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Abstract
It is indisputable that immunosuppressive therapy and pathological diagnosis of renal biopsy have greatly improved the prog-
nosis of childhood nephrotic syndrome. Unfortunately, there is no Bone-size-fits-all^ approach for precise patient stratification
and treatment when facing the huge challenges posed by steroid-resistant nephrotic syndrome (SRNS). But genomic medicine
has brought a glimmer of light, and the cognition of SRNS has entered a new stage. Based on this, identification of single genetic
variants of SRNS has recognized the key role of podocyte injury in its pathogenesis. Targeted treatment of podocyte injury is
paramount, and immunosuppressant with podocyte-targeted therapy seems to be more suitable as the first choice for SRNS, that
is, we need to pay attention to their additional non-immunosuppressive effects. In the same way, other effect factors of nephrotic
syndrome and the related causes of immunosuppressive therapy resistance require us to select reasonable and targeted non-
immunosuppressive therapies, instead of only blindly using steroids and immunosuppressants, which may be ineffective and
bring significant side effects. This article provides a summary of the clinical value of identification of genetic variants in
podocytes and non-immunosuppressive therapy for nephrotic syndrome in children.
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Introduction

Nephrotic syndrome, a common pediatric kidney disease with
idiopathic condition, is characterized by severe proteinuria,
hypoproteinemia, and generalized edema. Nephrotic syn-
drome in children can have a frequently relapsing course com-
plicated with infection, venous thromboembolism, and acute
kidney injury. The prognosis of nephrotic syndrome was usu-
ally very poor prior to the introduction of corticosteroid and
antibiotic therapy, and the mortality rate in children was nearly
67% [1]. However, with the widespread use of immunosup-
pressive therapy combined with the guidance of pathologic
diagnosis by renal biopsy, the mortality rate dramatically re-
duced to 3% or less [2]. Unfortunately, there is no one-size-

fits-all treatment for nephrotic syndrome in children due to the
etiological heterogeneity. Although high remission has been
achieved in children with idiopathic nephrotic syndrome, ap-
proximately 12–15% of children with steroid-resistant ne-
phrotic syndrome (SRNS) undergoing renal biopsy do not
respond to immunosuppressive therapy, and 50% of them will
progress to end-stage renal disease (ESRD) within 15 years
[3]. Up to now, even with great efforts and various new drugs,
the evaluation and treatment of nephrotic syndrome is still
posing a persistent challenge for clinical practice.

In general, minimal change disease (MCD) is the most com-
mon pathological finding in childhood nephrotic syndrome, and
corticosteroids will induce remission in more than 90% of chil-
dren patients with MCD [4]. Thus, childhood nephrotic syn-
drome can be treated with empirical steroid therapy first, and
most patients will be relieved. However, once SRNS occurs in
children, renal biopsy is necessary to determine the possible eti-
ology. Generally, focal segmental glomerulosclerosis (FSGS) is
the most common pathological type of SRNS in children. Thus,
kidney biopsy is usually recommended to obtain a histological
diagnosis in children with SRNS, whose pathological type is
doubted [5]. Extensive research has proposed the podocyte as a
crucial site of cellular injury in FSGS. Since Kestila et al.
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identified the mutation inNPSH1 related to nephrin as a cause of
congenital nephrotic syndrome in 1998 [6], more than 50 genes
have been identified as essential for podocyte development,
structure and function, which have been proved to play a key
role in the pathogenesis of SRNS and/or FSGS [7]. In these
children patients, podocyte gene detection will contribute to ra-
tional treatment decisions.

Expanding our knowledge of podocyte molecular mecha-
nisms will aid physicians to redefine the physiopathological
understanding, diagnostic assessment, and prognostic judg-
ment in children affected with nephrotic syndrome.
Moreover, a better understanding of these mechanisms can
help the development of specific targeted therapies, and these
patients can also be spared ineffective immunosuppressive
drug-based treatments that may have marked adverse effects.
Therefore, it is time to consider some valuable non-
immunosuppressive therapies as the main body or necessary
supplement, which will hold promise in the treatment of ne-
phrotic syndrome.

Updating nephrotic syndrome

Over the past two decades, the understanding of nephrotic
syndrome has fundamentally transformed with the discovery
of ever-increasing genetic disorders of podocytes. These novel
insights redefine diagnostic classification and prognostic as-
sessment, as well as clinical routine management in
childhood-onset nephrotic syndrome.

