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Abstract
Nephrotic syndrome is traditionally defined using the triad of edema, hypoalbuminemia, and proteinuria, but this syndrome is
very heterogeneous and difficult to clarify. Its idiopathic form (INS) is probably the most harmful and essentially comprises two
entities: minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS). We will consider some hypotheses
regarding the mechanisms underlying INS: (i) the presence of several glomerular permeability factors in the sera of patients that
alter the morphology and function of podocytes leading to proteinuria, (ii) the putative role of immune cells. Thanks to recent
data, our understanding of these disorders is evolving towards a moremultifactorial origin. In this context, circulating factors may
be associated according to sequential kinetic mechanisms or micro-environmental changes that need to be determined. In
addition, the resulting proteinuria may trigger more proteinuria enhancing the glomerular destabilization.
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Abbreviations
SCF Serum circulating factor
INS Idiopathic nephrotic syndrome
FSGS Focal segmental glomerulosclerosis
rFSGS Recurrent focal segmental glomerulosclerosis
MCD Minimal change disease
CLC-1 Cardiotrophin-like cytokine-1
suPAR Soluble urokinase plasminogen activator receptor
APOL1 Apolipoprotein A-I

Idiopathic nephrotic syndrome: background
and description

The kidneys account for only 1% of body weight but 10% of
total oxygen consumption. It is a complex organ in terms of its
development, structure, physiology, and pathology. The dif-
ferent types of kidney disorders include nephrotic syndrome,
which was initially described by Hippocrates as a generalized
edema, but it was not until 1722 that Theodore Zwinger
evoked this pathology for the first time and placed the seat
of the disease firmly in the kidneys. However, as far as we
know, Zwinger did not perform any tests on the urine.
Proteinuria in conjunction with edema was first described by
Domenico Cotugno (1736–1820) in Naples, in his work “De
ischiade nervosa commentaries” (1770). Some decades later
(in 1827), Richard Bright performed a clever experiment to
detect proteinuria by heating urine in a spoon held over a
candle, and observed the coagulation of urines from these
patients. It was Bright who finally associated generalized ede-
ma and proteinuria with kidney disease (Pal and Kaskel 2016).

Among the different forms of nephrotic syndrome, idio-
pathic nephrotic syndrome (INS) is probably the most
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deleterious. It is defined by significant selective proteinuria (>
3 g/day) associated with hypoalbuminemia, edema, and some-
times hyperlipidemia, but without inflammatory lesions (Eddy
and Symons 2003). INS is a reflection of structural/functional
alterations to the cellular components within glomeruli
(Barisoni et al. 2007), followed by a loss of integrity of the
glomerular filtration barrier. In affected glomeruli, podocytes
acquire an impaired structure because their actin network is
modified and their numbers fall due to cell death. The remain-
ing podocytes then become hypertrophic in an attempt to cov-
er the surface of glomerular capillaries. During the evolution
of this pathology, the number of renal corpuscles decreases,
they become hypertrophic by adaptation, and the presence of
adhesions (synechiae) between Bowman’s capsule and the
glomerular tuft can be observed. This situation may activate
the parietal cells of the capsule, which may either replace the
lost podocytes (beneficial role) or invade the glomerulus and
secrete extracellular matrix proteins (deleterious role) (Smeets
et al. 2011; Puelles et al. 2016; Kaverina et al. 2019).

Reference is currently made to two principal forms of
INS: nephrotic syndrome with minimal glomerular lesions
(minimal changes disease, MCD) and focal segmental
glomerulosclerosis (FSGS). MCD expresses itself as se-
vere proteinuria without glomerular lesions or immuno-
globulin deposits visible using optical microscopy or im-
munofluorescence. Ultrastructural lesions of MCD can be
observed by electron microscopy and mainly consists in
effacement of podocyte foot processes without loss of
these cells (Eddy and Symons 2003). MCD is normally
responsive to corticosteroid therapy which renders these
podocyte lesions reversible. Glomerular damage caused
in the context of FSGS results in irreversible scarring that
entail a poorer prognosis and finally lead to end-stage kid-
ney disease. The response to therapy is often linked to
these different lesions, since most patients with MCD are
sensitive to corticosteroids while those with FSGS are cor-
ticosteroid-resistant.

