRMNA

LIM homeobaox transcription
factor 1-p

B4 integrin
Tetraspanin CD151

Lysosomal integral membrane
protein 2

Cubilin: intrinsic factor-
cobalamin receptor

Coenzyme Q6
MNonmuscle myosin 11a

SMARCA-like protein

Alport syndrome: bilateral anterior lenticonus, dot-and-fleck
retinopathy, spherophakia, high-frequency sensorineural hearing loss

Early-onset SRNS
Early- or late-onset SRNS

Denys-Drash syndrome: Wilms tumor, male pseudohermaphroditism
Frasier syndrome: gonadoblastoma, male pseudohermaphroditism

Early-onset SRNS

Pierson syndrome: microcorna, neuromuscular junction defects
Early-onset SRNS

Early- or late-onset SRNS

Late-onset SRNS

Charcot-Marie-Tooth disease: motor and sensory nerve manifestations
with distal leg weakness, foot deformities (pes cavus, hammer toes),
late-onset SRNS

MELAS syndrome: mitochondrial myopathy, encephalopathy, lactic
acidosis, stroke-like episodes

Mail-patella syndrome: hypoplastic patella, dystrophic nails, dysplasia
of elbows
Collagenofibrotic glomerulopathy

Epidermolysis bullosa
Epidermolysis bullosa, sensorineural hearing loss, nail dystrophy
Action myoclonus-renal failure syndrome: ataxia, myoclonus

Megaloblastic anemia secondary to vitamin B, deficiency, SRNS

Sensorineural hearing loss

Bleeding diathesis, macrothrombocytopenia, progressive
sensorineural deafness, T liver enzyme, cataract

Schimke immune-osseous dysplasia

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; SRNS, stercid-resistant nephrotic syndrome; tRNA, transfer RNA; XL, X-linked.



Intrinsic factors

Extrinsic factors

Transcriptional regulators:
WT1, PAX-2, WTIP, LIM
homeobox transcription factor 1p

Alteration of slit diaphragm
complex: Nephrin, podocin,
CD2AP, FAT-1, FAT-2, Z0-1
Cytoskeletal abnormality:
ACTN-4 mutation

Luminal and abluminal
proteins: o-p dystroglycans,
podocalyxin, TRPCG

Cytoplasmic proteins: PLC=1
Mitochondria: tHNA mutation,
COC)2 mutation

Metabolic: Fabry's, SCARBZ/
LIMP-2

Extracellular matrix: LAMEBZ2

Infections: Circulating viral
protein, lipopolysaccharides

Toxic: Medication (pamidronate,
interferon), toxin (puromycin
aminonucleoside, adriamycin)

Lymphokine or other host
protein: IFN-a, IFN-p, FSGS
permeability factor, TGF-p

Mechanical: Obesity,
hyperfiltration, acute ischemia
associated with thrombotic

microangiopathy

Immunologic: Lupus, IgA
nephropathy, membranous
nephropathy

Metabolic: Diabetes
Miscellaneous: Stress induced
induction of CD80

WT1: Wilms tumor 1, WTIP: Wilms tumor 1 interacting protein, TGF-E: Transforming
growth factor beta, F32G3: Focal segmental glomerulosclerosis,
IFMN-a: Interferon-alpha, IFMN-B. Interferon-beta, PLGe1: Phospholipase Gel,
LAMBZ: Laminin beta 2, LIMP-2: Lysosomal integral membrane protein type 2,
TRHPGE: Transient receptor potential cation channel G, Z0-1: Zonula occludens 1



Histopathology based classification

1- MCD
2- FSGS
3- DMS
4- CG



Podocytopathies:
4 morphologic patterns of glomerular injury

Normal Segmental
Histology Sclerosis










Treatment response based classification

1-SSNS

2-SRNS

3-SD

4-FR

5-Infrequent relapse
6-Remission



Steroid-sensitive nephrotic syndrome (SSNS): nephrotic
syndrome that had remission with prednisone, 1 mg/kg, dailly or
2 mg/kg, every other day use within 4 mo

Steroid-resistant nephrotic syndrome (SRNS): nephrotic
syndrome that failed to achieve remission with prednisone, 1
mg/kg, daly or 2 mg/kg, every other day use for 4 mo

Steroid dependence (SD): 2 consecutive relapses during
steroid therapy or within 2 wk of ceasing therapy

Frequent relapse (FR): 22 relapses within 6 mo of initial
response or 4+ relapses within any 12-mo penod

Infrequent relapse: 1 relapse within 6 mo of initial response,
or 1-3 relapses in any 12-mo period and treated with steroids

Remission: reduction of proteinuria to < 3.5 g/d with stable
serum creatinine level (change < 25%)




v’ Adult podocytopathies may take up to 4 months to remit and therefore steroid resistance
should not be declared until after 4 months of steroid use.

v In adults, classification by steroid responsiveness is also used when describing
histopathologic diagnosis (eg, steroid-resistant FSGS) because classification by
pathogenesis is often not possible in the absence of genetic testing.

v Genetic podocytopathies always manifest as SRNS, but SRNS is not always due to a

genetic problem. For example, permeability-mediated podocytopathy may present as
SSNS or SRNS.

v In addition, SSNS can progress to SRNS, which may reflect progression from FSGS to
diffuse global glomerulosclerosis.