Clinical features of nephrotic syndrome in children

Idiopathic nephrotic syndrome is clinically classified based on
response to corticosteroid therapy. At the time of first presen-
tation, 80–90% of children patients over 1 year of age achieve
complete remission with 4 weeks of steroid treatment (steroid-
sensitive nephrotic syndrome (SSNS)) [8, 9], and 60–70% of
them have either frequently relapsing nephrotic syndrome
(FRNS, ≥ 2 relapses in first 6 months or ≥ relapses in any 1-
year period) or steroid-dependent nephrotic syndrome
(SDNS, relapse while on steroid therapy or within 2 weeks
after steroid cessation) [10–12]. According to the current def-
inition for idiopathic nephritic syndrome by the 2012 Kidney
Disease Improving Global Outcomes (KDIGO) guidelines,
Steroid resistance is defined as the absence of complete remis-
sion of proteinuria despite 8 weeks of therapy with prednisone
at a dose of 2 mg/kg/day, which is adopted from the definition
by the International study of Kidney Disease in Children
(ISKDC) [9, 13]. Absence of remission despite therapy with
daily prednisolone at a dose of 2 mg/kg/day or 60 mg/m2/day
for 4 weeks is also considered as SRNS [14, 15] (Table 1).
Steroid resistance usually not only occurs during initial treat-
ment with prednisone (initial resistance) but can also occur
because of relapse in patients who had previously responded

well to therapy with steroids (late resistance). Eventually,
about 20% of patients with nephrotic syndrome are steroid-
resistant, including some FRNS patients who are initially ste-
roid sensitive [16]. Patients with SRNS can also show a
multidrug-resistant phenotype, which has been proven to
bring more challenge to clinical therapy. Of steroid-resistant
patients, 36~50% will progress to ESRD within 10 years ac-
cording to cohort studies [3].

Genetic variants of podocyte injury in nephrotic
syndrome

Over the past two decades, plentiful research has highlighted
the importance of the podocyte as a key site of cellular injury
in nephrotic syndrome [17]. These studies have demonstrated
that intracellular proteins and molecular pathways regulating
podocyte structure and function play crucial roles in the de-
velopment of nephrotic syndrome and the response of pa-
tients. As mentioned above, the pioneering discovery of genes
encoding the slit membrane proteins nephrin (NPHS1) and
podocin (NPHS2) has promoted the identification of more
than 50 genes expressed in podocytes that are related to the
pathogenesis of different subtypes of SRNS. Most of the
encoded proteins can be grouped into distinct structural pro-
tein complexes and signaling pathways within the podocyte,
including those involved in slit diaphragm structure and func-
tion (NPHS1, NPHS2, PLCE1, CD2AP, TRPC6, CRB2F and
AT1), nuclear proteins and transcription factors (WT1,
LAMX1B, SMARCL1, NUP93, NUP107, NUP205, XPO5,
E2F3, NXF5, PAX2, LAMNA and WDR73), podocyte actin
cytoskeletal organization (ACTN4, MYH9, INF2, MYOIE,
MAGI2, ANLN, ARHGAP24, ARHGDIA, KANK1/2/4,
SYNPO, PTPRO, EMP2, APOL1, CUBN and PODXL), co-
enzyme Q biosynthesis (COQ2, COQ6, PDSS2, ADCK4 and
MTTL1), lysosomal pathways (SCARB2 and OCRL1), and
adhesion to glomerular basement membrane (LAMB2,
ITGB4, ITGA3, COL4A 3/4/5), only with one rare exception
LAMB2, the protein product of which is enriched in the glo-
merular basement membrane [18].

Given that the likelihood of detecting a causative gene
mutation is inversely related to the age of disease onset, it is
advisable to perform clinical genetic testing to those patients
showing massive and persistent proteinuria aged under
25 years [19]. Furthermore, the following clinical indications
for genetic testing should be taken into consideration: congen-
ital or infantile-onset nephrotic syndrome, childhood-onset
nephrotic syndrome with family history, manifesting histolog-
ically as FSGS or diffuse mesangial sclerosis, and/or extra-
renal manifestations.

Because immune dysregulation has been implicated in the
pathogenesis of steroid- SSNS, an exome-wide study within a
carefully phenotyped cohort of children identified the human
MHC gene HLA-DOQ1 as a risk allele for SSNS [20]. So far,
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only one causative gene (EMP2) has been discovered, and
these findings reinforce the role of adaptive immunity in the
etiology of SSNS [21].