Rather than an authentic disease, FSGS is considered
to result from a plethora of different glomerular impacts
that are reflected by histological lesions such as sclerosis,
hyalinosis, foam cell infiltration, or the vacuolization of
podocytes. These lesions develop in a segmental (in part
of the glomerulus) and focal manner (in some glomeruli)
(D’Agati et al. 2011). The pioneering studies of Farquhar
and Palade (1962) described how the visceral epithelium
was mainly affected by the effacement of podocyte foot
processes (Farquhar and Palade 1962). The Columbia
classification (2004) distinguishes five types of lesions
according to their topographic distribution within glomer-
uli: collapsing, tip, cellular, perihilar, and nonspecific
(Han and Kim 2016). This morphological heterogeneity
of FSGS may suggest the presence of different
etiopathogenic agents at the source of this disorder.

A broad range of well-known causes, such as gene muta-
tions in podocytes, viral infections, drug toxicity, and adaptive
causes (nephron reduction, hyperfiltration) can be at the origin
of the FSGS. By contrast, the cause for the idiopathic form
remains elusive, despite considerable efforts to decipher its
nature. In addition, some authors have proposed subclasses
of FSGS as a function of clinical criteria such as its response
to corticosteroids or immunosuppressive drugs (Rosenberg
and Kopp 2017). It is also known that FSGS can relapse fol-
lowing kidney transplantation which is frequently followed by
graft loss (Rudnicki 2016).

MCD and FSGS: two sides of the same coin?

However, it is still not totally clear whether MCD and
FSGS are in fact two different phases in the same context
of INS or two separate nosological entities. Although the
debate is not closed, some evidence points towards the first
hypothesis because (i) FSGS lesions are absent during the
early phase of corticosteroid-resistant INS and (ii) FSGS
lesions have been observed in serial biopsy samples
reflecting progression of the disease (Fogo 2015; Fogo
et al. 2015). Importantly, Canaud and colleagues reported
some cases of a relapse of proteinuria after early transplan-
tation although no glomerular lesions were visible under
light microscopy (Canaud et al. 2010). However, electron
microscopy revealed the extensive foot process effacement
that is typical of MCD. This suggests that, at early stages in
the recurrence, MCD was the main histological feature.
Studying progression of the disease after the analysis of
serial biopsies, the incidence of MCD decreased over the
time, while that of FSGS variants increased (Canaud et al.
2010). Toxic models of proteinuria such as puromycin
aminonucleoside or adriamycin induce at onset a loss of
glomerular basement membrane polyanions resembling
MCD, while at more advanced stages, glomerulosclerosis
resembling FSGS can be seen (Bertelli et al. 2018).
Nevertheless, there is no clear-cut separation between
MCD and FSGS. In a pilot study, Ramezani et al. identified
significant differences in plasma and urine miRNA profiles
between patients with MCD and FSGS (Ramezani et al.
2015). These miRNAs could potentially serve as novel
biological markers to distinguish FSGS from MCD.
However, this study was limited by the small number of
subjects in the control and MCD groups, as well as a sig-
nificant age difference between the study groups. Urinary
CD80 (B7–1) is a diagnostic tool that has been proposed to
distinguish between MCD and FSGS (Garin et al. 2010).
According to the authors, CD80 is released from the
podocytes to urine in MCD but not in FSGS.

The INS might represent an evolutionary concept where
MCD progresses to FSGS in the context of nephrotic
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syndrome. Agreeing with Maas and colleagues (Maas et al.
2016), there is no single cause of the initial podocyte injury
because the development of podocyte lesions may result from
more than one toxic factor. This idea might be very useful to
improving the development of therapeutic approaches. For
this reason, in this review, we are assuming this evolutionary
notion that FSGS is a more advanced form of INS.

Glomerular permeability factors in the serum:
the idea

For decades now, the nephrology community has been trying
to decipher the identity of an enigmatic circulating factor
found in the sera of idiopathic INS patients. This concept
emerged after numerous observations which suggested an
extra-renal origin for INS where the glomeruli are the target
of some unknown circulatingmolecules produced in a system-
ic context. In an ethically questionable study, Gentili et al.
(1954) administered plasma from infants affected by INS to
healthy counterparts who subsequently developed transient
proteinuria. The authors went on to suggest, for the first time,
the presence of a serum circulating factor (SCF) as the cause
for the disease (Gentili et al. 1954).

