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Introduction

Idiopathic nephrotic syndrome is characterized
by severe proteinuria, hypoalbuminemia, and/or
presence of edema. Whereas approximately 85%
of affected children achieve complete remission
of proteinuria upon corticosteroid treatment,
those who do not achieve remission are labeled
as having “steroid resistant nephrotic syndrome”
(SRNS). While details related to steroid sensi-
tive forms of nephrotic syndrome are discussed
in Chap. 14 of this book, our chapter will focus
on the epidemiology, diagnosis, treatment and
clinical outcomes of those children who fail to
enter clinical remission after treatment with
glucocorticoids.
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Definitions

The most important implication for a child given
the label of SRNS is that he or she is at increased
risk for both the development of disease compli-
cations as well as progression to chronic kidney
disease (CKD) and eventually end stage kidney
disease (ESKD). A major challenge of discussing
the multiple issues related to children with SRNS
is that its very definition has been standardized
within the pediatric nephrology community only
recently. In 2020, an IPNA expert committee
launched a set of clinical practice recommenda-
tions for SRNS in children and in 2021, KDIGO
published a clinical practice guideline for the
management of glomerular diseases including a
pediatric section [1, 2]. The two guidance docu-
ments provide the same uniform definitions of
SRNS and its subsets:

Steroid Resistant Nephrotic Syndrome
(SRNS): Children who fail to enter complete
clinical remission within 4 weeks of treatment
with prednisone or prednisolone at standard dose
[3,4].

It should be noted that several alternative defi-
nitions of SRNS have been used in the past, such
as failure to enter remission after 6 weeks of
daily oral prednisone, 4 weeks of daily followed
by 4 weeks of alternate day oral prednisone, or
4 weeks of daily oral prednisone followed by
three intravenous pulses of methylprednisolone
[5, 6]. It is hoped that the new definition will be

443

F. Schaefer, L. A. Greenbaum (eds.), Pediatric Kidney Disease,

https://doi.org/10.1007/978-3-031-11665-0_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-11665-0_14&domain=pdf
https://doi.org/10.1007/978-3-031-11665-0_14
mailto:rasheed.gbadegesin@duke.edu
mailto:keisha_gibson@med.unc.edu
mailto:KREIDY@montefiore.org
https://doi.org/10.1007/978-3-031-11665-0_14#DOI

444

R. Gbadegesin et al.

followed both in research settings and in routine
clinical practice. This will be a prerequisite to
compare the efficacy of established and novel
treatments for nephrotic syndrome.

Calcineurin inhibitor responsive SRNS:
Partial remission after 6 months of treatment and/
or complete remission after 12 months of treat-
ment with a CNI at adequate doses and/or levels.

Calcineurin inhibitor resistant SRNS:
Absence of at least partial remission after
6 months of treatment with a CNI at adequate
doses and/or levels.

Multidrug resistant SRNS: Absence of com-
plete remission after 12 months of treatment with
two mechanistically distinct steroid-sparing
agents at standard doses.

Secondary SRNS: A steroid sensitive
nephrotic syndrome patient at disease onset who
at subsequent relapse fails to achieve remission
after 4 weeks of therapy with daily prednisone or
prednisolone at standard dose. Emerging data in
the literature has drawn attention to this sub-
group of patients with NS [7]. A unique charac-
teristic of this group is that up to 80% of patients
in this subgroup who progress to ESKD will
develop recurrence of disease following kidney
transplantation [8, 9].

Epidemiology

The annual incidence of nephrotic syndrome in
most countries studied to date is ~1.2—-17.0 new
cases per 100,000 children [4, 10-14], and the
prevalence is ~16 cases per 100,000 children [4].
The incidence varies widely between countries
and different ethnicities [14]. In young children
there is a male preponderance, with a male to
female ratio of 2:1, although this gender disparity
completely disappears by adolescence [11, 15—
18]. Steroid resistant nephrotic syndrome (SRNS)
is seen in about 15-20% of all cases of childhood
nephrotic syndrome. Monogenic SRNS is
responsible for 10-30% of all SRNS. The higher
percentage is seen in the regions of the World
here in breeding is very high and also in popula-
tion where there are founder mutations. The most
common causes of monogenic autosomal SRNS

are mutations in nephrin (NPHSI), podocin
(NPHS?2), phospholipase ¢ epsilon 1 (PLCEI)
and nucleoporin genes. Majority of all cases of
autosomal dominant monogenic SRNS are due to
mutations in inverted formin2 (INF2), transient
receptor potential cation channel, subfamily C,
member 6 (TRPC6) actinin4 alpha (ACTN4), and
wilms tumor type 1 (WTT) genes.

The incidence of nephrotic syndrome has been
largely unchanged over the last 35 years, but the
histopathologic lesions associated with nephrotic
syndrome appear to be evolving. Some reports
from various countries suggest that the incidence
of focal segmental glomerulosclerosis (FSGS) is
increasing, even after correction for variations in
renal biopsy practices, and also assuming that
children who did not undergo a renal biopsy had
minimal change nephrotic syndrome (MCNS) [9,
15-18].

The histologic patterns and incidence of
nephrotic syndrome are also affected by ethnic-
ity and geographic location. For instance, idio-
pathic nephrotic syndrome in the United
Kingdom was found to be more common among
Asian children living in the UK and Canada com-
pared to European children [19, 20]. In contrast,
in Sub-Saharan Africa, idiopathic nephrotic syn-
drome occurs less commonly and disease is more
commonly due to infection-associated glomeru-
lar lesions [21-23]. In the US, nephrotic syn-
drome has a relatively higher incidence among
children of various ethnic backgrounds. A review
of children with nephrotic syndrome in Texas
reported that the distribution of children closely
resembled the ethnic composition of the sur-
rounding community [15]. These data in con-
junction with the data from African countries
suggests that the interaction of environmental
and genetic factors plays an important role in the
pathogenesis of nephrotic syndrome. Despite
this, race alone seems to have a clear correlation
with the histologic lesion associated with
nephrotic syndrome. Indeed, 47% of African
American children with nephrotic syndrome in
the above study were found to have FSGS, while
only 11% of Hispanic and 18% of Caucasian
children had this unfavorable pattern of injury
[15]. The genetic basis for the high prevalence of
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FSGS in people of African ancestry was estab-
lished in 2010 when homozygous or compound
heterozygous G1 and G2 genotype in the gene
encoding apolipoprotein 1 (APOLI) were shown
to confer ten times the odds of developing FSGS
in African Americans [24].

The age at presentation with nephrotic syn-
drome also has strong correlations with the fre-
quency of presentation, as well as the associated
renal histology. The most common age for pre-
sentation with nephrotic syndrome is 2 years, and
70-80% of all cases of nephrotic syndrome
develop in children <6 years of age [4, 10]. In
addition, children diagnosed prior to 6 years of
age comprised 80% of those with MCNS, com-
pared to 50% of those with FSGS, and only 2.6%
of those with MPGN [25]. When analyzed based
on renal histology, the median age at presentation
was 3 years for MCNS, 6 years for FSGS, and
10 years for MPGN [25]. Therefore, excluding
presentation in the first 12 months of life, these
data suggest that the likelihood of having MCNS
as a cause for nephrotic syndrome decreases with
increasing age, while the likelihood for having
the less favorable diagnoses of FSGS or MPGN
increases [25, 26].

The most common renal histologies seen in
children with SRNS are FSGS, MCNS, MPGN
and membranous nephropathy.

Additional variables associated with clinical
steroid responsiveness include ethnicity and geo-
graphic location. While 20% of children in
Western countries have steroid resistant nephrotic
syndrome, studies from Africa reported steroid
resistance in 50-90% of children with nephrotic
syndrome, with higher proportions of children
with steroid responsive disease in more affluent
and diverse urban centers [23, 27-29].

Histopathological Findings

SRNS is a heterogeneous clinical condition with
multiple etiologies. The histopathologic entities
that may cause SRNS vary in different series
depending on the age group and the population
being studied. However, in different series focus-
ing on children presenting after the first year of

Table 14.1 Pathologic findings in steroid resistant
nephrotic syndrome

South-

Asia® [25, South- Poland USAP

26] Africa [28] [27] [9, 12]
Histology n =326 n=183 n=34 n=253
MCD 38.4 36.1 5.9 454
FSGS 41.5 36.1 324 26.5
MESGN 14.1 8.1 55.8 10.3
MEMB 4.0 — - 1.2
MPGN 1.0 - 5.9 7.5
Others 1.0 19.7 - 9.1

2 Two studies one each from Pakistan and India [25, 26]

> Summary of two studies, some of the patients were diag-
nosed with frequent relapsing and steroid dependent NS
[9, 12]

life, the common pathologic variants associated
with SRNS include focal segmental glomerulo-
sclerosis (FSGS), membranous glomerulopathy,
membranoproliferative glomerulopathy (MPGN)),
and minimal change disease (MCD) [11, 15, 31—
34]. The majority of cases are due to disease on
the continuum between MCD and FSGS
(Table 14.1). Since the MCD/FSGS spectrum rep-
resents the most common pathologic variants of
SRNS, and since other chapters are devoted to
each of the other histologic variants, the rest of
this chapter will focus mainly on FSGS.

Focal Segmental Glomerulosclerosis
(FSGS)

FSGS is a pathologic finding that is characterized
by focal glomerulosclerosis or tuft collapse, seg-
mental hyalinosis, IgM deposits on immunofluo-
rescence staining, and podocyte foot process
effacement on electron microscopy [35]. In the
majority of children, it is characterized by SRNS
and progression to end-stage kidney disease
(ESKD) within 5-10 years of diagnosis [30]. It
was first described in kidney biopsies of adults
with nephrotic syndrome by Fahrin 1925, although
it was Rich who later made the observation that the
lesion of FSGS in children with nephrotic syn-
drome classically starts from the corticomedullary
junction before involving other parts of the renal
cortex [36, 37]. The observation of Rich is proba-
bly the explanation for why many cases of FSGS
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are initially misdiagnosed as MCD since early dis-
ease may be confined to the corticomedullary
junction. The incidence of FSGS is estimated at
seven per million people, and the incidence is
higher in blacks than whites and the rate of decline
in kidney function is also worse in blacks [38]. The
incidence of FSGS is increasing in all populations.
In a predominantly adult cohort, Kitiyakara et al.
reported an 11-fold increase among dialysis
patients over a 21 year period, and a similar pattern
was reported in a population-based study in the
USA [39, 40]. The most compelling pediatric data
to date is a metanalysis that examined over 1100
nephrotic patients over two time points. This study
demonstrated a twofold increase in the incidence
of FSGS in children [41]. The reason for the
increasing incidence is unknown, but possible
explanations include changing criteria in the selec-
tion of patients for kidney biopsy, better diagnostic
instruments, or changing environmental factors
such as infection-driven disease. For example,
patients with severe acute respiratory syndrome
due to coronavirus 2 (SARS-CoV-2) can develop
nephrotic syndrome with renal histology findings
of FSGS due to direct podocyte infection and or
cytokine production [42].

Clinical and Pathologic Classification
of FSGS

Until recently, FSGS was classified based on pre-
sumed causes. The etiology was unknown in
more than 80% of cases (primary or idiopathic
FSGS) and the remainder secondary to other dis-
ease processes such as infectious agents like hep-
atitis, HIV, toxic agents, ischemia, obesity and
other glomerulonephritides. A list of causes of
FSGS is shown in Table 14.2.

With the recent advances in genomic science,
hereditary causes of FSGS are increasingly being
recognized. Although this group is estimated to
be responsible for not more than 30% of all cases,
detailed studies of hereditary FSGS have shed
more light on the molecular pathogenesis of the
disease [43].