More recently, by performing whole exome sequencing
(WES) in a cohort of individuals in 17 families with partial
glucocorticoid treatment sensitivity, six novel recessive muta-
tions of MAGI2, TNS2, DLCI, CDK20, ITSN1 and ITSN2
have been identified. These six nephrosis genes delineate a
pathogenic pathway related to podocytic regulation of Rho-
like small GTPase (RLSG) activity, which may be at the inter-
section between steroid sensitivity and steroid resistance in
nephrotic syndrome [22]. At present, corticosteroid immuno-
suppressive drugs are still adopted as the fist-line treatment
without discrimination in patients who are steroid-resistant or
steroid-sensitive. Undoubtedly, a definitive molecular diagno-
sis based on high-throughput massively parallel sequencing
could guide us to a more rational treatment decision for these
patients. In view of the high proportion of SSNS, timely cor-
ticosteroid therapy is necessary. Once the children identified
as SRNS, especially for young patients (< 2 years old), genetic
testing can be carried out according to the local conditions.

The clinical and genomic spectrum of nephrotic
syndrome

In the past, renal histopathology has been used as a crucial
criterion for diagnostic, prognostic and therapeutic decisions
in children with nephrotic syndrome. However, the selection
of treatment strategies based onmerely renal histopathological
findings is deemed to be flawed in real-world clinical practice
[23, 24]. According to the PodoNet Registry cohort report in
2015 [25], 1665 patients were enrolled, including childhood-
onset steroid-resistant (age ≤ 20 years old), congenital ne-
phrotic syndrome (CNS), or persistent subnephrotic protein-
uria of likely genetic origin. The most common histopatholog-
ica l d iagnoses were FSGS (56%), MCD (21%),
mesangioproliferative glomerulonephritis (MesPGN, 12%),
and diffuse mesangial sclerosis (DMS). Patients with FSGS,
MCD, and MesPGN presented with a similar degree of hypo-
albuminemia and comparable prevalence of hypotension.
Mutations in NPHS2 (n = 138), WT1 (n = 48), and NPHS1

(n = 41) were most commonly identified. Among the various
intensified immunosuppressive therapy protocols, calcineurin
inhibitors and rituximab yielded consistently high response
rates, with 40–45% of patients achieving complete remission.
The initial histopathologic diagnosis did not predict the out-
come of the intensified immunosuppressive therapies, and the
remission rates differed marginally between MCD (51%),
MesPGN (40.6%), and FSGS (39.0%). Genetic abnormalities
were found in 22% of patients with FSGS, 19% with
MesPGN, and 12% with MCD, and the kidney biopsies
showed their limited value in distinguishing genetic from
non-genetic disease etiologies. Close association with specific
genetic disorders was limited to DMS (WT1 and PLCE1) and
CNS (NPHS1). It was the genetic diagnosis, but not the his-
topathologic disease type, that strongly predicated the respon-
siveness to intensified immunosuppressive therapy.

In the clinical setting, the spectrum of the pathological phe-
notype in nephrotic syndrome patients with genomic abnor-
mality is variable. Genetically, nephrotic syndrome can be
inherited in an autosomal recessive, autosomal dominant or
mitochondrial manner, and also can be as isolated renal dis-
ease or as part of a multisystem inherited disorder. Mutations
in the same gene and even identical mutations can result in
utterly different phenotypes, especially in different ethnicities
(e.g., WT1) [7]. However, for those sporadic SRNS, 30–
32.3% of patients show a defined mutation [26, 27]. So far,
there are no treatment guidelines based on SRNS genetic var-
iants. Although clinical studies indicate that some patients
with genetic causes could still respond to cyclosporine A, this
therapy may be more effective in non-genetic SRNS as com-
pared with genetic variants of SRNS [28]. Therefore, only
when a genetic diagnosis is established can the histopatholog-
ic findings help with the prognosis of long-term outcome in
children with SRNS. This is confirmed by recently integrative
analysis from the PodoNet Registry cohort with 1354 patients
enrolled [29]. Among 212 patients whose genetic cause was
ascertained (NPHS2 and WT1 mutations accounted for two
thirds of these), 85% of them would progress to ESRD within
15 years, and this outcome was significantly poorer than that
of children with multidrug-resistant disease who carried no
genetic abnormality. For example, a multidrug resistant

Table 1 Clinical definitions of
nephrotic syndrome in children Classification Diagnostic criteria

Nephrotic syndrome 3+ protein on urine dipstick, hypoalbuminemia ≤ 25 g/L

Remission uPCR < 20 mg/mmol or < 1+ on urine dipstick for 3 consecutive days

Relapse uPCR ≥ 200 mg/mmol or ≥ 3+ protein on urine dipstick for 3 consecutive days

Frequent relapse (FRNS) Two or more relapses within first 6 months, or ≥ 4 relapses in any 1-year period
Steroid dependence (SDNS) Relapses during corticosteroid therapy or within 14 days of cessation

Steroid resistance (SRNS) Absence of remission despite therapy with daily prednisone at a dose
of 2 mg/kg or 60 mg/m2 for 4 or 8 weeks

uPCR urine protein:creatinine ratio

Pediatr Nephrol (2020) 35:569–579 571



patient with a genetic diagnosis and given GFR would have a
nearly threefold higher ESRD risk when diagnosed with
FSGS compared with MCD.