Undoubtedly, the most compelling evidence to support the
notion of SCF is recurrence of the disease after transplanta-
tion, as described in 1972 by Hoyer and colleagues (Hoyer
et al. 1972). They studied three patients with corticosteroid-
resistant idiopathic nephrotic syndrome, at its onset and then
during a recurrence. Some weeks after transplantation, they
observed a relapse of nephrotic syndrome with severe protein-
uria and no signs of an immunological reaction and concluded
that a SCF must be the source of the recurrence (Hoyer et al.
1972). This hypothesis was reinforced in 1984 by
Zimmerman and collaborators who infused sera from FSGS
patients in rats, which rapidly developed proteinuria
(Zimmerman 1984). Other studies reported that plasmaphere-
sis procedures, performed in recurrent FSGS patients, tran-
siently decreased or abolished proteinuria, resulting in a par-
tial or complete remission (Artero et al. 1994; Feld et al.
1998). In 1994, Dantal and colleagues reported a drastic re-
duction of proteinuria after immunoadsorption sessions onto
protein A columns. These authors demonstrated that injection
of the eluates from these protein A columns reproduced pro-
teinuria in the rats (Dantal et al. 1992). Other pieces of evi-
dence were supplied, for example, by the disappearance of
nephrotic syndrome lesions after transplanting kidneys from
FSGS patients into healthy recipients (Gallon et al. 2012), or
the maternal-fetal transmission of proteinuria. In this case,
pregnant women affected by FSGS transfer proteinuria to
the fetus which disappears some days after the delivery
(Lagrue et al. 1991; Kemper et al. 2001).

Does proteinuria trigger proteinuria?

Physiologic proteinuria is produced in a normal range of <
150 mg/day, which is mainly reabsorbed by the proximal tu-
bules. Under such conditions, proteins (mainly albumin) are
internalized by the epithelial cells (PTECs) through a mecha-
nism of receptor-mediated endocytosis, which are subsequent-
ly delivered to lysosomes to be recycled without any cell
damage (Christensen et al. 2009). The idea that the podocytes
could also participate in the processes of albumin reuptake
was taking shape little by little. Thence, in a model of
hyperalbuminemia, Ashworth and James described that post-
glomerular filtered albumin induced swelling and
vacuolization in podocytes (Ashworth and James 1961).
However, it was not until 1986 when Yoshikawa et al. report-
ed the first evidence of an endocytic internalization of albumin
in podocytes from patients affected by FSGS (Yoshikawa
et al. 1986). Posterior studies performed in different models
of proteinuria described that an excess of intraglomerular al-
bumin involves deleterious effects on podocytes, including
cytoskeleton alterations or even cell death (Morigi et al.
2005; Tojo et al. 2008; Okamura et al. 2013; Gonçalves
et al. 2018). Recently, Jarad and colleagues compared a mouse
model of Alport syndrome (Col4a3−/−) with a double-
knockout mouse Alport/albumin (Col4a3−/−; Alb−/−). They
concluded that filtered albumin was injurious to kidney cells
at glomerular level and that the lack of albumin reduced the
renal pathology (Jarad et al. 2016).

Regarding the uptake of post-filtrated albumin, it is fasci-
nating to note the striking similarity between the PTEC cells
and podocytes since, according to works of Del Prete’s group,
cubilin/amnionless complex is responsible, at least in part, for
the albumin uptake in podocytes (Gianesello et al. 2017).
Indeed, cubilin/amnionless and megalin are the most impor-
tant receptors to protein uptake by PTECs since they transport
soluble proteins to lysosomes for further recycling (De et al.
2014). Other interesting in vitro researches showed that intra-
cellular overload of albumin in podocytes provokes endoplas-
mic reticulum stress and apoptosis via PKC/p38/caspase12
activation (Gonçalves et al. 2018), demonstrating its cytotoxic
effect.

Furthermore, a recent and a very elegant study by Müller-
Deile and colleagues offered even stronger evidence using a
parabiotic system in zebrafish (Müller-Deile et al. 2019). They
produced a parabiosis-based zebrafish model to generate a
common circulation in two zebrafish larvae. A podocyte-
specific gene (nephronectin) was knocked down in one
zebrafish larva which was then fused to a second un-
manipulated fish. The authors observed that the proteinuria
present in the knockdown fish was transmitted to the normal,
parabiotically fused partner. This suggested that a SCF could
be induced by proteinuria as a “second hit” even when a dys-
regulated gene initiated the disease. They proposed that
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proteinuria triggers a disease-aggravating feedback loop in the
circulation and perpetuates the proteinuria phenotype.

At the light of these results, it can be conclude that, after an
initial “first hit” (e.g., SCFs, gene mutations, toxic drugs), the
resulting proteinuria could act as “second hit,” thereby further
impairing the structure of podocytes, leading to a more severe
proteinuria (Fig. 1).

Serum circulating factors that are better
understood

Numerous laboratories have tried to unravel the identity of
SCFs. Some were described during the early MCD phase,
while others were seen in advanced FSGS forms or in patients
whose FSGS had relapsed following renal transplantation. It is
possible that some SCFs are present during the entire process
of glomerular degeneration, but it is also conceivable that
others might appear sequentially at different stages of the dis-
ease. However, few data are available on the coexistence of
several SCFs at different times during progression of the
disease.