The morphological changes in kidney biop-
sies of patients with FSGS are heterogeneous. In

Table 14.2 Etiology of FSGS

Primary/idiopathic FSGS (80 % of all cases)
Familial FSGS
Infections
HIV infection
Hepatitis B and C
Cytomegalovirus
Epstein-Barr virus
Parvovirus B19
SARS-CoV-2 (COVID-19)
Drugs/toxic agents
Gold
Interferon-o
Lithium
Pamidronate
Mercury
Heroin
Hyperfiltration
Obesity
Bilateral or unilateral renal dysplasia
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

Table 14.3 Outcome of FSGS histologic subtypes in the
NIH-sponsored FSGS trial [21]

FSGS Frequency (%) % with ESKD at
subtypes n=138 3 years

NOS 68 20

Collapsing 12 47

Tip 10 7

Perihilar 7 Number too small
Cellular 3 Number too small

order to standardize the pathological diagnosis
of FSGS and relate histologic findings to clinical
course, the Columbia classification of FSGS was
proposed [44]. In this classification schema, five
patterns of FSGS have been proposed including:
(1) FSGS not otherwise specified (NOS), (2)
Perihilar variant, (3) Cellular variant, (4) Tip
variant, and (5) Collapsing variant (Table 14.3
and Fig. 14.1). The clinical significance of the
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Fig. 14.1 Columbia classification of FSGS: FSGS NOS:
(a) Low power magnification showing segmental sclerosis
in two glomeruli. Lesions are characterized by increased
matrix and obliteration of the capillary lumen. Distribution
of lesions within the tuft is variable. (b) PAS staining at
higher magnification showing obliteration of glomerular
tuft by increased matrix and hyaline deposit. Sclerosed
segments form adhesions to Bowman’s capsule, note that
there is no podocyte hypertrophy or hyperplasia. FSGS
perihilar variant: (¢) Low power examination showing
segmental sclerosis affecting the vascular pole in one of
three glomeruli. The lesion shows increased sclerosis and
hyalinosis and there is adhesion of the sclerotic segment
to the Bowman’s capsule in the vascular pole region. (d)
Higher magnification of C showing increased sclerosis
and glassy hyalinosis deposited in the vascular pole seg-
ment of the tuft. FSGS cellular variant: (e) The glomeru-
lus in this image shows endocapillary hypercellularity.
The involved segments are engorged with endocapillary
cells including mononuclear leukocytes. (f) Further dem-

onstration of numerous endocapillary leukocytes mimick-
ing endocapillary glomerulonephritis. In addition there is
hypertrophy and hyperplasia of overlying podocytes.
FSGS tip variant: (g) Low power view shows a segmental
lesion involving the tip domain at the origin of the tubular
pole. (h) Higher magnification of the lesion in G showing
endocapillary foam cells and adhesion of the sclerotic
segment to Bowman’s capsule at the mouth of the proxi-
mal tubule. FSGS collapsing variant: (i) Low power mag-
nification shows four glomeruli with global collapse of
the tuft and podocyte hypertrophy and hyperplasia with
tubular degenerative changes. (j) High power magnifica-
tion shows global occlusion of capillary lumina by implo-
sive collapse of the glomerular basement membranes.
There is no significant increase in intracapillary cells or
matrix. Overlying podocytes form a cellular corona over
the collapsed tuft. Some of the enlarged podocytes appear
binucleated and have lost their cohesion to the tuft.
(Adapted with permission from reference [44])
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variants is still being studied. In a cohort of
adults with FSGS, it was reported that collapsing
FSGS had the highest rate of renal insufficiency
at presentation and worst long term outcome
[45]. The most comprehensive prospective report
of the clinical significance of the classification in
children comes from the analysis of the kidney
biopsies from the patient cohort in the NIH spon-
sored FSGS trial [46]. In this study FSGS NOS
was the most common variant, being responsible
for 68% of all cases, with collapsing, tip, perihi-
lar and cellular variants responsible for 12%,
10%, 7% and 3%, respectively. Patients with col-
lapsing FSGS were more likely to be black and
to have nephrotic syndrome with renal impair-
ment at presentation, compared to patients with
NOS and tip variants [46]. Furthermore, globally
sclerotic changes were found more commonly in
the NOS variant while segmental sclerosis, tubu-
lar atrophy and interstitial fibrosis were found
more commonly in collapsing FSGS [46]. At the
end of 3 years follow up, 47% of patients with
collapsing FSGS were in ESKD compared with
20% and 7% for the NOS and tip variants,
respectively [46] (Table 14.3). These findings
were confirmed in a study of 201 Japanese FSGS
patients [47].

Integrated molecular and morphologic
classification: Emerging data is recognizing the
fact that FSGS and related morphologic descrip-
tions such as diffuse mesangial sclerosis and
minimal change disease are non-specific diag-
noses but morphologic changes resulting from
multiple injuries to the podocyte [48]. It is now
proposed that these morphologic entities should
be called podocytopathies [49]. The advan-
tages of looking at FSGS and the other morpho-
logic patterns as podocytopathies are (1)
focusing on a cell that is central to pathogenesis
and therefore a target for biochemical analysis
and cellular therapy, (2) facilitating identifica-
tion of other cellular lineage that may be work-
ing in concert with the podocyte to preserve the
function and the integrity of the GFB, and (3)
enabling clinical work-up focusing on identify-
ing causes or risk factors for podocyte injury
and therefore more informed prognosis and per-
sonalized therapy [48].

Pathogenesis

The hallmark of nephrotic syndrome is glomeru-
lar proteinuria [48]. While there are other causes
of proteinuria, proteinuria in nephrotic syndrome
results from leakage of protein through the glo-
merular filtration barrier (GFB). The GFB is
composed of three layers: podocyte (glomerular
epithelial cell), glomerular basement membrane,
and fenestrated endothelium (Fig. 14.2) [24, 48—
108]. Defects in any of the three layers can result
in proteinuria [107, 108].

Hereditary and Monogenic Forms
of SRNS

Over the past 20 years, investigations of inherited
forms of nephrotic syndrome led to recognition
of the importance of the podocyte in the patho-
genesis of SRNS [24, 48—110]. The majority of

Fig. 14.2 Electron micrograph of the components of the
glomerular filtration barrier. During normal glomerular
filtration, plasma water is filtered from the glomerular
capillary lumen (asterisk) through the fenestrated endo-
thelial cell layer (arrowheads), then across the glomerular
basement membrane (GBM) and through the slit dia-
phragms (small arrows) which bridge the filtration slits
between adjacent podocyte foot processes (large arrows)
and finally into the urinary space (star) where it enters the
lumen of the proximal tubule. These podocyte foot pro-
cesses are normally tall and evenly-spaced along the
GBM, but during nephrotic syndrome they become spread
out along the GBM, with apical displacement of the slit
diaphragms. The layer of negatively-charged glycocalyx
can be seen in this image as a blurry coating on the apical
surfaces of the podocyte foot processes. (Adapted with
permission from reference [50])
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monogenic causes of SRNS affect the structure
and function of the podocyte [24, 48—110]. The
podocyte is a terminally differentiated epithelial
cell with limited ability to regenerate [111]. The
prominence of the podocyte in the pathophysiol-
ogy of SRNS is highlighted by the fact that most
common causes of monogenic NS are genes with
preferential or selective expression in the
podocyte.

Table 14.4 Genetic causes of FSGS and SRNS

In a large cohort of patients with SRNS, the
top six monogenic causes of SRNS were NPHS2
(encodes podocin), NPHSI (encodes nephrin),
PLCE] (encodes phospholipase C epsilon 1),
WT-1 (encodes Wilms tumor 1), LAMB2 (encodes
laminin beta 2) and SMARCAL (encodes SW/
SNF?2 related, matrix associated, actin dependent
regulator of chromatin, subfamily a-like 1)
(Fig. 14.4 and Table 14.4) [112, 113]. Beyond

Mode of
Gene Protein Inheritance
Slit diaphragm genes
NPHS1 Nephrin AR
NPHS2 Podocin AR
PLCEI Phospholipase C epsilon 1 AR
CD2AP CD2-associated protein AD, AR
TRPC6 Transient receptor potential channel C6 AD
CRB2 Crumbs family member 2 AR
FATI FAT atypical cadherin AR
KIRRELI kirre like nephrin family adhesion molecule 1 AR
Transcription factors and nuclear genes
WT1 Wilm’s tumor protein 1 AD
LMXIB LIM homeobox transcription factor 1-beta AD
SMARCLI SMARCA-like protein AR
NUP93 Nuclear pore complex protein 93 AR
NUPI107 Nuclear pore complex protein 107 AR
NUP205 Nuclear pore complex protein 205 AR
NUP160 Nuclear pore complex protein 160 AR
NUPS5 Nuclear pore complex protein 85 AR
NUPI133 Nuclear pore complex protein 133 AR
XPOS5 Exportin 5 AR
E2F3 E2F transcription factor AD
NXF5 Nuclear RNA export Factor 5 X-linked recessive
PAX2 Paired box protein 2 AD
LMNA Lamin A and C AD
WDR?73 WD repeat domain 73 AR
Cytoskeletal and membrane genes
ACTN4 Alpha-actinin 4 AD
INF2 Inverted formin 2 AD
MYOIE Myosin 1E AR
MAGI2 Membrane Associated Guanylate kinase, inverted 2 AR
ANLN Anillin actin binding protein AD
PTPRO Protein-tyrosine phosphatase-R O AR
EMP2 Epithelial membrane protein 2 AR
CUBN Cubilin AR
PODXL Podocalyxin AR, AD
ARHGAP24 Rho GTPase-activating protein 24 AD
ARHGDIA Rho GDP dissociation inhibitor alpha AR

(continued)
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Table 14.4 (continued)

Mode of
Gene Protein Inheritance
DAAM?2 Dishevelled associated activator of morphogenesis 2 AR
SYNPO Synaptopodin AD
SYNPO?2 (Also localized to Synaptopodin 2 AR
mesangial cells)
DLCI Deleted in liver cancer 1 AR
KANK 1/2/4 Kidney ankyrin repeat-containing protein AR
ITSN1/2 Intersectin protein AR
CDK20 Cyclin-dependent kinase 20 AR
NOSIAP Nitric oxide synthase 1 adaptor protein AR
Mitochondrial, lysosomal, metabolic, and cytosolic genes
CoQ2 Coenzyme Q2 4-hyroxybenzoate polyprenyl transferase AR
COQ6 Coenzyme Q6 monooxygenase AR
PDSS2 Prenyl-diphosphate synthase subunit 2 AR
ADCK4 AarF domain containing kinase 4 AR
SCARB2 Scavenger receptor class B, member 2 AR
PMM?2 Phosphomannomutase 2 AR
ALGI Asparagine-linked glycosylation 1 AR
TTC21B Tetratricopeptide repeat protein 21B AR
CDK20 Cyclin-dependent kinase 20 AR
CFH Complement factor H AR
DGKE Diacylglycerol kinase epsilon AR
Glomerular basement membrane genes
LAMB?2 Laminin subunit beta-2 AR
ITGB4 Integrin beta 4 AR
ITGA3 Integrin alpha 3 AR
COLAA 3/4/5 Type IV collagen alpha 3,4,5 AR, AD, X-linked
Endosomal regulator genes
GAPVDI GTPase Activating Protein And VPS9 Domains 1 AR
ANKFYI Ankyrin Repeat And FYVE Domain Containing 1 AR

these top six monogenic causes of SRNS, patho-
genic variants have been identified in over 60
genes in patients with SRNS (Table 14.4). Recent
large cohort studies revealed that altogether
20-30% of sporadic childhood onset SRNS may
be due to single gene defects [112—115]. In ani-
mal models, including transgenic mice and
zebrafish, most identified single gene causes of
SRNS result in podocyte dysfunction.
Mechanisms of podocyte dysfunction include:
(1) slit diaphragm abnormalities (CD2AP,
NPHS1, NPHS2, and FATI) (2) impaired podo-
cyte actin cytoskeleton regulation and/or adhe-
sion to the glomerular basement membrane
(ACTN4, ANLN, ARHGAP24, INF2, SMARCAL
and TRPCO6); (3) defective podocyte differentia-
tion (PLCEI and WTI), (4) mitochondrial dys-
function (ADCK4, COQ2, COQ6, COQ8B and

tRNA (Leu)) and (5) nuclear pore dysfunction
(NUP94, NUP107, NUPI160), Table 14.4 [48,
116-118].

Beyond the podocyte, pathogenic variants in
genes encoding for key molecular components
of the glomerular basement membrane are
increasingly being recognized as monogenic
causes of SRNS. These include COL4A3 and
COLA4A4, which encode for type 4 collagen of
the GBM, and LAMAS5 and LAMB?2, forming
laminin LM-521; a5p2y1 that is a key compo-
nent of the glomerular basement membrane.
While COL4A3 and COL4A4 mutations typi-
cally present with the more classic phenotype of
Alport syndrome (see Chap. 16), they may also
phenocopy FSGS and present with SRNS [119,
120]. Further discussion of monogenic SRNS
can be found in Chap. 15.
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Common Gene Variants Associated
with SRNS/FSGS

In addition to monogenic causes of SRNS, com-
mon variants in the gene encoding for apolipopro-
tein L1 (APOLI) are associated with FSGS [24,
122]. APOLI contributes to innate immunity and
protection against Trypanosoma, the cause of
African sleeping sickness. The APOLI protein
forms a channel that contributes to Trypansomal
lysis. Two common variants (known as G1 [2 sin-
gle nucleotide polymorphisms S342G and [384M]
and G2 [a 6 base pair deletion (p.NYK388K] are
common in people of West African descent and
are associated with protection against resistant
Trypanosoma brucei rhodesiense and gambiense.
However, carriage of any combination of APOLI
high risk genotype defined as homozygous or
compound heterozygous G1/G2 genotypes: (G1/
Gl; G1/G2; or G2/G2) are associated with
increased risk for kidney disease [123]. In chil-
dren of African descent with SRNS, prevalence of
APOLI highrisk genotype may be as high as 40%
[124, 125]. The mechanisms of APOLI related
kidney disease continue to be a focus of ongoing
investigations. The prevalence of high risk geno-
type is about 14% in African Americans, however
less than 25% of individuals with these high risk
genotypes will develop kidney disease suggesting
that genetic and environmental second hits may
be needed for phenotypic manifestations.
Increased podocyte APOLI1 expression with
enhanced inflammatory signaling may be one
such second hit [126, 127]. Other pathways impli-
cated in APOL1 related kidney disease include
podocyte lipid and mitochondrial dysfunction and
alterations in ion channel functions [126, 128,
129]. Interestingly APOLI high risk genotype is
also associated with increased susceptibility to
infection related nephropathy, including HIV and
COVID-19 nephropathy [130, 131].