With the advent of next-generation sequencing (NGS), the
extensive clinical utilization of genetic testing has been facil-
itated by rapid and relatively inexpensive sequencing techni-
cal innovation, such as WES and whole genome sequencing
(WGS). Although there is still not a clear guideline pertaining
to mutational screening, evidence from the clinical cohort
suggests that genetic testing should be guided by the genetic
basis of the disease [30, 31]. Similar to WES and WGS, the
gene-panel design should take underlying factors into consid-
eration: histological patterns, onset-stage, extra-renal symp-
toms, family history, renal function at first presentation, and
initial treatment response. Despite recognition of an increasing
number of genetic causes within SRNS, only mutations in
several genes are frequently identified. Novel genetic causes
need to be discovered. Furthermore, considering the diverse
clinical heterogeneities, even some patients with a negative
initial test result may still have an as yet undetected genetic
cause, and this will have potential consequences on choosing
a therapeutic approach in the future. The molecular ontology
of SRNS in the era of NGS will ultimately help not only to
uncover the pathogenic pathways, to redefine diagnostic clas-
sification and prognostic assessment, but also to provide tar-
gets to guide personalized medical management.

Non-immunological effects of immunosuppressants
on podocytes

To date, corticosteroids are still the superior treatment for the
first attack of nephrotic syndrome, but other immunosuppres-
sive drugs have to be introduced when confronted with FRNS
or SRNS [32]. Considering the relative efficiency to prevent
relapses, the burden of complications, and the compliance of
patients during treatment, immunosuppression therapy re-
quires a careful balance between risks and benefits, and many
of these agents have a narrow therapeutic window and require
close monitoring [33].

Immunosuppressive therapies are used after confirming
steroid resistance, including intravenous steroid pulses, cal-
cineurin inhibitors (CNIs), mycophenolate mofetil (MMF),
CNI combined with MMF, oral or intravenous cyclophospha-
mide (CPH), and rituximab [34]. Due to the etiological het-
erogeneity, the responses to immunosuppressants are dramat-
ically discrepant among different patients with nephrotic syn-
drome. For patients without a podocytic gene defect, the re-
sponse to immunosuppressive therapies with complete remis-
sion is about 60% and partial remission is 19% [28, 35]. The
PodoNet cohort confirmed that the efficacy of CNI-based
therapies was superior to steroid pulses, cyclophosphamide,
and MMF, all of which did not show any therapeutic effect in
about 85% of patients as first line therapy [34]. What is more,

if patients showed resistance to CNIs, these agents (i.e., ste-
roid pulses, cyclophosphamide, and MMF) would be
completely non-efficacious as second- or third-line therapies
and should be avoided in SRNS [11, 36]. According to this,
CNIs are recommended as initial therapy for children with
SRNS [37].

A recent study found that B cell depleting therapy with
rituximab could induce complete remission in 44% and partial
remission in 15% of children with SRNS [34]. Several case
series have suggested that rituximab is effective in some
SRNS patients who failed to respond to CNIs [25, 38].
However, evidence from an open-label randomized trial of
rituximab failed to show any improvement in 31 children with
SRNS, compared 16 children who received CNIs, predniso-
lone, and two infusions of rituximab with 15 children who
received CNIs and prednisolone alone [39]. More recently, a
parallel-arm, open-label, randomized clinical trial compared
the efficacy of rituximab and tacrolimus among children with
SDNS and found that rituximab is superior to tacrolimus in
maintaining disease remission and minimizing corticosteroid
exposure with good tolerance and low nephrotoxicity. This
study suggests that rituximab can be used as first-line cortico-
steroid-sparing therapy in children with SDNS [40]. There is
no conclusion as to whether rituximab or CNIs should be
preferentially recommended for children with SDNS or
SRNS, but it is indisputable that CNIs and rituximab are
attracting more attention in the therapy of pediatric nephrotic
syndrome.