In this review, we have looked at the SCF that have been
the subject of most study, including hemopexin, soluble
urokinase-type plasminogen activator receptor (suPAR),
cardiotrophin-like cytokine (CLCF-1), apolipoprotein A1, au-
toantibodies, and CASK (Table 1).

Hemopexin

Hemopexin, a plasma β1-glycoprotein, has been found to
induce proteinuria in rats with lesions similar to those of
MCD. It is able to alter the function of both the glomer-
ular endothelium and podocytes. In glomerular endotheli-
al cell monolayers, it reduces endothelial glycocalyx and
increases albumin diffusion (Bakker et al. 2005b). The
injection of hemopexin in rats induced proteinuria and
glomerular foot process effacement (Cheung et al. 2000).
Other in vitro studies on podocytes demonstrated that
hemopexin could alter cytoskeletal distribution by activat-
ing Akt and RhoA, inducing reorganization of the actin
cytoskeleton, and then compromising glomerular perme-
ability (Lennon et al. 2008). Despite the fact that
hemopexin is abundant in plasma [1 mg/ml], its pathoge-
nicity in MCD appears to be dependent on its enzymatic
activity as serine protease (Bakker et al. 2005a). To date,
no other studies in FSGS patients have been reported.

Cardiotrophin-like cytokine factor 1 (CLCF-1)

Savin and colleagues postulated that SCF should exhibit a
lectin-like affinity to sugars in the podocyte glycocalyx,
thus further affecting cell signaling pathways. By using
ex vivo glomeruli models, they studied the effect of SCFs
on glomerular albumin permeability (Palb) and the impact

Fig. 1 Serum circulating factors: diagram of pathogenic mechanisms in
idiopathic nephrotic syndrome.Different stimuli stress blood cells, which
secrete circulating factors to serum. SCFs target and damage the
glomerular filtration barrier in their different structures (fenestrated

endothelium, GBM: glomerular basement membrane and podocytes).
Plasma proteins cannot be retained and cause proteinuria, which in turn
aggravates the harmful effects of SCFs by acting on podocytes and
increasing the synthesis/activity of SCFs
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of galactose on this activity. Their results showed that
while SCF increased levels of glomerular Palb, galactose
abrogated this effect (Savin et al. 2008; McCarthy et al.
2010). In support of these findings, the oral administration
of galactose to a patient during a recurrence following
transplantation markedly decreased serum permeability ac-
tivity (Savin et al. 2008). These results therefore suggested
that galactose prevents an interaction between SCF and
glomeruli, having a protective effect. Some clinical studies
have been performed to date, but their results have been
uneven (Sgambat et al. 2013; Trachtman et al. 2015).

Following their first study, Savin et al. made use of this
galactose-binding feature in order to understand the true
nature of SCF. Using galactose affinity chromatography
and subsequent tandem LC-MS/MS, this group identified
cardiotrophin-like cytokine factor 1 (CLCF-1) in the plas-
ma of recurrent FSGS patients. Furthermore, the eluted
plasma fractions were able to induce proteinuria in rats
(McCarthy et al. 2010). CLCF-1 is a member of the IL-6
cytokine family and was initially cloned from T-cells.
Physiologically, it is a stimulating factor of B cells that
enhances the expression of immunoglobulins (Savin et al.
2015, 2017).

Levels of CLCF-1 in the circulation of patients with recur-
rent FSGS are up to 100 times higher than in normal individ-
uals (Königshausen and Sellin 2016). CLCF-1 reproduced the
effects of FSGS plasma on the Palb, and it was blocked by the
addition of a monoclonal antibody to CLCF-1. It is worth
noting that CLCF-1 decreases the expression of nephrin by
in vitro cultured podocytes (Savin et al. 2015). The activity of
CLCF-1 appears to be JAK/STAT-dependent because both
JAK2 and STAT3 inhibition have been shown to block the
ability of CLCF-1 to increase Palb, thus highlighting the need
to explore the JAK–STAT pathway relative to the pathogene-
sis of FSGS (Sharma et al. 2015).

Soluble urokinase receptor (suPAR)

suPAR is the soluble form of the membrane-bound urokinase
plasminogen activator receptor (uPAR). uPAR is expressed on
the surface of a variety of cells, including endothelial and
immune cells, and participates in the regulation of cell adhe-
sion and migration. High levels of suPAR have been described
in a variety of clinical conditions, which include both systemic
inflammation and malignant diseases (Smith and Marshall
2010).