Circulating Factors

Beyond genetic factors, a major mechanism of
idiopathic SRNS is the presence of a circulating
pathogenic factor or absence of factors that pre-
vent proteinuria [132]. Evidence supporting the

role of circulating factors includes the recurrence
of FSGS post-transplant that is amenable to treat-
ment with plasmapheresis and immunosuppres-
sion in some patients [133]. In addition,
administration of plasma from FSGS patients
alters glomerular and podocyte morphology in
vitro [134]. Despite extensive efforts, a single cir-
culating factor has not been identified to date.
Several candidate factors have been proposed;
one of these is sUPAR, the soluble urokinase
receptor, which was shown to be elevated post
FSGS recurrence and induced proteinuria in a
mouse model of FSGS [135]. However, addi-
tional studies failed to confirm sUPAR as the cir-
culating factor, although its role in disease
progression remains the subject of ongoing
investigations [133]. Other circulating factors
that have been implicated include cardiotrophin-
like cytokine factor-1 (CLCF-1), CD40 antibod-
ies, and apolipoprotein A-Ib (ApoA-Ib) [133].
CLCF-1 is a cytokine that functions in B-cell
stimulation. CD40 is a costimulatory protein
expressed on immune cells. Elevated CLCF1 lev-
els and anti-CD40 antibodies were identified in
sera from patients with recurrent FSGS [136].
Application of CLCF1 or anti-CD40 antibodies
to cultured podocytes induced actin cytoskeleton
alterations [136]. ApoA-1 is a circulating compo-
nent of the HDL complex; The ApolA-1b variant
was identified by urine proteomics studies as
increased in patients with recurrent FSGS [137].

Podocyte Endowment, Loss,
Regeneration and Glomerulosclerosis

Glomerulosclerosis is the most common patho-
logic finding underlying SRNS. Regardless of the
initial factor, podocyte damage and loss is key to
development of the lesions of glomerulosclerosis
[138]. The mechanisms by which podocyte dam-
age evolves into the pathological appearance seen
in FSGS have been studied extensively in murine
models of FSGS [73]. The initial defect appears to
be a reduction in podocyte number and the inabil-
ity of podocytes to completely cover the glomeru-
lar tufts. The reduction in podocyte density causes
the loss of separation between the glomerular tuft
and Bowman’s capsule, leading to the formation
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of synechiae or adhesions between the tuft and the
Bowman’s capsule [73]. The perfused capillaries
lacking podocytes at the site of tuft adhesion then
deliver their filtrate into the interstitium instead of
Bowman’s space (Fig. 14.3) [73]. This misdi-
rected filtration through capillaries lacking podo-

Fig. 14.3 Kriz’s misdirected filtration hypothesis of
evolving FSGS lesion: The glomerular basement mem-
brane (GBM) is shown in black, podocytes are densely
stippled, parietal epithelial cells are less densely stippled
and interstitial as well as endothelial cells are loosely
stippled, mesangial cells are hatched. The tuft adhesion
contains several collapsed capillary loops. It also contains
a perfused loop, which is partially hyalinized. The filtrate
of this loop is delivered into a paraglomerular space that is
separated from the interstitium by a layer of fibroblasts.
This newly created space extends onto the outer aspect of
the tubule by expanding and/or separating the tubular
basement membrane from its epithelium. (Reproduced
with permission from reference [73])

cytes leads to progression of segmental injury,
tubular degeneration and interstitial fibrosis [73].
Further evidence for the role of podocytopenia in
the pathogenesis of FSGS was shown using a rat
model of diphtheria toxin-induced podocyte
depletion in which the extent of podocyte loss is
regulated [74]. In this model, mild podocyte loss
resulted in hypertrophy of the remaining podo-
cytes to cover the glomerular basement mem-
brane. However, with moderate to severe depletion
FSGS and global sclerosis developed; 30—40% of
podocyte loss appear to be sufficient to drive pro-
gressive glomerulosclerosis [74].

Diagnostic Evaluation
Patient and Family History

In patients diagnosed with SRNS, the medical
history should be explored for potential secondary
causes of the disease such as sickle cell disease,
HIV, SLE, as well as recent hepatitis B, malaria
or parvovirus B19 infections. Family history
should be assessed for other family members
affected by nephrotic syndrome and/or chronic
kidney disease, and parental consanguinity
should be checked.

Clinical Assessment

The clinical evaluation of children with SRNS
should include an assessment of fluid status, as
well as careful exploration of extrarenal disease
features such as dysmorphic features, ambiguous
genitalia, skeletal, skin, ocular, hearing and neu-
rological abnormalities. Any abnormalities
should prompt further diagnostic evaluation.

Laboratory Workup

Proteinuria should be quantitated by measuring
the urinary protein:creatinine ratio (uPCR) in
spot urine or 24-h protein excretion. Urine dip-
stick is not considered sufficient to make the
diagnosis or monitor treatment responsiveness in
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SRNS. Basic chemistries including serum creati-
nine, serum albumin, a complete blood count, a
lipid profile and coagulation testing are important
for estimating renal function, confirming the
presence or absence of overt nephrosis, and eval-
uating the risk for disease complications.

SRNS patients require a diligent effort to rule
out secondary disease processes. Tests for sys-
temic autoimmune disorders, including antinu-
clear antibody (ANA), anti-double stranded
DNA (anti-dsDNA) antibodies, ANCA, and com-
plement C3 levels should be performed and test-
ing for hepatitis B and C, HI'V, malaria, parvovirus
B19 and depending on geographic area and eth-
nicity, sickle cell disease, tuberculosis, and even
syphilis may be indicated.

Genetic Testing

Genetic screening is emerging as a critically
important clinical tool in the management of
children with SRNS. Identification or exclusion
of pathogenic gene variants potentially allows for
(1) a rational approach to the use of immunosup-
pressive agents and avoidance of side effects; (2)
selection of targeted therapies that may induce
remission and/or delay progression to ESKD
(e.g., COQI10 supplementation in patients with
hereditary COQ10 deficiency; (3) prediction of
clinical course and risk of post-transplant disease
recurrence; (4) avoidance of kidney biopsy; and
(5) genetic counseling and possible prenatal
screening [139]. In view of these considerations,
the IPNA SRNS guideline recommends genetic
testing for all children as soon as the diagnosis of
primary SRNS is established [1]. When consid-
ered later in the course of the disease, genetic
screening is not indicated in patients who have
responded to intensified immunosuppressive
therapy and in patients with secondary SRNS.

Kidney Biopsy
Kidney biopsy allows the confirmation of a pri-

mary podocytopathy (MCD, FSGS, or DMS) and
the exclusion of other differential diagnoses such

as membranous nephropathy or MPGN. Biopsy
is therefore indicated in all children with SRNS
except in those with an established monogenic
cause of SRNS, potentially in familial and/or
syndromic cases, and in patients with known sec-
ondary SRNS due to infection or malignancy.
Even in suspected or confirmed hereditary forms
of SRNS, kidney biopsy may sometimes be indi-
cated, particularly in patients with CKD stage 2
and higher, to grade the amount of tubular atro-
phy, interstitial fibrosis and glomerulosclerosis as
prognostic markers [32, 33].

Management

The IPNA SRNS Clinical Practice Recommen-
dation contains a refined algorithm for the man-
agement of SRNS in children (Fig. 14.4). We will
describe and explain the rationale for the pre-
ferred therapeutic approaches along the lines of
this recommendation.

Confirmation Period

When the diagnosis of SRNS is established after
4 weeks of standardized oral corticosteroid ther-
apy, it is suggested to utilize a 2- to 3-week period
to further confirm and elaborate the diagnosis
before starting new immunosuppressive thera-
pies other than steroids. During this period,
genetic testing should be initiated and a kidney
biopsy performed, oral prednisone therapy con-
tinued and/or three intravenous steroid pulses
may be optionally performed. Importantly, renin-
angiotensin system (RAS) blockade should be
implemented by up-titrating an angiotensin con-
verting enzyme (ACE) inhibitor or angiotensin
receptor blocker (ARB) to full antiproteinuric
efficacy. It is essential to measure proteinuria at
the end of this period to avoid confounding the
antiproteinuric effect of RAS blockade with that
of any subsequent immunomodulatory therapies.
If genetic screening reveals a monogenic form of
SRNS, RAS blockade should be continued at the
maximally effective dose, steroid therapy discon-
tinued and no alternative immunosuppressive
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Fig. 14.4 IPNA clinical practice recommendation for management of SRNS in children (Reproduced from [1] with

permission)

therapies should be started (or stopped if already
started) in order to avoid a futile, potentially toxic
treatment.

Therapeutic Pathway

If no genetic disorder is identified, a calcineurin
inhibitor (CNI, tacrolimus or cyclosporin A)
should be started, the RAS blocker continued at
unchanged dose, and oral prednisone weaned over
4-5 months. The response to calcineurin inhibi-
tion should be evaluated after 6 months of treat-
ment. If complete remission has been achieved,
the patient can be classified as CNI-responsive
SRNS. In this case, the CNI dose should be mini-
mized and optionally supplemented by MMF. In

case of persistent remission, the CNI should be
stopped after 12-24 months, optionally continu-
ing or switching to MMF monotherapy. If partial
remission is achieved at 6 months, treatment
should be continued for a total of 12 months. If
complete remission does not occur, the CNI
should be discontinued and the patient should
receive the diagnosis CNI-resistant SRNS. In
these patients, a B-cell depleting monoclonal
antibody (e.g. Rituximab) can be tried. If this
treatment does not yield full remission, the
patient should receive the diagnosis multidrug-
resistant SRNS. Children with CNI-resistant or
multidrug-resistant SRNS are candidates for clin-
ical trials and experimental extracorporeal rescue
therapies, such as plasma exchange, immunoad-
sorption and lipid apheresis.
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Pharmacotherapies

In the following, we describe the evidence base
supporting the use of antiproteinuric and immu-
nosuppressive pharmacotherapies in the thera-
peutic pathway above. It should be emphasized
that due to the rarity of the disease, randomized
trial evidence for any of the drugs is scarce or
absent. Generally, the apparent efficacy of all of
the immunosuppressive agents is lower in SRNS
compared to those with frequently relapsing or
steroid sensitive nephrotic syndrome [140, 141].
However, most previous treatment studies did not
identify and exclude patients with genetic forms
of SRNS who are highly unlikely to respond to
immunosuppressive treatment. Since these cases
comprise up to 30% of SRNS cases, most trial
results must be considered substantially con-
founded. Finally, spontaneous remission of
SRNS can occur and may explain some occa-
sional responses of largely ineffective therapies.

RAS Blockade

Several controlled and non-controlled clinical
studies have demonstrated the antiproteinuric
efficacy of ACE inhibitors and angiotensin-
receptor blockers (ARBs) in adults and children
with glomerular diseases [142—148]. The anti-
proteinuric effects of ACEIs and ARBs are due to
their ability to reduce glomerular capillary
plasma flow rate, decrease transcapillary hydrau-
lic pressure, and alter the permselectivity of the
glomerular filtration barrier. On average, RAS
blockers reduce proteinuria by approximately
30% in children with SRNS [149], although even
complete remissions have been reported [150].
ACEIs and ARBS should be administered at the
maximum approved and tolerated dosages since
proteinuria reduction is dose dependent.
However, the use of RAS blockers may increase
the risk for AKI in patients with intravascular
volume depletion [151]. Combined treatment
with ACEi and ARBs is not recommended as it
increases the risk for adverse events [152]. ACE
inhibitor therapy may lead to a phenomenon

known as ‘aldosterone escape’ with a long-term
increase in plasma aldosterone levels. The addi-
tion of aldosterone blockade with ACE inhibition
reduces urine protein excretion by 30-58% in
patients with both diabetic and non-diabetic pro-
teinuria [153]. The long-term safety of this form
of combined RAS blockade remains to be
elucidated.

Calcineurin Inhibition

Several randomized trials have suggested
improved complete or partial remission rates in
patients with SRNS when treated with cyclospo-
rine compared with placebo, no treatment, or
intravenous methylprednisolone pulses (~75%
vs. 22%) [154-158].

Out of 433 children with primary SRNS in the
PodoNet registry treated with CsA or Tacrolimus
in the year following diagnosis, 30% achieved
complete and 19% partial remission [159]. CsA
and tacrolimus show similar efficacy in inducing
remission [160].

In addition to immunomodulation, anti-
proteinuric effects of the calcineurin inhibitors
may in part be mediated by hemodynamic effects
that reduce renal blood flow [161]. In addition,
calcineurin inhibitors may reduce proteinuria by
inhibition of calcineurin-mediated degradation of
synaptopodin and stabilization of the podocyte
actin cytoskeleton [162, 163].

While CNIs are generally not recommended
in patients with reduced eGFR due to their neph-
rotoxic effects, their use may be justified in SRNS
patients with CKD and no other option for dis-
ease control [162]. CsA and tacrolimus have
similar nephrotoxicity, but gingival hyperplasia
and hypertrichosis are more prevalent with CSA
and glucose intolerance occurs more frequently
with tacrolimus (Table 14.5).

Mycophenolate-Mofetil (MMF)

The efficacy of MMF in inducing or maintaining
remission in children with SRNS has not been
demonstrated against placebo or no treatment in
randomized clinical trials.
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Table 14.5 Treatment options for steroid resistant nephrotic syndrome

Efficacy

Drug Evidence Toxicity

ACE Inhibitors/ Good May lower eGFR

ARBs Teratogenicity

IV Corticosteroids ~ Good Weight gain
Hypertension
Glucose intolerance
Hyperlipidemia
Striae

Cyclosporine Good Nephrotoxicity
Hypertension
Gingival hyperplasia

Tacrolimus Good Nephrotoxicity
Hypertension
Glucose Intolerance

Mycophenolate Mixed GI intolerance

Mofetil Teratogenicity

Rituximab Mixed Infections

Hypogammaglobulinemia

Long-term effects
unknown

In a multicenter randomized trial of 192 chil-
dren and young adults with steroid resistant
FSGS, MMF in combination with dexametha-
sone was similarly effective as CsA (33% vs.
46%] and the rates of adverse events were similar
[163]. MMEF was less effective than tacrolimus in
maintaining remission (45% vs. 90%) [164]. In
the PodoNet registry, MMF therapy was associ-
ated with complete or partial remission in only 4
of 24 cases (17%) [159]. CNI/MMF co-treatment
yielded full remission in four and partial remis-
sion in 10 of 34 patients, i.e. not different from
CNI monotherapy [159].