The non-immunologic anti-proteinuric action
of immunosuppressants

Experimental studies suggest that some immunosuppressants
show non-immunologic anti-proteinuric action via a direct
glomerular effect on podocyte stabilization. For example, cy-
closporine appears to stabilize the actin cytoskeleton by
blocking the calcineurin-mediated dephosphorylation of
synaptopodin [41]; cyclosporine may ameliorate the injury
of podocytes by reducing the intracellular influx of calcium
required for activation of calcineurin [42], and cyclosporine
also can protect the podocytes from injury through inhibiting
the signaling pathway of nuclear factor of activated T cell
(NATF) [43]. Rituximab may stabilize the action cytoskeleton
and prevent podocyte apoptosis by binding directly on
sphingomyelin phosphodiesterase acid-like 3b protein
(SMPDL3b), independent of its well characterized activity
as a monoclonal antibody for CD20 on B lymphocytes [44].
Besides the cellular mechanism of podocyte-stabilization, cy-
closporine also has a hemodynamic (somehow nephrotoxic)
effect mediating the reduction of glomerular filtration rate
(GFR), thereby reducing proteinuria [45]. Besides their well-
known anti-inflammatory and immunosuppressive activity
primarily mediated by genomic effects, glucocorticoids may
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protect podocytes from injury through increasing the phos-
phorylation of nephrin via the serum- and glucocorticoid-
regulated kinase, reducing podocyte apoptosis and increasing
the number of podocyte progenitors, and preventing podocyte
motility and actin disassembly by modulating the production
of cyclin guanosine monophosphate [46]. Furthermore, glu-
cocorticoids may have an anti-apoptotic effect by restoring
Bcl-2 expression and reducing p53 levels in cultured
podocytes treated with puromycin [47, 48]. These effects
might explain another side of anti-proteinuric effects of ste-
roids. Levamisole also showed podocyte protective effects by
inducing expression of glucocorticoid receptor (GR) and thus
enhancing GR signaling [49]. Thus, the advantage of CNIs
and rituximab in nephrotic syndrome is due in part to the
protective effect on podocytes, which is independent of
immunosuppression.

Although immunosuppressive therapies increase the remis-
sion of SRNS, therapy of children with podocyte genetic ab-
normalities remains a serious challenge. There are some pa-
tients with genetic forms of nephrotic syndrome who may
achieve partial or complete remission with cyclosporine-
based immunosuppressive therapy, which have been con-
firmed by the results of some anecdotal clinical observations
and retrospective studies (Table 2). Genetic abnormalities im-
plicated in these studies include WT1 [52], NPHS1 [50],
NPHS2 [34], PLCEI [51], and TRPC6 [42], mutations or mu-
tations in the regulators of RHO-like GTPase (ARHGDIA,
KANK1, KANK2 and KANK3) [53]. However, for most ge-
netic SRNS, response to cyclosporine-based immunosuppres-
sive therapy was weak and only restricted to exceptional pa-
tients. The majority of children cases with podocyte genetic
abnormalities are resistant to current immunosuppressive
treatments, including corticosteroids, and have a high risk of
developing ESRD [54].

The progression of non-immunosuppressive therapy

In current clinical practice, a shift towards genomic medicine
is occurring, wherein genome-wide screening will help not
only in unraveling the pathogenic pathways of nephrotic syn-
drome but also in providing potential targets to guide person-
alized medical management based on specific genes. It is the
recognition of the key role of podocyte injury in nephrotic
syndrome that has led to identification of several important
molecular pathways that are able to regulate podocyte injury
and to innovative drugs aiming to regulate these pathways.
This knowledge will offer specifically targeted and effective
treatments for nephrotic syndrome. Furthermore, combining
hemodynamic targeting medicine such as renin–angiotensin–
aldosterone system (RAAS) inhibitors, podocyte-specific
metabolic targeting therapy and anti-inflammatory drugs
might provide extra benefits beyond single-drug treatments. Ta
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Specific gene mutations with potential
non-immunosuppressive treatments