At the renal level, in 2011, the group led by J. Reiser pub-
lished a major study which showed that patients with recurrent
FSGS in transplanted kidneys had significantly higher suPAR
levels than those with MCD, healthy controls or even patients
with non-recurrent FSGS (Wei et al. 2011). High suPAR levels
fell after the implementation of plasmapheresis sessions.
During their study, the authors established 3000 pg/mL as
the cutoff value implying a high probability of diagnosing
FSGS. The same authors also reported some in vivo and
in vitro results which revealed that high levels of suPAR acti-
vated αvβ3 integrin in podocytes, causing the effacement of
foot processes, altering podocyte adhesion to the extracellular
matrix, and finally giving rise to a complete nephrotic syn-
drome. In addition, mice lacking uPAR (PLAUR−/−) are
protected against experimental, LPS-induced proteinuria
(Wei et al. 2011). More recently, it was demonstrated that
the overexpression of a mouse isoform of suPAR formed a
dimer in solution and required the presence of β3 integrin-Src
signaling to generate proteinuria (Kopp and Heymann 2019;
Wei et al. 2019).

The discovery of the involvement of suPAR in the patho-
genesis of FSGS led to numerous studies which produced
some conflicting results (Maas et al. 2013). Initially, the stud-
ies by Wei et al. showed that the introduction of ectopic
suPAR in PLAUR−/− mice caused typical FSGS lesions and

Table 1 List of circulating factors in nephrotic syndrome caused by minimal change disease and focal segmental glomerulosclerosis

SCF MW (kDa) Nephropathy Targets in glomeruli References

Hemopexin 80–85 MCD Endothelial cells – glycocalyx GBM
Podocytes

(Cheung et al. 2000; Bakker et al. 2005a,
2005b; Lennon et al. 2008)

CLCF-1 22–25 FSGS rFSGS Podocytes (Savin et al. 2015, 2017; Sharma et al. 2015;
Königshausen and Sellin 2016)

suPAR 20–50 FSGS rFSGS Podocytes – integrin avb3 (Smith and Marshall 2010; Wei et al. 2011,
2019; Kopp and Heymann 2019)

APOL1 39–42 MCD
FSGS

Podocytes (Page et al. 2001; Vanhollebeke and Pays 2006;
Friedman et al. 2011; Chun et al. 2019)

anti-CD40 150 rFSGS Podocytes (Delville et al. 2014)

IL-13 16 MCD Podocytes (Tanaka et al. 1992; Colucci et al. 2018)

Angtpl4 45–65 MCD
FSGS

GBM (Bierzynska et al. 2015; Boyer et al. 2017)

CASK 110 rFSGS Podocytes (Beaudreuil et al. 2019)
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proteinuria (Wei et al. 2011), while other works did not find
these effects in wild-type mice (Cathelin et al. 2014; Spinale
et al. 2015; Kronbichler et al. 2016). Moreover, the overex-
pression of suPAR in other inflammatory diseases was not
associated with proteinuria (Slot et al. 1999), suggesting that
suPAR does not trigger FSGS by itself, but rather cooperates
with another co-factor (the “second hit” theory) during its
initial phase or the development of FSGS (Kronbichler et al.
2016; Saleem 2018).

Other contradictory studies have determined that suPAR
levels were not able to distinguish FSGS patients from those
with other glomerular pathologies such asMCD,membranous
nephropathy (MN), IgA nephropathy, lupus nephritis, or non-
chronic kidney disease (Meijers et al. 2014; Sinha et al. 2014;
Kronbichler et al. 2016). This suggests that suPAR might in
fact be a nonspecific marker of glomerular distress (Maas et al.
2012; Meijers et al. 2014; Sinha et al. 2014). Some studies
have thus demonstrated an inverse correlation between suPAR
levels and the estimated glomerular filtration rate (eGFR),
probably due to impaired renal excretion rather than its func-
tion as a biomarker (Harita et al. 2014; Sinha et al. 2014;
Spinale et al. 2015; Musetti et al. 2015).