B-Cell Depleting Agents

Rituximab is a chimeric monoclonal antibody
directed against CD20. Rituximab-induced
B-lymphocyte depletion may act on proteinuria
in nephrotic syndrome by inducing regulatory T
lymphocytes, as has been observed in patients
with lupus nephritis [164]. Experimental find-
ings suggest that Rituximab may also directly
protect podocytes by stabilizing the podocyte
cytoskeleton and preventing apoptosis through
an interaction with the sphingomyelin phospho-
diesterase acid-like 3b protein that is expressed
in podocytes [165].

Benefit
Slowed progression of CKD

May ensure achieving therapeutic drug levels.

May only require low dose

May only require low dose

No nephrotoxicity

May enable discontinuation of daily
immunosuppressive medications

In a retrospective review of 33 patients with
SRNS treated with two to four doses of intrave-
nous rituximab, and followed for >12 months, 9
(27%) patients with SRNS showed complete
remission, 7 (21%) had partial remission, and 17
(52%) had no response after 6 months of
observation [166]. A similar response pattern was
reported from a randomized trial in Korean chil-
dren and in 66 children followed in the PodoNet
registry [159, 167]. However, in an open-label,
controlled trial that randomized 31 children with
SRNS to either receive rituximab or continue
prednisone and calcineurin inhibitors, no sub-
jects in either arm achieved significant reduction
of proteinuria. Hence, the efficacy of rituximab in
the treatment of SRNS is unclear and there is a
need for a randomized control trial [168].

More recently, case reports suggested that
Ofatumumab (OFA), a fully humanized anti-
CD20 monoclonal antibody, may be useful in
inducing remission in patients with hypersensi-
tivity reaction to rituximab or in children who
are resistant to multiple immunomodulators
including rituximab [169, 170]. However, a
recent low-dose ofatumumab randomized pla-
cebo-controlled trial was prematurely terminated
because the first 13 patients (25% of targeted
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enrollment) did not respond to the treatment
[171]. Meanwhile, Ofatumumab has been with-
drawn from the market.

Newer Therapies and Ongoing
Clinical Trials

For children with CNI-resistant SRNS, consider-
ation for entry into clinical trials evaluating novel
therapies on the horizon should be strongly
considered.

The FONT2 study (Novel Therapies in the
Treatment of Resistant FSGS) aimed to compare
novel therapies in patients with FSGS that have
failed standard immunosuppressive therapies
with conservative management [172]. In vitro
studies have documented decreases in glomerular
permeability when isolated glomeruli were incu-
bated with galactose-containing sera [173]. The
proposed mechanism suggests galactose may
bind a glomerular permeability factor thus ren-
dering it ineffective. Another proposed mecha-
nism for proteinuria in patients with SRNS
implicate Tumor Necrosis Factor-alpha (TNF-a),
a pro-inflammatory cytokine that is important in
the recruitment of leukocytes to the site of glo-
merular injury, induction of cytokines and growth
factors, generation of oxygen radicals with
increased glomerular endothelial cell permeabil-
ity, cytotoxicity, and induction of apoptosis. In
the FONT?2 trial, 21 patients were randomized to
one of the three study arms to receive the TNF-a
antibody adalimumab, galactose, or standard
medical therapy for 26 weeks. None of the
adalimumab-treated subjects achieved the pri-
mary outcome of >50% reduction in proteinuria,
whereas two subjects in the galactose and two in
the standard medical therapy arm had a 50%
reduction in proteinuria without a decline in
eGFR, suggesting that some patients may benefit
from treatment with oral galactose [173].

ACTH (Adrenocorticotropic Hormone) was
the therapy of choice for children with nephrotic
syndrome in the 1950s before corticosteroids

became widely available [174, 175]. The devel-
opment of an ACTH analog has made this ther-
apy available once again as a second line agent in
the treatment of SRNS. The largest published
series to date by Hogan et.al reports a cumulative
remission rate of 29% in 24 patients with SRNS
and SDNS treated with subcutaneous ACTH
[176]. In a recent systematic review that included
98 patients with FSGS, 42% achieved remission
following treatment with ACTH. However, it
should be noted that the population comprised
frequently relapsing, steroid dependent, and ste-
roid resistant patients [177].

Sparsentan, a dual endothelin and ARB was
found to decrease proteinuria by 45% vs. 19%
in a phase 2 randomized double-blind trial of
those treated only with irbesartan with no differ-
ences in serious adverse events between the
groups [178]. A phase-3 multicenter trial is in
progress.

A small post-approval study for low-density
lipoprotein (LDL) apheresis for children with
CNI-resistant SRNS has shown increased treat-
ment responsiveness and improved or stable
eGFR over the follow-up period, it should be
noted that this was not a randomized control
trial [179].

Common variants in APOL1 gene termed G1
and G2 account for a significant proportion of
the excess risk of progressive kidney disease in
individuals of recent African ancestry with an
estimated lifetime risk of kidney disease in 15%
in those with a high-risk genotype [180, 181].
Novel APOL1 inhibitors are currently in clini-
cal development. A Phase II trial investigating
the APOL1 inhibitor VX-147 has started recruit-
ment [182]. Antisense oligonucleotides are
short, synthetic, modified chains of nucleotides
that bind to the target mRNA, inducing its degra-
dation and preventing the mRNA from being
translated into a detrimental protein product.
Preclinical studies with antisense oligonucle-
otides are showing promise as a novel therapeu-
tic approach for APOL1 associated nephropathy
[183, 184].
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Treatment of Monogenic SRNS

Increased availability of genetic testing for chil-
dren with SRNS has enabled the development of
more personalized treatment decisions. The clin-
ical value of genetic testing in SRNS is illus-
trated by our ability to make decisions on the
intensity and duration of immunosuppression, as
well as pre- and post-transplant management
based on genomic findings [8, 9, 185, 186].
Generally, >95% of patients with monogenic
SRNS will not respond to treatment with immu-
nomodulatory agents [121, 159], and hence it is
recommended to withdraw immunosuppressive
therapy. RAS inhibitors should be administered
at maximally effective and tolerated doses. There
are anecdotal reports of individuals with muta-
tions in WT'l, PLCE1, and MYO1E who achieved
partial or complete remission when exposed to
immunosuppressive treatments, in particular cal-
cineurin inhibitors [64, 69, 121, 187]. It is
unclear if these responses, which are usually
transient, are due to immunomodulatory effects
or rather to their effects on stabilizing the podo-
cyte cytoskeleton.

One of the promises of the genomic revolu-
tion is that identification of genetic causes of
SRNS will lead to identification of specific and
non-toxic therapeutic agents. Along this line,
some monogenic causes of SRNS have given
clue to novel therapeutic agents. An intriguing
example is Coenzyme Q10 (CoQ10) supple-
mentation in patients with mutations in genes
encoding for components of the CoQ10 syn-
thase complex (COQ6, COQ2, COQ8B) [67,
139, 188]. Other examples are Vitamin B12
supplementation in patients with mutations in
the cubilin (CUBN) gene, and targeting of
TRPC6, TRPC5, and RhoGTPases for potential
treatment of some form of monogenic SRNS
[62, 189, 190].

Long-Term Prognosis of SRNS

Most studies examining the long-term prognostic
factors for kidney survival in patients with SRNS
were from small cohorts, frequently single-center
studies, with short term follow up, and often
incomplete datasets [191, 192]. A multi-center
study of 75 children with FSGS reported that
within 5 years from the diagnosis of FSGS, 21%
of children had developed ESKD, 23% had
developed CKD, and 37% had developed persis-
tent proteinuria, while only 11% remained in
remission [30]. The most comprehensive study to
date has been performed by the PodoNet consor-
tium [159]. In this study, clinical, treatment-
related, genetic, and laboratory data including
kidney biopsy findings were collected from
>1300 patients with SRNS with an average fol-
low up time of about 4 years but extending up to
15 years. The overall proportion of SRNS patients
with preserved kidney function was 74%, 58%,
and 48% at 5, 10, and 15 years respectively. Risk
factors for disease progression included lacking
responsiveness to intensified immunosuppres-
sion (IIS) protocols, genetic disease, and FSGS
on biopsy. Ten-year ESKD-free survival rates
were 94%, 72%, and 43% in patients with com-
plete remission, partial remission, and IIS resis-
tance respectively (Fig. 14.5). After 15 years,
kidney function was preserved in 96% of IIS-
responsive, 53% of multidrug resistant and 17%
of genetic SRNS patients. The histopathological
findings at time of diagnosis were also predictive
of outcome but less so than IIS responsiveness
and genetic disease status, with 37% 15-year
ESKD-free survival in patients with FSGS as
compared to 79% in those with minimal change
disease. The predictive value of IIS responsive-
ness and genetic status was independent of the
histopathological diagnosis.
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Fig. 14.5 ESKD-free survival in children with SRNS
followed in PodoNet Registry. Left panel: Survival
according to responsiveness to calcineurin inhibitor ther-
apy (green; full remission, yellow; partial remission, red;
no remission). Right panel: ESKD-free survival according
to responsiveness to intensified immunosuppression (IIS)

Complications of Nephrotic
Syndrome

Hyperlipidemia

Hyperlipidemia is a common clinical finding in
children with nephrotic syndrome. The character-
istic lipid profile includes elevations in total
plasma cholesterol, very low-density lipoprotein
(VLDL), and low-density lipoprotein (LDL) cho-
lesterol, triglyceride, lipoprotein A, as well as vari-
able alterations (more typically decreased) in
high-density lipoprotein (HDL) cholesterol [193,
194]. While the hyperlipidemia in children with
SSNS is often transient and usually returns to nor-
mal after remission, children with SRNS refrac-
tory to therapy often have sustained hyperlipidemia.
Such chronic hyperlipidemia has been associated
with an increased risk for cardiovascular compli-
cations and progressive glomerular damage in
adults [195-199]. Based on this, pharmacologic
treatment of hyperlipidemia in children with
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and genetic familial disease status (green: IIS responsive
sporadic SRNS, red: multidrug resistant SRNS; grey:
familial SRNS without identified genetic cause; blue:
genetic SRNS). Reproduced from [159] with permission

refractory nephrotic syndrome may both reduce
the risk for cardiovascular complications later in
life and reduce the risk of disease progression.
The potential usefulness of hydroxymethylgl-
utaryl CoA (HMG CoA) reductase inhibitors
(statins) in children with SRNS has been reported
in a few uncontrolled trials. One study reported a
41% reduction in cholesterol and 44% reduction
in triglyceride levels within 6 months of treat-
ment [200]. A second study found significant
reductions within 2—4 months in total cholesterol
(40%), LDL cholesterol (44%), and triglyceride
(33%) levels, but no significant changes in HDL
cholesterol levels [201]. Treatment was found to
be very safe in these studies, with no associated
adverse clinical or laboratory events. Although
the long-term safety of statins in children has not
yet been established, these medications appear to
be generally well tolerated in adults with
nephrotic syndrome, with only minor side effects
such as asymptomatic increases in liver enzymes,
creatine kinase, and rarely diarrhea [202].
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Thrombosis

The risk of thromboembolic events in children
with nephrotic syndrome is estimated to be 1.8—
5% with a higher risk reported in children with
SRNS compared with those with SSNS [203,
204]. Factors contributing to an increased risk of
thrombosis during nephrotic syndrome include
abnormalities of the coagulation cascade, such as
increased clotting factor synthesis in the liver
(factors I, II, V, VII, VIII, X, and XIII) and loss of
coagulation inhibitors such as anti-thrombin IIT
in the urine. Other prothrombotic risks present in
these children include increased platelet aggrega-
bility (and sometimes thrombocytosis), hypervis-
cosity resulting from increased fibrinogen levels,
hyperlipidemia, prolonged immobilization, and
the use of diuretics. In one series, the use of
diuretics was the major iatrogenic risk factor for
thrombosis [204].

The majority of episodes of thrombosis are
venous in origin. The most common sites for
thrombosis are the deep leg veins, ileofemoral
veins, and the inferior vena cava. In addition,
use of central venous catheters can further
increase the risk of thrombosis. Renal vein
thrombosis (RVT) can also occur and may man-
ifest as gross hematuria with or without acute
renal failure. Development of these features
should prompt either renal Doppler ultrasonog-
raphy or magnetic resonance angiography to
rule out RVT. Pulmonary embolism is another
important complication that may be fatal if not
recognized early. Rarely, cerebral venous throm-
bosis, most commonly in the sagittal sinus, has
also been reported [205]. In addition to imaging
studies, development of thrombosis should
prompt an evaluation for possible inherited
hypercoagulable states.

The typical acute management of thrombosis
in children with nephrotic syndrome includes ini-
tial heparin infusion or low molecular weight
heparin, followed by transition to warfarin for
6 months. Children with a history of prior throm-
bosis and patients with severe proteinuria should
also receive prophylactic anticoagulation therapy
during future relapses.