A substantial proportion of patients with SRNS may

have genetic podocytopathies or podocyte injuries
that cannot be reversed by immunosuppressive therapy.

The steroid-dependent and frequently relapsing nephrotic
phenotypes require alternative steroid sparing treatment to
reduce the adverse effects of long term glucocorticoid use.

CNI

RTX

Alkylating agents
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Nephrol Dial Transplant (2011) 26: 18-24
doi: 10,1093/ ndt/gfq617
Advance Access publication 11 October 2010
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The podocyte as a direct target of immunosuppressive agents

Eva Schénenberger', Jochen H. Ehrich?, Hermann Haller' and Mario Schiffer’



» The anti-inflammatory and immunosuppressive action of
glucocorticoids, calcineurin inhibitors and mTOR inhibitors may
only play a minor role in modulation of podocyte biology and
promotion of glomerular repair mechanisms.

» Instead, these drugs have direct effects on podocytes
through regulation of some cytokines and several signalling
pathways relevant for cytoskeletal stability, cell maturation and

survival.

» Furthermore, the expression and distribution of key
components of the slit diaphragm and the cytoskeleton are

regulated
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CNIs may have important beneficial effects for both the
podocyte cytoskeleton and podocyte viability.

These agents attenuate podocyte apoptosis as well as
promote a podocyte phenotype that is resistant to the
development of proteinuria.

The beneficial effects of CNIs may be mediated by mechanisms
that are independent of the immune system.

Given the potential role of CN In diverse glomerular diseases,

the use of CNIS might be useful for a broader range of kidney
disorders.




CN activation destabilizes the actin
cytoskeleton and causes podocyte apoptosis.
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fromtiers im OPINION ARTICLE
ENDOCRINOLOGY

published: 12 November 2014
doi: 10.3389/fendo.2014.00181

Non-immunologic actions of calcineurin inhibitors in
proteinuric kidney diseases

Robert Frank Spurney *
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Synaptopodin is dispensable for normal
podocyte homeostasis but is protective in the

context of acute podocyte injury

JOURNAL OF THE AMERICAN SOCIETY OF NEPHROLOGY

METHODS OUTCOME

A. Gene Editing

Cas9/gRNA L ADR treatment 2 150000 o Synpo -
X P Y B Synpo* .
Synpo gene — E1 I —ES— S 100000 -
S =
Cas9/gRNA g E 50000 - -
B. In vivo studies = =
< = o

Day 1 Day 3 Day 5 Day 7

The complete lack of synaptopodin caused no
obvious phenotype but resulted in increased
susceptibility to Adriamycin nephropathy.

Synpo "~ Synpo~

Urinalysis, BUN

EM, Histology Synpo*”- Synpo™

24 hour
3 : e = PR RhoA-GTP | »m——m | —
Adriamycin (ADR) injection —
to induce nephropathy Total RhoA | " | asmm——
C. In vitro studies Racl-GTP | = [N
actin stress fibers Total Racl | e —

Reduced active RhoA and increased

—— focal adhesions ' :
e S defici ffects st fibers. Th i i 1
> @ migration ynpo deficiency atiects stress fibers e absence of Synpo impairs cell motility. aciTe Racl i Smpos e
Primary podocytes GTPase activation

Conclusion doi: 10.1681/ASN.2020050572
Podocytes function normally in vivo in the absence of all Synpo isoforms.

Synpo plays a protective role in the context of podocyte injury through its
involvement in actin reorganization and focal adhesion dynamics.




Summary

v  The pivotal role of podocytes on proteinuria in many different forms of
glomerular diseases.

‘/The anti-inflammatory and immunosuppressive action of glucocorticoids,

calcineurin inhibitors and mTOR inhibitors may only play a minor role in modulation of
podocyte biology and promotion of glomerular repair mechanisms.

v Instead, these drugs have direct effects on podocytes through regulation of

some cytokines and several signaling pathways relevant for cytoskeletal stability, cell
maturation and survival.

v'CNIs may have important beneficial effects for both the podocyte cytoskeleton
and podocyte viability by mechanisms that are independent of the immune

system.

v'New therapies???