On the other hand, some studies have suggested the utility
of suPAR in serum to predict the recurrence of FSGS, as well
as proposing its beneficial effects in post-transplant patients
(Staeck et al. 2015; Schenk et al. 2017; Alachkar et al. 2018),
although other studies found no correlation between serum
suPAR and the post-transplant recurrence of FSGS. There
have also been studies that produced conflicting results; some
demonstrated a fall in suPAR levels after a remission (Morath
et al. 2013; Huang et al. 2013; Alachkar et al. 2013), while
others did not find any changes to serum suPAR levels (Bock
et al. 2013; Sinha et al. 2014; Kitao et al. 2014). These dis-
crepancies may have been due to the design of these epidemi-
ological studies (most of them retrospective), the selection of
controls, the collection of samples, or the statistical analyses
performed. Furthermore, the overexpression of different iso-
forms and/or changes to their glycosylation status might have
explained these divergences (Reiser 2013; Wei et al. 2019).

Apolipoprotein A-I

In African Americans, the incidence of FSGS is four to five
times higher than that seen in European Americans. Friedman
and colleagues found a strong correlation with variations in
the gene encoding apolipoprotein A-I (APOL1) (Genovese
et al. 2010; Friedman et al. 2011). The product of this gene
is a secreted lipoprotein homologous to the “Bcl-2/BH3-only”
family. ApoL1 circulates in the densest HDL fraction and is
expressed in multiple tissue types (Page et al. 2001). Two
coding variants in the APOL1 gene (named G1 and G2) are
strongly associated with a risk of developing kidney disease in
people of African ethnicity (Friedman et al. 2011).

Despite the fact that APOL1 has been described as a serum
HDL-associated protein (Vanhollebeke and Pays 2006), its
potential role as an intracellular lipid-binding protein has been
suggested (Beckerman et al. 2017; Granado et al. 2017).
Recently, using live-cell imaging techniques, Chun and col-
laborators demonstrated the different intracellular compart-
mentalizations of APOL1 and its variants. While wild-type
APOL1 was mostly localized in lipid droplets (LDs), the G1
and G2 forms were predominantly found in the endoplasmic
reticulum (ER). Importantly, these authors also showed that
shifting the localization of APOL1 from the ER to LDs min-
imized podocyte death (Chun et al. 2019).

Another recent study reported a linkage between suPAR
and variants of APOL1 (G1 and G2) (Hayek et al. 2017).
The authors showed that the decrease in renal function asso-
ciated with high-risk variants of APOL1was dependent on the
levels of suPAR in plasma. Moreover, suPAR, APOL1, and
avβ3 integrin displayed stronger interactions on the cell sur-
face in these APOL1 variants that were confirmed by surface
plasmon resonance. This study proposed that the different
APOL1 forms could act as a “second hit,” suggesting a syn-
ergistic effect of suPAR and APOL1 on the activation of
integrin αvβ3 as a mechanism underlying chronic kidney
disease (Hayek et al. 2017).

Autoantibodies: anti-CD40

Different models have proposed that injections of certain au-
toantibodies in animals could alter glomerular permeability.
For example, this is the case with anti-actin, anti-adenosine
triphosphate synthetase, anti-nephrin, and anti-protein tyro-
sine phosphatase receptor type O (Charba et al. 2009), or
anti-ubiquitin carboxy-terminal hydrolase L1 (Jamin et al.
2018). In addition, Delville et al. reported in 2014 on a study
that demonstrated the presence of a large number of autoanti-
bodies in the sera of patients with recurrent FSGS. These
authors succeeded in selecting ten antibodies to create a bio-
marker panel for the recurrence of FSGS after transplantation
(Delville et al. 2014), including the anti-CD40, PTPRO,
CGB5, FAS, P2RY11, SNRPB2, and APOL2 antibodies.
Use of this panel had a high predictive value of recurrence,
and anti-CD40 in particular was closely related to recurrent
FSGS. CD40 is a member of the TNF receptor superfamily
(Chatzigeorgiou et al. 2009) which plays an important role as
a co-stimulator in immunity and inflammation. Like its ligand
(CD40L), it is expressed inmultiple tissues, particularly on the
surface of antigen-presenting cells but also in the endothelium
and epithelial cells (including podocytes), leading them to
express chemokines, metalloproteases, uPAR, and suPAR
(Wei et al. 2015). It should also be noted that the co-
administration of suPAR and anti-CD40 in mice produced
proteinuria that was inhibited after the blockade of integrin
αvβ3. These results still need to be confirmed by other studies
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given their potential relevance for future clinical trials
(Delville et al. 2014). The involvement of autoantibodies in
the physiopathology of INS has reinforced the use of rituxi-
mab, an anti CD20 monoclonal antibody, to treat recurrent
FSGS by depleting B lymphocyte levels.

Cask

Our group has detected a soluble form of CASK (calcium/
calmodulin-serine protein kinase) in the sera of recurrent
FSGS patients (Beaudreuil et al. 2019). CASK is a
membrane-associated guanylate kinase essential for mainte-
nance cell polarization in epithelial cells. Usually CASK is
localized in the intracellular compartment, although some
studies also observed the presence of CASK in the extracel-
lular space (Yan et al. 2007).