Podocytes are terminally differentiated cells with limited replica-
tive capacity and are exquisitely vulnerable to cell stress. As the
major component of the glomerular filtration barrier, they support
other capillary components by counteracting endocapillary pres-
sure, synthesize cytoskeletal proteins and extracellular matrix
components, and undertake some immunological roles. To fulfill
all of these tasks, podocytes are particularly dependent on energy
supply and are rich in mitochondria. Impairment of oxidative
phosphorylation in podocytes results in excessive generation of
reactive oxygen species (ROS) and functional and structural ab-
normalities, which subsequently lead to disruption of the glomer-
ular filtration barrier, proteinuria, and ultimately the development
of glomerular sclerotic lesions [59]. Therefore, the peculiarity of
CoQ10 deficiency among mitochondrial disorders hints that an
effective treatment is available. For instance, if a mutation in one
of the genes controlling coenzyme Q10 biosynthesis is detected
(e.g.,COQ2,COQ6, ADCK4or PDSS2), experimental treatment
with coenzyme Q10 may be justified, because there have been
reports on a partial response to Q10 supplementation in child-
hood SRNS cases with mutations in COQ2, COQ6, and
ADCK4. As there is no recommend treatment dosage, it appears
that 30–50 mg/kg/day may be an appropriate starting dose, and
many patients respond to and tolerate oral supplementation with
high dose CoQ10 [60]. Yet, once the kidney disease and neuro-
logical damage related to CoQ10-deficiency is well established,
the clinical conditions cannot be reversed by the addition of
CoQ10 [61]. Likewise, patients with CUBN mutations may re-
spond to vitamin B12 addition, while patients with ARHGDA
mutationmay respond to amineralocorticoid receptor antagonist,
i.e., eplerenone, through modulation of Rac I-mineralocorticoid
interaction [53] (Table 2).

Available drugs for non-immunosuppressive
treatment

With our expanding knowledge of the molecular mechanisms
associated with the pathogenesis of nephrotic syndrome, a
variety of alternative drugs with specific target non-
immunological options have been developed for patients with
nephrotic syndrome [62]. Although most of these agents are
only partially effective, or even have marked adverse effects,
these alternative treatments will be addressed systematically
and prospectively in future (Table 3).

Galactose

Galactose is postulated to have the ability to prevent the focal
sclerosis permeability factor (FSPF) from gaining access to the
podocyte by interaction with glomerular glycocalyx in a rat mod-
el [63]. It has been proposed to be a potential treatment for

nephrotic syndrome. Subsequently, galactose-induced remission
of nephrotic syndromewas confirmed by a case report in an adult
nephrotic syndrome patient with oral galactose, who was resis-
tant to multiple immunosuppressants and plasmapheresis [64].
Moreover, this observation was also confirmed by other two
cases of child patients [65]. Yet, according to a prospective pilot
clinical trial aiming to evaluate the efficacy of galactose in 2013,
galactose decreased FSPS in children with SRNS but failed to
alleviate proteinuria levels among five patients with idiopathic
SRNS and two patients with post-transplant FSGS recurrence
[72]. On the contrary, a more recent clinical report from the novel
therapies in resistant FSGS (FONT2) in 2015 affirmed the effi-
cacy of galactose in reducing proteinuria: 21 eligible patients
were assigned to one of the three study arms. While none of
seven subjects treated with adalimumab (Humira®, TNF
antibody) achieved the primary outcome, two subjects in the
galactose treatment arm and two in the standard medical therapy
arm (treated with lisinopril, losartan, or atorvastatin) had a 50%
reduction in proteinuriawithout a decline in evaluatingGFR. The
findings of the FONT2 clinical trial group suggested that further
studies of novel therapies for rare glomerular disease such FSGS
might benefit from enrollment of patients earlier in the course of
their disease [73].

ACTH

Different from the mainstream treatments for nephrotic syn-
drome, ACTH (adrenocorticotropic hormone) is an
immunostimulator by itself and has a long history as old as
cortisone for the treatment nephrotic syndrome. There has been
increasing use of ACTH in the past two decades. ACTH has
shown its efficacy in multiple causes of nephropathy, including
MCD, FSGS, and mesangial glomerulonephritis, with a respon-
sive rate varying from 29 to 100% [74, 75]. Recently, ACTH has
shown its particular benefits in idiopathic membranous nephrop-
athy [76]. Although the exact mechanism for ACTH has not
been fully understood, it is thought to act directly on podocytes
via binding to the melanocortin 1 receptor [66, 67]. ACTH is
currently taken as a potential treatment for nephrotic syndrome,
although there are still some conflicting results according to dif-
ferent studies [77]. Some studies have identified that the potential
response rate to ACTH in patients with steroid-resistant FSGS
may be less than 30%, and its role as primary therapy has yet to
be proven [78]. Thus, multicenter randomized controlled trials
are urgently needed to evaluate its efficacy in idiopathic nephrot-
ic syndrome.