Nutrition

Several recommendations supported by observa-
tional data exist regarding nutrition in pediatric
patients with nephrotic syndrome. Specifically,
children with nephrotic syndrome and edema
should be evaluated for malabsorption and subse-
quent malnutrition due to bowel wall edema. In
edematous patients, long-term sodium restriction
is appropriate with a maximum goal of approxi-
mately 2500 mg/day. In patients with persistent
hyperlipidemia due to inability to control nephro-
sis, a low saturated fat diet should be instituted
with their HMG CoA-reductase inhibitor. Protein
intake should only be supplemented at the
Recommended Daily Allowance (RDA) [206].
Although it would appear intuitive that states of
excess urinary protein loss should warrant
increase dietary protein intake, several studies
have successfully challenged this notion. In
nephrotic rats, augmentation of dietary protein
was found to stimulate albumin synthesis by
increasing albumin mRNA content in the liver,
but there was also a notable increase in glomeru-
lar permeability and subsequently increased
albuminuria [207]. No change in albumin synthe-
sis was noted with dietary protein restriction in
this model or in nephrotic patients.

Immunization

Children with nephrotic syndrome are at
increased risk for infections, including but not
limited to streptococcus and staphylococcal
species due to urinary losses of IgG, loss of fac-
tors crucial for regulation of the alternative
complement pathway, and large fluid collec-
tions prone to breeding bacteria. Live-viral vac-
cines (rotavirus vaccine, varicella vaccine,
measles, mumps, and rubella vaccine, and the
live-attenuated influenza vaccine) are generally
recommended to be avoided in CKD patients
who are immunosuppressed and therefore
should be avoided in patients that are frankly
nephrotic and/or currently receiving immuno-
suppressive therapy. Anti-pneumococcal vacci-
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nation using the 23-valent polysaccharide vaccine
(PPSV23) is recommended for children with
nephrotic syndrome [208]. Due to the low immu-
nogenicity of this vaccine in children less than
2 years of age, the 13-valent polysaccharide
pneumococcal vaccine (PCV13) is recommended
in this age group, followed by supplemental
immunization with PPSV23 over the age of
2 years at least 8 weeks after the final dose of
PCV13. A second dose of PPSV23 should be
repeated in 5 years.

Kidney Transplantation

Recurrence of nephrotic syndrome may occur in
up to 30% in the first kidney allograft of patients
with ESKD due to FSGS and approach 100% in
those who have a history of prior allograft loss
due to FSGS. The risk post-transplant recurrence
appears to be mainly determined by the underly-
ing disease etiology, i.e. immune-mediated vs.
genetic. Whereas patients with secondary steroid
resistance have about 80% risk of recurrence, the
risk appears to be close to zero in patients with
genetic forms of SRNS [7-9, 139]. Hence,
genetic testing should be considered mandatory
in all children with SRNS considered for kidney
transplantation.

In addition, young age, mesangial prolifera-
tion in the native kidneys, rapid progression to
ESKD, pre-transplant bilateral nephrectomy, and
white ethnicity have been associated with
increased risk of recurrence post-transplant [209,
210]. The histologic variant type of FSGS does
not appear to be predictive of disease recurrence.
There is a higher risk of recurrence in living
donor transplant pediatric recipients; however,
the reduced risk of rejection and a lower immu-
nosuppression in living-related transplants may
overcome the deleterious effect of recurrent glo-
merulonephritis [211].

The management of recurrent FSGS disease
remains controversial and results from observa-
tional reports vary. The implementation of plasma
exchange is supported in part by the idea of a cir-
culating permeability factor. Up to 70% of chil-

dren with recurrent FSGS treated with repeated
plasma exchanges and/or rituximab may achieve
at least a partial remission.

References

1. Trautmann A, Vivarelli M, Samuel S, et al. IPNA
clinical practice recommendations for the diag-
nosis and management of children with steroid-
resistant nephrotic syndrome. Pediatr Nephrol.
2020;35(8):1529-61.

2. Kidney Disease: Improving Global Outcomes
(KDIGO) Glomerular Diseases Work Group.
KDIGO 2021 clinical practice guideline for the
management of glomerular diseases. Kidney Int.
2021;100(4S):S1-S276.

3. ISKDC. The primary nephrotic syndrome in chil-
dren. Identification of patients with minimal change
nephrotic syndrome from initial response to predni-
sone. J Pediatr. 1981;98(4):561-4.

4. Niaudet P. Steroid-resistant idiopathic nephrotic
syndrome in children. In: Avner ED, Harmon
WE, Niaudet P, editors. Pediatric nephrology.
Philadelphia: Lippincott Williams & Wilkins; 2004.
p. 557-73.

5. International Study of Kidney Disease in Children.
Primary nephrotic syndrome in children: clinical
significances of histopathologic variants of minimal
change. Kidney Int. 1981;20(6):765-71.

6. Niaudet P, Gagnadoux MF, Broyer M. Treatment of
childhood steroid-resistant idiopathic nephrotic syn-
drome. Adv Nephrol Necker Hosp. 1998;28:43-61.

7. Straatmann C, Ayoob R, Gbadegesin R, et al.
Treatment outcome of late steroid-resistant
nephrotic syndrome: a study by the Midwest
Pediatric Nephrology Consortium. Pediatr Nephrol.
2013;28(8):1235-41.

8. Ding WY, Koziell A, McCarthy HJ, et al. Initial
steroid sensitivity in children with steroid-resistant
nephrotic syndrome predicts post-transplant recur-
rence. J Am Soc Nephrol. 2014;25(6):1342-8.

9. Pelletier JH, Kumar KR, Engen R, et al. Recurrence
of nephrotic syndrome following kidney transplanta-
tion is associated with initial native kidney biopsy
findings. Pediatr Nephrol. 2018;33(10):1773-80.

10. Nash MA, et al. The nephrotic syndrome. In:
Edelmann CMJ, editor. Pediatric kidney dis-
ease. Boston: Little, Brown, and Company; 1992.
p. 1247-66.

11. Srivastava T, Simon SD, Alon US. High inci-
dence of focal segmental glomerulosclerosis in
nephrotic syndrome of childhood. Pediatr Nephrol.
1999;13(1):13-8.

12. Hogg RJ, et al. Evaluation and management of pro-
teinuria and nephrotic syndrome in children: rec-
ommendations from a pediatric nephrology panel



462

R. Gbadegesin et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

established at the National Kidney Foundation
Conference on Proteinuria, Albuminuria, Risk,
Assessment, Detection, and Elimination (PARADE).
Pediatrics. 2000;105(6):1242-9.

McEnery PT, Strife CFE. Nephrotic syndrome in
childhood. Management and treatment in patients
with minimal change disease, mesangial prolifera-
tion, or focal glomerulosclerosis. Pediat Clin North
Am. 1982;29(4):875-94.

Noone DG, Ilijima K, Parekh R.

nephrotic ~ syndrome in  children.
2018;392(10141):61-74.

Bonilla-Felix M, et al. Changing patterns in the
histopathology of idiopathic nephrotic syndrome in
children. Kidney Int. 1999;55(5):1885-90.

Eddy AA, Symons JM. Nephrotic syndrome in
childhood. Lancet. 2003;362(9384):629-39.

Filler G, et al. Is there really an increase in non-
minimal change nephrotic syndrome in children?
Am J Kidney Dis. 2003;42(6):1107-13.

Kari JA. Changing trends of histopathology in child-
hood nephrotic syndrome in western Saudi Arabia.
Saudi Med J. 2002;23(3):317-21.

Sharples PM, Poulton J, White RH. Steroid respon-
sive nephrotic syndrome is more common in Asians.
Arch Dis Child. 1985;60(11):1014-7.

Banh TH, Hussain-Shamsy N, Patel V, Vasilevska-
Ristovska J, Borges K, Sibbald C, Lipszyc D,
Brooke J, Geary D, Langlois V, Reddon M, Pearl
R, Levin L, Piekut M, Licht CP, Radhakrishnan S,
Aitken-Menezes K, Harvey E, Hebert D, Piscione
TD, Parekh RS. Ethnic differences in incidence and
outcomes of childhood nephrotic syndrome. Clin J
Am Soc Nephrol. 2016;11(10):1760-8.

Coovadia HM, Adhikari M, Morel-Maroger
L. Clinico-pathological features of the nephrotic
syndrome in South African children. Q J Med.
1979;48(189):77-91.

Hendrickse RG, et al. Quartan malarial nephrotic
syndrome. Collaborative clinicopathological study
in Nigerian children. Lancet. 1972;1(1761):1143-9.
Abdurrahman MB. Clinicopathological features of
childhood nephrotic syndrome in northern Nigeria.
QJ Med. 1990;75(278):563-76.

Genovese G, Friedman DJ, Ross MD, et al.
Association of trypanolytic ApoL1 variants with
kidney disease in African Americans. Science.
2010;329(5993):841-5.

Nephrotic syndrome in children: prediction of histo-
pathology from clinical and laboratory characteris-
tics at time of diagnosis. A report of the International
Study of Kidney Disease in Children. Kidney Int.
1978;13:159-65.

Sorof JM, et al. Age and ethnicity affect the risk
and outcome of focal segmental glomerulosclerosis.
Pediatr Nephrol. 1998;12(9):764-8.

Bhimma R, Coovadia HM, Adhikari M. Nephrotic
syndrome in South African children: chang-

Idiopathic
Lancet.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

ing perspectives over 20 years. Pediatr Nephrol.
1997;11(4):429-34.

Doe JY, et al. Nephrotic syndrome in African chil-
dren: lack of evidence for ‘tropical nephrotic syn-
drome’? Nephrol Dial Trans. 2006;21(3):672—-6.
Esezobor CI, Solarin AU, Gbadegesin R. Changing
epidemiology of nephrotic syndrome in Nigerian
children: a cross-sectional study. PLoS One.
2020;15(9):e0239300.

The Southwest Pediatric Nephrology Study Group.
Focal segmental glomerulosclerosis in children
with idiopathic nephrotic syndrome: a report of
the Southwest Pediatric Nephrology Study Group.
Kidney Int. 1985;27:442-9.

Mubarak M, Lanewala A, Kazi JI, Akhter F, Sher A,
Fayyaz A, Bhatti S. Histopathological spectrum of
childhood nephrotic syndrome in Pakistan. Clin Exp
Nephrol. 2009;13:589-93.

Nammalwar BR, Vijayakumar M, Prahlad
N. Experience of renal biopsy in children
with nephrotic syndrome. Pediatr Nephrol.

2006;21(2):286-8.

Banaszak B, Banaszak P. The increasing incidence
of initial steroid resistance in childhood nephrotic
syndrome. Pediatr Nephrol. 2012;27(6):927-32.
Bhimma R, Adhikari M, Asharam K. Steroid-
resistant nephrotic syndrome: the influence of race
on cyclophosphamide sensitivity. Pediatr Nephrol.
2006;21(12):1847-53.

Churg J, Habib R, White RH. Pathology of the
nephrotic syndrome in children: a report for the
International Study of Kidney Disease in Children.
Lancet. 1970;760:1299-302.

Cameron JS. Focal segmental glomerulosclerosis in
adults. Nephrol Dial Transplant. 2003;18:vi45-51.
Rich AR. A hitherto undescribed vulnerability of the
juxtamedullary glomeruli in lipoid nephrosis. Bull
Johns Hopkins Hosp. 1957;100:173-86.

Kitiyakara C, Kopp JB, Eggers P. Trends in the epi-
demiology of focal segmental glomerulosclerosis.
Semin Nephrol. 2003;23:172-82.

Kitiyakara C, Eggers P, Kopp JB. Twenty-one-year
trend in ESRD due to focal segmental glomerulo-
sclerosis in the United States. Am J Kidney Dis.
2004;44:815-25.

Swaminathan S, Leung N, Lager DJ, Melton LJ 3rd,
Bergstralh EJ, Rohlinger A, Fervenza FC. Changing
incidence of glomerular disease in Olmsted County,
Minnesota: a 30-year renal biopsy study. Clin ] Am
Soc Nephrol. 2006;1:483-7.

Borges FF, Shiraichi L, da Silva MP, Nishimoto EI,
Nogueira PC. Is focal segmental glomerulosclero-
sis increasing in patients with nephrotic syndrome?
Pediatr Nephrol. 2007;22:1309-13.

Izzedine H, Brocheriou I, Arzouk N, et al. COVID-
19-associated collapsing glomerulopathy: a report
of two cases and literature review. Intern Med J.
2020;50(12):1551-8.



Steroid Resistant Nephrotic Syndrome

463

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

Gbadegesin RA, Winn MP, Smoyer WE. Genetic
testing in nephrotic syndrome—challenges and
opportunities. Nat Rev Nephrol. 2013;9:179-84.
D’Agati VD, Fogo AB, Bruijn JA, Jennette
JC. Pathologic classification of focal segmental glo-
merulosclerosis: a working proposal. Am J Kidney
Dis. 2004;43:368-82.

Stokes MB, Valeri AM, Markowitz GS, D’Agati
VD. Cellular focal segmental glomerulosclero-
sis: clinical and pathologic features. Kidney Int.
2006;70:1783-92.

D’Agati VD, Alster JM, Jennette JC, Thomas DB,
Pullman J, Savino DA, Cohen AH, Gipson DS,
Gassman JJ, Radeva MK, Moxey-Mims MM,
Friedman AL, Kaskel FJ, Trachtman H, Alpers CE,
Fogo AB, Greene TH, Nast CC. Association of his-
tologic variants in FSGS clinical trial with present-
ing features and outcomes. Clin J Am Soc Nephrol.
2013;8:399-406.

Tsuchimoto A, Matsukuma Y, Ueki K, et al. Utility
of Columbia classification in focal segmental glo-
merulosclerosis: renal prognosis and treatment
response among the pathological variants. Nephrol
Dial Transplant. 2020;35(7):1219-27.

Kopp JB, Anders HJ, Susztak K, et al
Podocytopathies. Nat Rev Dis Primers. 2020;6(1):68.
Published 2020 Aug 13.