Patients affected by FSGS that relapsed after renal trans-
plantation were treated by immunoadsorption on protein A
columns and the eluates were analyzed by mass spectroscopy.
CASK was identified in eluates of patients with recurrent
FSGS after transplantation but remarkably; CASK was not
detectable in healthy individuals, in MCD patients, in non-
FSGS-related renal-transplant patients, or in renal-transplant
FSGS patients who did not exhibit recurrence after transplan-
tation. CASK was also not found in sera from patients with
significant proteinuria caused by diabetes or membranous ne-
phropathy (Beaudreuil et al. 2019).

CASK is able to induce in vitro structural alterations in
podocytes: delocalization of ZO-1 in the cell junctions, actin
fiber reorganization, or synaptopodin relocation. In mice, re-
combinant CASK induces foot processes effacement and pro-
teinuria. On the other hand, we and others identified CD98 as
the putative CASK receptor at the surface of intestinal epithe-
lial cells (Yan et al. 2007) and in podocytes (Beaudreuil et al.
2019). We observed that the CASK/CD98 complex triggers
activation of ERK. Overall, these results suggest that CASK
might participate in the recurrence of FSGS after renal trans-
plantation. However further carefully designed studies are
necessary to confirm this hypothesis, because such informa-
tion could help characterize the implication of a particular
environment (renal transplantation) in the pathogenesis of
the disease.

The genesis of serum circulating factors: cell
studies

Involvement of T cells

Since it was first postulated that SCF is an etiological factor in
INS, considerable efforts have been made to unravel its true
nature. In 1974, Shalhoub launched the idea that the disease
originated from a T cell dysfunction resulting in the secretion

of a “circulating chemical mediator toxic to an immunologi-
cally innocent glomerular basement membrane” (Shalhoub
1974). “Shalhoub’s hypothesis” tried to reconcile a number
of clinical observations, such as the lack of a humoral anti-
body response, remissions induced bymeasles, the therapeutic
benefits of corticosteroids, or the occurrence of this syndrome
in Hodgkin’s disease. Other studies have since revealed that
the injection supernatants of in vitro activated T cells or pe-
ripheral blood mononuclear cells (PBMC) from INS patients
increase proteinuria in animals (Lagrue et al. 1975; Tanaka
et al. 1992). Likewise, Koyama and colleagues (Koyama
et al. 1991) demonstrated the presence of permeability factors
in the supernatants of T cell hybridomas after the fusion of T
cells from INS patients but not from healthy individuals.

Another argument in favor of the T-cell modulation of INS
is based on the beneficial effects of immunosuppressive
agents and particularly the use of anticalcineurins (cyclospor-
ine A, tacrolimus) which still constitute first-line therapy for
corticosteroid-resistant INS patients. A part of their immuno-
suppressive effect, these drugs act directly on podocytes and
help to preserve their structure. In some models, permeability
factors may promote the influx of calcium into podocytes via
TRPC-6 (transient receptor potential channel-6), provoking
the activation of calcineurin and the further dephosphorylation
of synaptopodin. In this form, synaptopodin is not protected
from the proteolytic action of cathepsin-L and is therefore
degraded. As a consequence, the association between
synaptopodin and actin, which is necessary to the stability of
the actin network, is no longer ensured and proteinuria ap-
pears (Faul et al. 2008).

The roles of several cytokines have been studied in PBMC
from MCD patients during relapses and remissions and by
comparison with other types of non-idiopathic nephrotic syn-
drome. For example, IL-13, a Th2 cytokine, was significantly
upregulated during a relapse inMCD patients when compared
to patients in remission (van den Berg and Weening 2004;
Kim et al. 2016; Colucci et al. 2018). Indeed, rats which
overexpressed IL-13 exhibited significant albuminuria as well
as foot process effacement in podocytes (Lai et al. 2007).
Moreover, at a glomerular level, IL-13 enhanced the expres-
sion of CD80, IL-4R, and IL-13R and downregulated nephrin,
podocin, and dystroglycan (Lai et al. 2007). Due to the path-
ogenic role of IL-13 in allergic processes, it has been sug-
gested that there is a correlation between allergy and INS,
perhaps mediated by IL-13 following the expression of
CD80 in podocytes (Reiser et al. 2004).