Vitamin D analogs and stimulation of the calcium-sensing
receptor

Similarly, the use of vitamin D analogs (cinacalcet) to stimulate
the calcium-sensing receptor has come into the field of alternative
therapy for nephrotic syndrome. Via stimulation of calcium-
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sensing receptors, cinacalcet can enhance podocyte stability and
may have the potential to decrease proteinuria in nephrotic syn-
drome [68]. In contrast to the positive results from experimental
studies and a recent meta-analysis in IgA nephropathy [79], vi-
tamin D supplementation did not reduce the relapse rate in a
randomized controlled trail in SSNS patients [80]. So far, there
are no available data on cinacalcet. Although definitive conclu-
sions about the use of vitaminD analogs and cinacalcet cannot be
drawn, future studies are warranted.

Azithromycin

Recently, there was a case report on the validity of sole
azithromycin in nephrotic syndrome, which was based on an
earlier observation about an additional positive effect of
azithromycin on corticosteroid induction therapy for nephrotic
syndrome [81]. This report suggested that azithromycin pos-
sibly suppressed disease activity in nephrotic syndrome and
reduced proteinuria in subsequent relapses. The authors sug-
gested that azithromycin may possibly improve imbalances of
the immune system which may be involved in the activity of
nephrotic syndrome, and azithromycin may also have some
effects on protein selectivity in renal epithelial cells. Given the
rarity, severity, and heterogeneity of this disease involved,

more studies are needed to reach definite conclusions about
azithromycin use for nephrotic syndrome.

Updating inhibition of the RAAS

As a conservative and reliable non-immunosuppressive ap-
proach for nephrotic syndrome, inhibiting the RAAS can
modulate renal hemodynamics and thus lead to a decrease in
proteinuria through mechanisms of reducing glomerular
hyperfiltration and intraglomerular pressure, as well as anti-
TGFβ-like properties [69]. Well-designed studies have con-
firmed that mechanical strain on podocytes would lead to the
podocyte-specific overexpression of ANG II type 1 receptor
(AT1R), resulting in marked foot process effacement and pro-
teinuria without significant changes in systolic blood pressure
[70, 71]. Consequently, the utilization of RAAS inhibitors
may play a critical role in mitigating podocyte injury and
proteinuria in glomerular disease by inhibiting AT1R-
mediated effects [82]. RAAS inhibitors, including angiotensin
converting enzyme inhibitors (ACEIs) or type1 angiotensin II
receptor blockers (ARBs), are now considered as standard
treatments for chronic proteinuric kidney disease including
nephrotic syndrome. Both of ACEIs and ARBs are effective at
reducing proteinuria in a dose-dependent manner. In the current

Table 3 Therapeutic agents with direct effects on the podocyte

Therapeutic agents Models Molecular mechanism in podocytes Reference

Calcineurin inhibitors Mouse model (LPS, transgenic mice),
murine and human podocytes

Restore ZO-1 expression [41–43]
Prevents synaptopodin from cathepsin-L mediated

degradation leading to preservation of phosphorylated
synaptopodin and subsequent RhoA-mediated stabilization
of actin stress fibers

Reduces calcium influx in the podocyte by downregulating
TRPC6 expression

Inhibit NFAT signaling in the podocyte

Rituximab Human podocytes, FSGS patient
cohorts

Rescues SMPDL-3b expression and prevents actin cytoskeleton
derangement and podocyte apoptosis

[44]

Glucocorticoids Murine and human podocytes,
murine model (anti-glomerular
antibody)

Increase RhoA activity with stabilization of actin cytoskeleton [46–48]
Reduces podocyte apoptosis

Restore Bcl-2 expression

Reduce p21, p53, Il-6, Vegf expression

Restores synthesis of glycosylated nephrin

Galactose Rat model, pediatric cohorts with
nephrotic syndrome

Prevent the FSPS from accessing to podocyte [63–65]

ACTH Rat model (PHN), pediatric cohorts
with nephrotic syndrome

Binds to MC1R and attenuates oxidative stress [66, 67]
Reduce proteinuria via MC1Rs in podocytes

Vitamin D analogs
and cinacalcet

Human podocytes, IgAN patient cohorts Enhance podocytes stability Via stimulating the calcium
sensing receptors

[68]

RAAS inhibitors Rat model (Ren2, transgenic),
murine and human podocytes

AKT phosphorylation leads to actin stabilization [69–71]
Reduce oxidative stress

Inhibit MAPK/ERK signaling

FSGS focal segmental glomerular sclerosis, PHN passive Heymann nephritis, HIVAN HIV-associated nephropathy, ADR adriamycin, ZO-1 zonula
occludens-1, TRPC6 transient receptor potential cation channel, subfamily C, member 6, NFAT nuclear factor of activated T cell, SMPDL
sphingomyelinase-like phosphodiesterase receptor, MC1R melanocortin 1 receptor