Wiggins RC. The spectrum of podocytopathies: a
unifying view of glomerular diseases. Kidney Int.
2007;71:1205-14.

Smoyer WE, Mundel P. Regulation of podocyte
structure during the development of nephrotic syn-
drome. J Mol Med. 1998;76:172-83.

Partanen TA, Arola J, Saaristo A, Jussila L, Ora
A, Miettinen M, Stacker SA, Achen MG, Alitalo
K. VEGF-C and VEGF-D expression in neuroendo-
crine cells and their receptor, VEGFR-3, in fenes-
trated blood vessels in human tissues. FASEB J.
2000;14:2087-96.

Rostgaard J, Qvortrup K. Sieve plugs in fenestrae of
glomerular capillaries—site of the filtration barrier?
Cells Tissues Organs. 2002;170:132-8.

Weinbaum S, Tarbell JM, Damiano ER. The struc-
ture and function of the endothelial glycocalyx layer.
Annu Rev Biomed. 2007;9:121-67.

Ballermann BJ, Stan RV. Resolved: capillary endo-
thelium is a major contributor to the glomerular fil-
tration barrier. J Am Soc Nephrol. 2007;18:2432-8.
Vaughan MR, Quaggin SE. How do mesangial and
endothelial cells form the glomerular tuft? J Am Soc
Nephrol. 2008;19:24-33.

Kestild M, Lenkkeri U, Minnikko M, Lamerdin
J, McCready P, Putaala H, Ruotsalainen V, Morita
T, Nissinen M, Herva R, Kashtan CE, Peltonen
L, Holmberg C, Olsen A. Tryggvason K (1998)
Positionally cloned gene for a novel glomerular pro-
tein—nephrin—is mutated in congenital nephrotic
syndrome. Mol Cell. 1998;1:575-82.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Shih NY, et al. Congenital nephrotic syndrome
in mice lacking CD2-associated protein. Science.
1999;286(5438):312-5.

Boute N, Gribouval O, Roselli S, Benessy F, Lee
H, Fuchshuber A, Dahan K, Gubler MC, Niaudet
P, Antignac C. NPHS2, encoding the glomerular
protein podocin, is mutated in autosomal recessive
steroid-resistant nephrotic syndrome. Nat Genet.
2000;24:349-54.

Kaplan JM, et al. Mutations in ACTN4, encoding
alpha-actinin-4, cause familial focal segmental glo-
merulosclerosis. Nat Genet. 2000;24(3):251-6.
Boerkoel CF, Takashima H, John J, Yan J, Stankiewicz
P, Rosenbarker L, André JL, Bogdanovic R, Burguet
A, Cockfield S, Cordeiro I, Friind S, Illies F, Joseph
M, Kaitila I, Lama G, Loirat C, McLeod DR, Milford
DV, Petty EM, Rodrigo F, Saraiva JM, Schmidt B,
Smith GC, Spranger J, Stein A, Thiele H, Tizard
J, Weksberg R, Lupski JR, Stockton DW. Mutant
chromatin remodeling protein SMARCALI causes
Schimke immuno-osseous dysplasia. Nat Genet.
2002;30:215-20.

Zenker M, Aigner T, Wendler O, Tralau T,
Miintefering H, Fenski R, Pitz S, Schumacher V,
Royer-Pokora B, Wiihl E, Cochat P, Bouvier R,
Kraus C, Mark K, Madlon H, Doétsch J, Rascher
W, Maruniak-Chudek I, Lennert T, Neumann LM,
Reis A. Human laminin beta2 deficiency causes
congenital nephrosis with mesangial sclerosis
and distinct eye abnormalities. Hum Mol Genet.
2004;13:2625-32.

Winn MP, et al. A mutation in the TRPC6 cation
channel causes familial focal segmental glomerulo-
sclerosis. Science. 2005;308(5729):1801-4.
Niaudet P, Gubler MC. WT1 and glomerular dis-
eases. Pediatr Nephrol. 2006;21:1653-60.

Hinkes B, Wiggins RC, Gbadegesin R, et al.
Positional cloning uncovers mutations in plcel
responsible for a nephrotic syndrome variant that
may be reversible. Nat Genet. 2006;38:1397-405.
Berkovic SF, et al. Array-based gene discovery
with three unrelated subjects shows SCARB2/
LIMP-2 deficiency causes myoclonus epilepsy
and glomerulosclerosis. Am J Hum Genet.
2008;82:673-84.

Brown EJ, et al. Mutations in the formin gene INF2
cause focal segmental glomerulosclerosis. Nat
Genet. 2010;42:72-6.

Heeringa SF, et al. COQ6 mutations in human
patients produce nephrotic syndrome with sensori-
neural deafness. J Clin Invest. 2011;121:2013-24.
Akilesh S, et al. Arhgap24 inactivates Racl in mouse
podocytes, and a mutant form is associated with
familial focal segmental glomerulosclerosis. J Clin
Invest. 2011;121:4127-37.

Mele C, et al. MYOIE mutations and childhood
familial focal segmental glomerulosclerosis. N Engl
J Med. 2011;365:295-306.



464

R. Gbadegesin et al.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

Ozaltin F, et al. Disruption of PTPRO causes
childhood-onset nephrotic syndrome. Am J Hum
Genet. 2011;89:139-47.

Has C, Sparta G, Kiritsi D, Weibel L, Moeller A,
Vega-Warner V, Waters A, He Y, Anikster Y, Esser
P, Straub BK, Hausser I, Bockenhauer D, Dekel
B, Hildebrandt F, Bruckner-Tuderman L, Laube
GF. Integrin o3 mutations with kidney, lung, and
skin disease. N Engl J Med. 2012;366(16):1508-14.
Gupta IR, Baldwin C, Auguste D, Ha KC, El
Andalousi J, Fahiminiya S, Bitzan M, Bernard C,
Akbari MR, Narod SA, Rosenblatt DS, Majewski
J, Takano T. ARHGDIA: a novel gene impli-
cated in nephrotic syndrome. J Med Genet.
2013;50(5):330-8.

Kriz W. The pathogenesis of ‘classic’ focal seg-
mental glomerulosclerosis-lessons from rat models.
Nephrol Dial Transplant. 2003;Suppl 6:vi39-44.
Wharram BL, Goyal M, Wiggins JE, Sanden SK,
Hussain S, Filipiak WE, Saunders TL, Dysko RC,
Kohno K, Holzman LB, Wiggins RC. Podocyte
depletion causes glomerulosclerosis: diphtheria
toxin-induced podocyte depletion in rats express-
ing human diphtheria toxin receptor transgene. J Am
Soc Nephrol. 2005;16:2941-52.

Carrie BJ, Salyer WR, Myers BD. Minimal change
nephropathy: an electrochemical disorder of the glo-
merular membrane. Am J Med. 1981;70(2):262-8.
Shalhoub RJ. Pathogenesis of lipoid nephro-

sis: a disorder of T-cell function. Lancet.
1974;2(7880):556-60.
Kemper MJ, Wolf G, Muller-Wiefel

DE. Transmission of glomerular permeability
factor from a mother to her child. N Engl J Med.
2001;344(5):386-7.

Meyrier A. Mechanisms of Disease: focal segmen-
tal glomerulosclerosis. Nat Clin Pract Nephrol.
2005;1(1):44-54.

Sasdelli M, et al. Cell mediated immunity in idio-
pathic glomerulonephritis. Clin Exp Immunol.
1984;46(1):27-34.

Dantal J, et al. Effect of plasma protein adsorption
on protein excretion in kidney-transplant recipients
with recurrent nephrotic syndrome. N Engl J Med.
1994;330(1):7-14.

Savin VJ, et al. Circulating factor associated with
increased glomerular permeability to albumin in
recurrent focal segmental glomerulosclerosis. N
Engl J Med. 1996;334(14):878-83.

Candiano G, et al. Inhibition of renal permeability
towards albumin: a new function of apolipoproteins
with possible pathogenetic relevance in focal glomer-
ulosclerosis. Electrophoresis. 2001;22(9):1819-25.
Savin VJ, McCarthy ET, Sharma R, Charba D,
Sharma M. Galactose binds to focal segmental glo-
merulosclerosis permeability factor and inhibits its
activity. Transl Res. 2008;151(6):288-92.

Savin VJ, McCarthy ET, Sharma R, Reddy S, Dong
J, Hess S, Kopp J. cardiotrophin-like cytokine-1:

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

candidate for the focal segmental glomerulosclerosis
permeability factor. ] Am Soc Nephrol. 2008;19.

De Smet E, Rioux JP, Ammann H, Déziel C, Quérin
S. FSGS permeability factor-associated nephrotic
syndrome: remission after oral galactose therapy.
Nephrol Dial Transplant. 2009;24(9):2938-40.
Kopa¢ M, Megli¢ A, Rus RR. Partial remission of
resistant nephrotic syndrome after oral galactose
therapy. Ther Apher Dial. 2011;15(3):269-72.
Sgambat K, Banks M, Moudgil A. Effect of galac-
tose on glomerular permeability and proteinuria
in steroid-resistant nephrotic syndrome. Pediatr
Nephrol. 2013;28(11):2131-5.

Wei C, El Hindi S, Li J, Fornoni A, Goes N,
Sageshima J, Maiguel D, Karumanchi SA, Yap
HK, Saleem M, Zhang Q, Nikolic B, Chaudhuri A,
Daftarian P, Salido E, Torres A, Salifu M, Sarwal
MM, Schaefer F, Morath C, Schwenger V, Zeier
M, Gupta V, Roth D, Rastaldi MP, Burke G, Ruiz P,
Reiser J. Circulating urokinase receptor as a cause
of focal segmental glomerulosclerosis. Nat Med.
2011;17(8):952-60.

Behrendt N, Rgnne E, Ploug M, Petri T, Lgber D,
Nielsen LS, Schleuning WD, Blasi F, Appella E,
Dang K. The human receptor for urokinase plas-
minogen activator. NH2-terminal amino acid
sequence and glycosylation variants. J Biol Chem.
1990;265(11):6453—-60.

Sidenius N, Sier CF, Blasi F. Shedding and cleav-
age of the urokinase receptor (uUPAR): identification
and characterisation of uPAR fragments in vitro and
in vivo. FEBS Lett. 2000;475(1):52-6.

Wei C, Trachtman H, Li J, Dong C, Friedman
AL, Gassman JJ, JL MM, Radeva M, Heil KM,
Trautmann A, Anarat A, Emre S, Ghiggeri GM,
Ozaltin F, Haffner D, Gipson DS, Kaskel F,
Fischer DC, Schaefer F, Reiser J, PodoNet and
FSGS CT Study Consortia. Circulating suPAR in
two cohorts of primary FSGS. J Am Soc Nephrol.
2012;23(12):2051-9.

Huang J, Liu G, Zhang YM, Cui Z, Wang F, Liu XJ,
Chu R, Chen Y, Zhao MH. Plasma soluble urokinase
receptor levels are increased but do not distinguish
primary from secondary focal segmental glomerulo-
sclerosis. Kidney Int. 2013;84(2):366-72.

Maas RJ, Wetzels JF, Deegens JK. Serum-soluble
urokinase receptor concentration in primary
FSGS. Kidney Int. 2012;81(10):1043—4.

Bock ME, Price HE, Gallon L, Langman CB. Serum
soluble urokinase-type plasminogen activator
receptor levels and idiopathic FSGS in children:
a single-center report. Clin J Am Soc Nephrol.
2013;8(8):1304-11.

Maas RJ, Deegens JK, Wetzels JF. Serum suPAR
in patients with FSGS: trash or treasure? Pediatr
Nephrol. 2013;28(7):1041-8.

Sever S, Trachtman H, Wei C, Reiser J. Is there clini-
cal value in measuring suPAR levels in FSGS? Clin J
Am Soc Nephrol. 2013;8(8):1273-5.



Steroid Resistant Nephrotic Syndrome

465

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Reiser J. Circulating permeability factor suPAR:
from concept to discovery to clinic. Trans Am Clin
Climatol Assoc. 2013;124:133-8.

Ruf RG, Lichtenberger A, Karle SM, Haas JP,
Anacleto FE, Schultheiss M, Zalewski I, Imm A, Ruf
EM, Mucha B, Bagga A, Neuhaus T, Fuchshuber A,
Bakkaloglu A, Hildebrandt F. Arbeitsgemeinschaft
Fiir Pddiatrische Nephrologie Study Group. Patients
with mutations in NPHS2 (podocin) do not respond
to standard steroid treatment of nephrotic syndrome.
J Am Soc Nephrol. 2004;15:722-32.

Gbadegesin R, Hinkes BG, Hoskins BE, Vlangos
CN, Heeringa SF, Liu J, Loirat C, Ozaltin F, Hashmi
S, Ulmer F, Cleper R, Ettenger R, Antignac C,
Wiggins RC, Zenker M, Hildebrandt F. Mutations in
PLCE] are a major cause of isolated diffuse mesan-
gial sclerosis (IDMS). Nephrol Dial Transplant.
2008;23:1291-7.

Wing MR, Bourdon DM, Harden TK. PLC-epsilon:
a shared effector protein in Ras-, Rho-, and G
alpha beta gamma-mediated signaling. Mol Interv.
2003;3:273-80.

Boyer O, Benoit G, Gribouval O, Nevo F, Téte MJ,
Dantal J, Gilbert-Dussardier B, Touchard G, Karras
A, Presne C, Grunfeld JP, Legendre C, Joly D, Rieu
P, Mohsin N, Hannedouche T, Moal V, Gubler MC,
Broutin I, Mollet G, Antignac C. Mutations in INF2
are a major cause of autosomal dominant focal
segmental glomerulosclerosis. J Am Soc Nephrol.
2011;22(2):239-45.