Pediatr Nephrol (2020) 35:569–579 575



clinical setting, RAAS inhibitors are often used in combination
with other immunosuppressants, yet in some cases of hereditary
forms of SRNS, CNIs do not offer an extra therapeutic benefit
over RAAS blockade alone [29]. Therefore, patients should be
spared the side effects of immunosuppressive therapy. The ben-
efits of combined ACEI and ARB therapy have been suggested
by some limited-size studies in nephrotic syndrome with genetic
abnormality [83]. However, this combinative utilization is usual-
ly associated with potential side effects, such as serious
hyperkalemia, which often limits its use. From the long-term
experience with RAAS inhibitors, these agents would still be
favored for early use in younger patients, especially when they
are tolerated well and no better choice except immunosuppres-
sants is available. Furthermore, any novel therapy must add ben-
efit on the background of ACEI or ARB therapy, and these
agents should therefore be taken as the mainstay treatment for
nephrotic syndrome.

More recently, a phase 2, randomized, double-blind, active-
control, dose-escalation study (DUET), using sparsentan, a
dual endothelin type A (ETA), and angiotensin II type 1 re-
ceptor antagonist, has came to a preliminary conclusion.
Patients with FSGS could achieve significantly greater reduc-
tions in proteinuria after 8 weeks of sparsentan versus
irbesartan, and sparsentan was safe and well tolerated [84].
As an ancillary study of the Nephrotic Syndrome Study
Network (NEPTUNE) observational study, DUET had been
initiated with a view to evaluate the anti-proteinuric efficacy
and long-term safety of sparsentan in patients with primary
FSGS, and also to assess the impact in genetic forms of ne-
phrotic syndrome [85]. In the near future, sparsentan will be
further evaluated in the DUET study open-label treatment pe-
riod, and in the phase 3 DUPLEX study, to determine whether
it produces sustained reduction in proteinuria and stabilizes
kidney function compared with AT1 receptor blockade with-
out undue adverse effects. Positive findings from the phase 3
DUPLEX study would represent a major advance in the man-
agement of FSGS and would provide important evidence on
whether dual ARBs and endothelin blockade might be an
effective therapeutic strategy for SRNS.

The unique art—status of Chinese traditional
medicine for nephrotic syndrome

Most traditional herb formulations of Chinese medicine and herb
natural products have pleiotropic properties. Stephania tetrandra
S. Moore (Fang Ji) and Astragalus membranaceus (Huang Qi)
are the most important herbs for treating edema and proteinuria,
which are prescribed combined or alone in most traditional for-
mulas [86]. Apart from that, extensive research has identified
many active ingredients of herbal medicines with the ability to
improve existing immunosuppressive therapies for the treatment
of nephrotic syndrome. For example, Wuzhi capsule combined
with tacrolimus has been shown not only to significantly reduce

the dosage of tacrolimus required to maintain an effective blood
concentration but also to result in a higher remission rate and
shorter time to achieve partial remission [87, 88].
Unfortunately, due to the low methodological quality and the
small number of randomized controlled trials (RCTs), there is
currently insufficient evidence for determining whether these in-
terventions should be taken for childrenwith nephrotic syndrome
[89]. In the future, the therapeutic effect of traditional Chinese
medicine in nephrotic syndrome still needs to be carefully eval-
uated by some well-designed clinical studies.

Conclusion

For more than 50 years, immunosuppressive therapies have
been the mainstay for nephrotic syndrome. However, neither
their target cells nor the mechanisms of action in nephrotic
syndrome are fully elucidated. Furthermore, long-term use
of these medications is fraught with adverse effects, treatment
resistance, and loss of response among childhood patients
with nephrotic syndrome. With the advance of genomic med-
icine, more and more intrinsic genetic mechanisms will be
discovered. In the past decades, the recognition of the key role
of podocyte injury in nephrotic syndrome has inspired re-
searchers to identify several important molecular pathways
involved in podocyte injury and to develop new drugs regu-
lating these pathways, which continue to offer specific targets
and non-immunosuppressive therapies for nephrotic syn-
drome. Thus, the new non-immunosuppressive strategies will
shed light on the treatment of nephrotic syndrome. Therefore,
an optimal algorithm based on personalized immunosuppres-
sion should be taken into consideration. Alternative non-
immunosuppressants aiming to identifying targets directly in
the podocyte with minimal toxicity will also be developed and
should have priority to be put into force in a timely manner.
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