Gbadegesin RA, Lavin PJ, Hall G, Bartkowiak
B, Homstad A, Jiang R, Wu G, Byrd A, Lynn K,
Wolfish N, Ottati C, Stevens P, Howell D, Conlon P,
Winn MP. Inverted formin 2 mutations with variable
expression in patients with sporadic and hereditary
focal and segmental glomerulosclerosis. Kidney Int.
2012;81(1):94-9.

Barua M, Brown EJ, Charoonratana VT, Genovese
G, Sun H, Pollak MR. Mutations in the INF2 gene
account for a significant proportion of familial but
not sporadic focal and segmental glomerulosclero-
sis. Kidney Int. 2013;83(2):316-22.

Kopp JB, Smith MW, Nelson GW, Johnson RC,
Freedman BI, Bowden DW, Oleksyk T, McKenzie
LM, Kajiyama H, Ahuja TS, Berns JS, Briggs W,
Cho ME, Dart RA, Kimmel PL, Korbet SM, Michel
DM, Mokrzycki MH, Schelling JR, Simon E,
Trachtman H, Vlahov D, Winkler CA. MYHO is a
major-effect risk gene for focal segmental glomeru-
losclerosis. Nat Genet. 2008;40:1175-84.

Kao WH, Klag MJ, Meoni LA, et al. Family
Investigation of Nephropathy and Diabetes Research
Group. MYHO is associated with nondiabetic end-
stage renal disease in African Americans. Nat Genet.
2008;40:1185-92.

Okamoto K, Tokunaga K, Doi K, et al. Common
variation in GPC5 is associated with acquired
nephrotic syndrome. Nat Genet. 2011;43:459-63.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Ly J, Alexander M, Quaggin SE. A podocentric
view of nephrology. Curr Opin Nephrol Hypertens.
2004;13(3):299-305.

Miner JH. Glomerular basement membrane com-
position and the filtration barrier. Pediatr Nephrol.
2011;26(9):1413-7.

Rheault MN, Gbadegesin
ics of nephrotic syndrome.
2016;5(1):15-24.

Akchurin O, Reidy KJ. Genetic causes of proteinuria
and nephrotic syndrome: impact on podocyte patho-
biology. Pediatr Nephrol. 2015;30(2):221-33.
Shankland SJ, Pippin JW, Duffield JS. Progenitor
cells and podocyte regeneration. Semin Nephrol.
2014;34(4):418-28.

Warejko JK, Tan W, Daga A, et al. Whole exome
sequencing of patients with steroid-resistant
nephrotic syndrome. Clin J Am Soc Nephrol.
2018;13(1):53-62.

Sadowski CE, Lovric S, Ashraf S, et al. A single-gene
cause in 29.5% of cases of steroid-resistant nephrotic
syndrome. J] Am Soc Nephrol. 2015;26(6):1279-89.
Kliambt V, Mao Y, Schneider R, et al. Generation of
monogenic candidate genes for human nephrotic
syndrome using 3 independent approaches. Kidney
Int Rep. 2020;6(2):460-71.

Varner JD, Chryst-Stangl M, Esezobor CI, et al.
Genetic testing for steroid-resistant-nephrotic syn-
drome in an outbred population. Front Pediatr.
2018;6:307.

Feng D, Notbohm J, Benjamin A, et al. Disease-
causing mutation in a-actinin-4 promotes podocyte
detachment through maladaptation to periodic stretch.
Proc Natl Acad Sci U S A. 2018;115(7):1517-22.
Gbadegesin RA, Hall G, Adeyemo A, et al
Mutations in the gene that encodes the F-actin bind-
ing protein anillin cause FSGS. J Am Soc Nephrol.
2014:25(9):1991-2002.

Hall G, Lane BM, Khan K, et al. The human
FSGS-causing ANLN R431C mutation induces
dysregulated PI3K/AKT/mTOR/Racl signaling in
podocytes. J Am Soc Nephrol. 2018;29(8):2110-22.
Malone AF, Phelan PJ, Hall G, et al. Rare hereditary
COL4A3/COL4A4 variants may be mistaken for
familial focal segmental glomerulosclerosis. Kidney
Int. 2014;86(6):1253-9.

Gast C, Pengelly RJ, Lyon M, et al. Collagen
(COL4A) mutations are the most frequent mutations
underlying adult focal segmental glomerulosclero-
sis. Nephrol Dial Transplant. 2016;31(6):961-70.
Trautmann A, Lipska-Zigtkiewicz BS, Schaefer
F. Exploring the clinical and genetic spectrum of
steroid resistant nephrotic syndrome: the podonet
registry. Front Pediatr. 2018;6:200.

Kopp JB, Nelson GW, Sampath K, et al. APOLI
genetic variants in focal segmental glomeruloscle-
rosis and HIV-associated nephropathy. J Am Soc
Nephrol. 2011;22(11):2129-37.

RA. The genet-
J Pediatr Genet.



466

R. Gbadegesin et al.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Reidy KJ, Hjorten R, Parekh RS. Genetic risk of
APOLI and kidney disease in children and young
adults of African ancestry. Curr Opin Pediatr.
2018;30(2):252-9.

Adeyemo A, Esezobor C, Solarin A, et al. HLA-
DQAT1 and APOLI as risk loci for childhood-onset
steroid-sensitive and steroid-resistant nephrotic syn-
drome. Am J Kidney Dis. 2018;71(3):399—406.

Ng DK, Robertson CC, Woroniecki RP, et al. APOL1-
associated glomerular disease among African-
American children: a collaboration of the Chronic
Kidney Disease in Children (CKiD) and Nephrotic
Syndrome Study Network (NEPTUNE) cohorts.
Nephrol Dial Transplant. 2017;32(6):983-90.

Datta S, Kataria R, Zhang JY, Moore S, Petitpas
K, Mohamed A, Zahler N, Pollak MR, Olabisi
OA. Kidney disease-associated APOLI variants
have dose-dependent, dominant toxic gain-of-
function. J] Am Soc Nephrol. 2020;31(9):2083-96.
Olabisi OA, Heneghan JF. APOL1 nephrotoxicity:
what does ion transport have to do with it? Semin
Nephrol. 2017;37(6):546-51.

Ge M, Molina J, Ducasa GM, et al. APOL1 risk vari-
ants affect podocyte lipid homeostasis and energy
production in focal segmental glomerulosclerosis.
Hum Mol Genet. 2021. Epub ahead of print.

Ma L, Ainsworth HC, Snipes JA, et al. APOLI1
kidney-risk variants induce mitochondrial fission.
Kidney Int Rep. 2020;5(6):891-904.

Wu H, Larsen CP, Hernandez-Arroyo CF, et al.
AKI and collapsing glomerulopathy associated with
COVID-19 and APOL1 high-risk genotype. J] Am
Soc Nephrol. 2020;31(8):1688-95.

Ekulu PM, Nkoy AB, Betukumesu DK, et al. APOL1
risk genotypes are associated with early kidney dam-
age in children in Sub-Saharan Africa. Kidney Int
Rep. 2019:4(7):930-8.

Savin VJ, Sharma M, Zhou J, et al. Multiple tar-
gets for novel therapy of FSGS associated with
circulating permeability factor. Biomed Res Int.
2017;2017:6232616.

Shoji J, Mii A, Terasaki M, Shimizu A. Update on
recurrent focal segmental glomerulosclerosis in
kidney transplantation. Nephron. 2020;144(Suppl
1):65-70.

den Braanker DJW, Maas RJ, Deegens JK, et al.
Novel in vitro assays to detect circulating per-
meability factor(s) in idiopathic focal segmen-
tal glomerulosclerosis. Nephrol Dial Transplant.
2021;36(2):247-56.

Wei C, El Hindi S, Li J, et al. Circulating urokinase
receptor as a cause of focal segmental glomerulo-
sclerosis. Nat Med. 2011;17(8):952-60.

Delville M, Sigdel TK, Wei C, et al. A circulating
antibody panel for pretransplant prediction of FSGS
recurrence after kidney transplantation. Sci Transl
Med. 2014;6(256):256ral36.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Jacobs-Cachda C, Puig-Gay N, Helm D, et al. A
misprocessed form of apolipoprotein A-I is spe-
cifically associated with recurrent Focal Segmental
Glomerulosclerosis. Sci Rep. 2020;10(1):1159.
Zhong J, Whitman JB, Yang HC, et al. Mechanisms
of scarring in focal segmental glomerulosclerosis. J
Histochem Cytochem. 2019;67(9):623-32.
Bensimhon AR, Williams AE, Gbadegesin
RA. Treatment of steroid-resistant nephrotic
syndrome in the genomic era. Pediatr Nephrol.
2019;34(11):2279-93.

Lombel RM, Hodson EM, Gipson DS, Kidney
Disease: Improving Global Outcomes. Treatment
of steroid-resistant nephrotic syndrome in children:
new guidelines from KDIGO. Pediatr Nephrol.
2013;28(3):409-14.

Trautmann A, Bodria M, Ozaltin F, et al. Spectrum
of steroid-resistant and congenital nephrotic syn-
drome in children: the PodoNet registry cohort. Clin
J Am Soc Nephrol. 2015;10:592-600.

Trachtman H, Gauthier B. Effect of angiotensin-
converting enzyme inhibitor therapy on protein-
uria in children with renal disease. J Pediatr.
1988;112(2):295-8.

Milliner DS, Morgenstern BZ. Angiotensin convert-
ing enzyme inhibitors for reduction of proteinuria in
children with steroid-resistant nephrotic syndrome.
Pediatr Nephrol. 1991;5(5):587-90.

Delucchi A, Cano F, Rodriguez E, Wolff E, Gonzalez
X, Cumsille MA. Enalapril and prednisone in chil-
dren with nephrotic-range proteinuria. Pediatr
Nephrol. 2000;14(12):1088-91.

Prasher PK, Varma PP, Baliga KV. Efficacy of enala-
pril in the treatment of steroid resistant idiopathic
nephrotic syndrome. J Assoc Physicians India.
1999:47(2):180-2.

Lama G, Luongo I, Piscitelli A, Salsano ME. Enala-
pril: antiproteinuric effect in children with nephrotic
syndrome. Clin Nephrol. 2000;53(6):432-6.

Ellis D, Vats A, Moritz ML, Reitz S, Grosso MJ,
Janosky JE. Long-term antiproteinuric and reno-
protective efficacy and safety of losartan in children
with proteinuria. J Pediatr. 2003;143(1):89-97.
McCaffrey J, Lennon R, Webb NIJ. The non-
immunosuppressive ~ management  of  child-
hood nephrotic syndrome. Pediatr Nephrol.
2016;31(9):1383-402.

Bagga A, Mudigoudar BD, Hari P, Vasudev
V. Enalapril dosage in steroid-resistant nephrotic
syndrome. Pediatr Nephrol. 2005;19:45-50.

YiZ, LiZ, Wu XC, He QN, Dang XQ, He XIJ. Effect
of fosinopril in children with steroid-resistant
idiopathic nephrotic syndrome. Pediatr Nephrol.
2006;21(7):967-72.

Tullus K. Safety concerns of angiotensin II recep-
tor blockers in preschool children. Arch Dis Child.
2011;96(9):881-2.



Steroid Resistant Nephrotic Syndrome

467

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Stotter BR, Ferguson MA. Should ACE inhibi-
tors and ARBs be used in combination in children?
Pediatr Nephrol. 2019;34(9):1521-32.

Boesby L, Elung-Jensen T, Klausen TW, Strandgaard
S, Kamper AL. Moderate antiproteinuric effect of
add-on aldosterone blockade with eplerenone in
non-diabetic chronic kidney disease. A randomized
cross-over study. PLoS One. 2011;6(11):e26904.
Garin EH, Orak JK, Hiott KL, Sutherland
SE. Cyclosporine therapy for steroid-resistant
nephrotic syndrome. A controlled study. Am J Dis
Children. 1988;142(9):985-8.

Ponticelli C, Rizzoni G, Edefonti A, Altieri P, Rivolta
E, Rinaldi S, Ghio L, Lusvarghi E, Gusmano R,
Locatelli F, et al. A randomized trial of cyclosporine
in steroid-resistant idiopathic nephrotic syndrome.
Kidney Int. 1993;43(6):1377-84.

Lieberman KV, Tejani A. A randomized double-blind
placebo-controlled trial of cyclosporine in steroid-
resistant idiopathic focal segmental glomeruloscle-
rosis in children. ] Am Soc Nephrol. 1996;7:56-63.
Cattran DC, Appel GB, Hebert LA, Hunsicker LG,
Pohl MA, Hoy WE, Maxwell DR, Kunis CL. A
randomized trial of cyclosporine in patients with
steroid-resistant focal segmental glomerulosclerosis.
North America Nephrotic Syndrome Study Group.
Kidney Int. 1999;56(6):2220-6.

Bhaumik SKMA, Barman SK. Comparison of pulse
methylprednisolone vs. cyclosporine based therapy
in steroid resistant focal segmental glomerulosclero-
sis (abstract). Indian J Nephrol. 2002;12(4):190.
Trautmann A, Schnaidt S, Lipska-Zietkiewicz
BS, et al. Long-term outcome of steroid-resistant
nephrotic syndrome in children. ] Am Soc Nephrol.
2017;28(10):3055-65.

Valverde S. Efficacy of prednison-tacrolimus
vs. prednisone-cyclosporine in steroid-resistant
nephrotic syndrome [abstract]. Pediatr Nephrol.
2010;25(9):1804.

Murray BM, Paller MS, Ferris TF. Effect of cyclo-
sporine administration on renal hemodynamics in
conscious rats. Kidney Int. 1985;28(5):767-74.
Cattran DC, Alexopoulos E, Heering P, Hoyer
PF, Johnston A, Meyrier A, Ponticelli C, Saito T,
Choukroun G, Nachman P, Praga M, Yoshikawa
N. Cyclosporin in idiopathic glomerular disease asso-
ciated with the nephrotic syndrome: workshop rec-
ommendations. Kidney Int. 2007;72(12):1429-47.
Gipson DS, Trachtman H, Kaskel FJ, Greene TH,
Radeva MK, Gassman JJ, Moxey-Mims MM, Hogg
RJ, Watkins SL, Fine RN, Hogan SL, Middleton JP,
Vehaskari VM, Flynn PA, Powell LM, Vento SM,
McMahan JL, Siegel N, D’Agati VD, Friedman
AL. Clinical trial of focal segmental glomerulo-
sclerosis in children and young adults. Kidney Int.
2011;80(8):868-78.

Sinha A, Gupta A, Kalaivani M, Hari P, Dinda AK,
Bagga A. Mycophenolate mofetil is inferior to tacro-

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

limus in sustaining remission in children with idio-
pathic steroid-resistant nephrotic syndrome. Pediatr
Nephrol. 2017;92(1):248-57.

Fornoni A, Sageshima J, Wei C, Merscher-Gomez S,
Aguillon-Prada R, Jauregui AN, Li J, Mattiazzi A,
Ciancio G, Chen L, Zilleruelo G, Abitbol C, Chandar
J, Seeherunvong W, Ricordi C, Ikehata M, Rastaldi
MP, Reiser J, Burke GW 3rd. Rituximab targets
podocytes in recurrent focal segmental glomerulo-
sclerosis. Sci Transl Med. 2011;3(85):85ra46.
Gulati A, Sinha A, Jordan SC, Hari P, Dinda AK,
Sharma S, Srivastava RN, Moudgil A, Bagga
A. Efficacy and safety of treatment with ritux-
imab for difficult steroid-resistant and -dependent
nephrotic syndrome: multicentric report. Clin J] Am
Soc Nephrol. 2010;5(12):2207-12.

Ahn YH, Kim SH, Han KH, et al. Efficacy and
safety of rituximab in childhood-onset, diffi-
cult-to-treat nephrotic syndrome: a multicenter
open-label trial in Korea. Medicine (Baltimore).
2018;97(46):e13157.

Magnasco A, Ravani P, Edefonti A, Murer L, Ghio
L, Belingheri M, Benetti E, Murtas C, Messina G,
Massella L, Porcellini MG, Montagna M, Regazzi
M, Scolari F, Ghiggeri GM. Rituximab in children
with resistant idiopathic nephrotic syndrome. J] Am
Soc Nephrol. 2012;23(6):1117-24.

Wang CS, Liverman RS, Garro R, et al. Ofatumumab
for the treatment of childhood nephrotic syndrome.
Pediatr Nephrol. 2017;32(5):835-41.

Vivarelli M, Colucci M, Bonanni A, et al.
Ofatumumab in two pediatric nephrotic syndrome
patients allergic to rituximab. Pediatr Nephrol.
2017;32(1):181-4.

Ravani P, Pisani I, Bodria M, Caridi G,
Degl’Innocenti ML, Ghiggeri GM. Low-dose ofatu-
mumab for multidrug-resistant nephrotic syndrome
in children: a randomized placebo-controlled trial.
Pediatr Nephrol. 2020;35(6):997-1003.

Trachtman H, Vento S, Gipson D, Wickman L,
Gassman J, Joy M, Savin V, Somers M, Pinsk
M, Greene T. Novel therapies for resistant focal
segmental glomerulosclerosis (FONT) phase
I clinical trial: study design. BMC Nephrol.
2011;12:8.

Trachtman H, Vento S, Herreshoff E, et al. Efficacy
of galactose and adalimumab in patients with resis-
tant focal segmental glomerulosclerosis: report
of the font clinical trial group. BMC Nephrol.
2015;16:111.

Rapoport M, McCrory WW, Michie AJ, Barbero
G, Barnett HL, Forman CW, McNamara H. Effects
of corticotrophin on children with nephrotic syn-
drome: clinical observations on 34 children;
the effect of cortisone in 4. Am J Dis Child.
1951;82(2):248-53.

Barnett HL. Effect of ACTH in children with the
nephrotic syndrome. Pediatrics. 1952;9(3):341.



468

R. Gbadegesin et al.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Hogan J, Bomback AS, Mehta K, Canetta PA,
Rao MK, Appel GB, Radhakrishnan J, Lafayette
RA. Treatment of idiopathic FSGS with adreno-
corticotropic hormone gel. Clin J Am Soc Nephrol.
2013;8(12):2072-81.

Chakraborty R, Mehta A, Nair N, et al. ACTH treat-
ment for management of nephrotic syndrome: a
systematic review and reappraisal. Int J Nephrol.
2020;2020:2597079.

Trachtman H, Nelson P, Adler S, et al. DUET: a
phase 2 study evaluating the efficacy and safety
of Sparsentan in patients with FSGS. J Am Soc
Nephrol. 2018;29(11):2745-54.

Raina R, Krishnappa V, Sanchez-Kazi C, et al.
Dextran-sulfate plasma adsorption lipoprotein
apheresis in drug resistant primary focal segmental
glomerulosclerosis patients: results from a prospec-
tive, multicenter, single-arm intervention study.
Front Pediatr. 2019;7:454.

Parsa A, Kao WH, Xie D, et al. APOL1 risk variants,
race, and progression of chronic kidney disease. N
Engl J Med. 2013;369(23):2183-96.

Limou S, Nelson GW, Kopp JB, Winkler
CA. APOLI kidney risk alleles: population genetics
and disease associations. Adv Chronic Kidney Dis.
2014;21(5):426-33.

Sabnis RW. Novel APOL inhibitors for treating kidney
diseases. ACS Med Chem Lett. 2020;11(12):2352-3.
Bennett CF. Therapeutic antisense oligonucleotides
are coming of age. Annu Rev Med. 2019;70:307-21.
Aghajan M, Booten SL, Althage M, et al. Antisense
oligonucleotide treatment ameliorates IFN-y-
induced proteinuria in APOL1-transgenic mice. JCI
Insight. 2019;4(12):e126124.

Mason AE, Sen ES, Bierzynska A, et al
Response to first course of intensified immuno-
suppression in genetically stratified steroid resis-
tant nephrotic syndrome. Clin J Am Soc Nephrol.
2020;15(7):983-94.

Saleem MA. Molecular stratification of idio-
pathic nephrotic syndrome. Nat Rev Nephrol.
2019;15(12):750-65.

Gellermann J, Stefanidis CJ, Mitsioni A, Querfeld
U. Successful treatment of steroid-resistant nephrotic
syndrome associated with WT1 mutations. Pediatr
Nephrol. 2010;25(7):1285-9.

Atmaca M, Gulhan B, Korkmaz E, et al. Follow-up
results of patients with ADCK4 mutations and the
efficacy of CoQI10 treatment. Pediatr Nephrol.
2017;32(8):1369-75.

Saleem MA, Welsh GI. Podocyte RhoGTPases:
new therapeutic targets for nephrotic syndrome?
F1000Res. 2019;8:F1000. Faculty Rev-1847.

Zhou Y, Castonguay P, Sidhom EH, et al. A small-
molecule inhibitor of TRPCS5 ion channels sup-
presses progressive kidney disease in animal models.
Science. 2017;358(6368):1332-6.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Martinelli R, Okumura AS, Pereira LJ, Rocha
H. Primary focal segmental glomerulosclerosis
in children: prognostic factors. Pediatr Nephrol.
2001;16(8):658-61.

Gipson DS, Chin H, Presler TP, Jennette C,
Ferris ME, Massengill S, Gibson K, Thomas
DB. Differential risk of remission and ESRD
in childhood FSGS. Pediatr Nephrol. 2006;
21:344-9.

Querfeld U. Should hyperlipidemia in children with
the nephrotic syndrome be treated? Pediatr Nephrol.
1999;13(1):77-84.

Querfeld U, Lang M, Friedrich JB, Kohl B, Fiehn
W, Schirer K. Lipoprotein(a) serum levels and
apolipoprotein(a) phenotypes in children with
chronic renal disease. Pediatr Res. 1993;34(6):
772-6.

Keane WE. Lipids and the kidney. Kidney Int.
1994:46(3):910-20.

Moorhead JF, Wheeler DC, Varghese Z. Glomerular
structures and lipids in progressive renal disease.
Am J Med. 1989;87(5N):12N—-20N.

Samuelsson O, Mulec H, Knight-Gibson C,
Attman PO, Kron B, Larsson R, Weiss L, Wedel H,
Alaupovic P. Lipoprotein abnormalities are associ-
ated with increased rate of progression of human
chronic renal insufficiency. Nephrol Dial Transplant.
1997;12(9):1908-15.

Taal MW. Slowing the progression of adult chronic
kidney disease: therapeutic advances. Drugs.
2004:64(20):2273-89.

Veverka A, Jolly JL. Recent advances in the second-
ary prevention of coronary heart disease. Expert Rev
Cardiovasc Ther. 2004;2(6):877-89.

Coleman JE, Watson AR. Hyperlipidaemia,
diet and simvastatin therapy in steroid-resistant
nephrotic syndrome of childhood. Pediatr Nephrol.
1996;10(2):171-4.

Sanjad SA, al-Abbad A, al-Shorafa S. Management
of hyperlipidemia in children with refractory
nephrotic syndrome: the effect of statin therapy. J
Pediatr. 1997;130(3):470-4.

Olbricht CJ, Wanner C, Thiery J, Basten
A. Simvastatin in nephrotic syndrome. Simvastatin
in Nephrotic Syndrome Study Group. Kidney Int
Suppl. 1999;71:S113-6.

Citak A, Emre S, Sairin A, Bilge I, Nayir
A. Hemostatic problems and thromboembolic com-
plications in nephrotic children. Pediatr Nephrol.
2000;14(2):138-42.

Lilova MI, Velkovski 1G, Topalov
IB. Thromboembolic complications in children
with nephrotic syndrome in Bulgaria (1974-1996).
Pediatr Nephrol. 2000;15(1-2):74-8.

Gangakhedkar A, Wong W, Pitcher LA. Cerebral
thrombosis in childhood nephrosis. J Paediatr Child
Health. 2005;41(4):221-4.



Steroid Resistant Nephrotic Syndrome

469

206.

207.

208.

209.

Sedman A, Friedman A, Boineau F, Strife CF,
Fine R. Nutritional management of the child with
mild to moderate chronic renal failure. J Pediatr.
1996;129(2):s13-8.

Kaysen GA. Albumin metabolism in the nephrotic
syndrome: the effect of dietary protein intake. Am J
Kidney Dis. 1988;12(6):461-80.

American Academy of Pediatrics Committee on
Infectious Diseases. Recommendations for the pre-
vention of Streptococcus pneumoniae infections in
infants and children: use of 13-valent pneumococ-
cal conjugate vaccine (PCV13) and pneumococ-
cal polysaccharide vaccine (PPSV23). Pediatrics.
2010;126(1):186-90.

Banfi G, Colturi C, Montagnino G, Ponticelli C. The
recurrence of focal segmental glomerulosclerosis in

210.

211.

kidney transplant patients treated with cyclosporine.
Transplantation. 1990;50(4):594-6.

Canaud G, Dion D, Zuber J, Gubler MC, Sberro
R, Thervet E, Snanoudj R, Charbit M, Salomon
R, Martinez F, Legendre C, Noel LH, Niaudet
P. Recurrence of nephrotic syndrome after trans-
plantation in a mixed population of children and
adults: course of glomerular lesions and value of
the Columbia classification of histological variants
of focal and segmental glomerulosclerosis (FSGS).
Nephrol Dial Transplant. 2010;25(4):1321-8.

Baum MA, Stablein DM, Panzarino VM, Tejani A,
Harmon WE, Alexander SR. Loss of living donor
renal allograft survival advantage in children with
focal segmental glomerulosclerosis. Kidney Int.
2001;59(1):328-33.



	14: Steroid Resistant Nephrotic Syndrome
	Introduction
	Definitions
	Epidemiology
	Histopathological Findings
	Focal Segmental Glomerulosclerosis (FSGS)
	Clinical and Pathologic Classification of FSGS

	Pathogenesis
	Hereditary and Monogenic Forms of SRNS
	Common Gene Variants Associated with SRNS/FSGS
	Circulating Factors
	Podocyte Endowment, Loss, Regeneration and Glomerulosclerosis

	Diagnostic Evaluation
	Patient and Family History
	Clinical Assessment
	Laboratory Workup
	Genetic Testing
	Kidney Biopsy

	Management
	Confirmation Period
	Therapeutic Pathway
	Pharmacotherapies
	RAS Blockade
	Calcineurin Inhibition
	Mycophenolate-Mofetil (MMF)
	B-Cell Depleting Agents

	Newer Therapies and Ongoing Clinical Trials
	Treatment of Monogenic SRNS


	Long-Term Prognosis of SRNS
	Complications of Nephrotic Syndrome
	Hyperlipidemia
	Thrombosis
	Nutrition

	Immunization
	Kidney Transplantation
	References