Dantal’s group studied the Buffalo/Mna rat model which
develops proteinuria at 8 weeks of age. The group observed
damage at a glomerular level that was similar to that caused by
FSGS. These lesions appeared to be due to abnormal T cells
with a Th2 phenotype, as well as the considerable activation of
macrophages (Le Berre et al. 2005). In addition, kidneys
transplanted in these animals developed glomerular injury.
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These researchers postulated the presence of a circulating fac-
tor as being responsible for proteinuria, but it has not yet been
identified (Le Berre et al. 2011).

The role of hematopoietic stem cells in the pathogenesis of
INS was examined using an interesting approach. In 2007,
Sellier-Leclerc and colleagues proposed an experimental
INS model by injecting CD34+ stem cells from INS patients
into immune-deficient mice. Following the injection, they ob-
served that the stem cells triggered albuminuria and efface-
ment of the foot process in podocytes. They concluded that the
cells responsible for INS must likely be of immature origin
rather than mature peripheral T cells (Sellier-Leclerc et al.
2007). The evolution towards FSGS in this model has not
yet been studied. However, another study suggested that the
impact of hematopoietic stem cells on proteinuria might be
due to a general disturbance of hematopoietic cell trafficking
rather than a thymus homeostasis disorder (Lapillonne et al.
2008).

Role of B cells

Traditionally, cellular studies of the etiologic mechanisms un-
derlying nephrotic syndrome have focused on the dysregula-
tion of T cells. Nevertheless, there is increasing evidence of an
important role for B cells in this context. As described above,
the beneficial use of immunoadsorption to reduce proteinuria
permits the theory regarding a potential role for B cells and
secreted antibodies in the pathogenesis of INS. This idea has
been highlighted by the efficient use of rituximab, mainly in
pediatric INS patients. Rituximab is a chimeric monoclonal
anti-CD20 that depletes B cells, thus disrupting important B-
cell-T-cell interactions and then inhibiting the production of
autoantibodies and permeability factors. Treatment with ritux-
imab in corticosteroid-sensitive pediatric INS patients has pro-
duced an excellent response (Cortazar et al. 2019), but its
efficacy in refractory corticosteroid-resistant patients remains
poorer and uncertain (Kemper et al. 2014; Sinha et al. 2015;
Boumediene et al. 2018). Interestingly, Colucci et al. demon-
strated that levels of memory B cells, more than other B-cell
subsets, were increased in sera from corticosteroid-sensitive
pediatric INS patients and seem to be pathogenically signifi-
cant (Colucci et al. 2019).

Rituximab interacts with sphingomyelin phosphodiesterase
acid-like 3b protein (SMPDL-3b), which regulates acid
sphingomyelinase activity and then cellular activation via
the generation of ceramides (Perosa et al. 2006). In addition
to B cells, Fornoni and colleagues demonstrated that SMPDL-
3b is also expressed in podocytes (Fornoni et al. 2011).
Importantly, the binding of rituximab to SMPDL-3b in
podocyte membrane rafts permits its co-localization with
synaptopodin and stabilizes the actin cytoskeleton in
podocytes (Fornoni et al. 2011).

Podocytes

After decades of morphological and genetic studies, a large
group of gene mutations in podocyte genes (i.e., NPHS1,
NPHS2, or WT1) have been associated with nephrotic syn-
drome (Bierzynska et al. 2015; Boyer et al. 2017; Harita
2018). These mutations determine malfunctioning of the glo-
merular filtration barrier, mainly through the structural disrup-
tion of podocytes. In this context, it is also conceivable that
SCFs may further deteriorate the filtration barrier in glomeru-
lar diseases that already originated from different gene muta-
tions. SCFs may therefore act not only as initial factors which
damage the glomerular filtration barrier but also exacerbate an
earlier pathological phenotype to generate a positive feedback
loop, as described in a genetic model of FSGS (Müller-Deile
et al. 2019), although this conjunction between environmental
and genetic factors could only affect a fraction of patients.

On the other hand, several podocyte proteins have been
suggested as contributing to or inducing INS. For example,
podocyte-secreted angiopoietin-like 4 (Angtpl4) has been pro-
posed to play a role in the development of proteinuria inMCD
(Clement et al. 2011, 2014). The research group demonstrated
that the in vivo podocyte expression of Angptl4 in transgenic
rats induced 500 times higher levels of albuminuria, a loss of
glomerular filtration membrane charge, and effacement of the
foot process, whereas the transgenic expression of Angptl4 in
adipose tissue increased circulating levels of Angptl4 but not
proteinuria (Clement et al. 2011). These authors explained that
hyposialation might be a mechanism by which Angptl4 could
induce proteinuria. However, other studies have questioned
the utility of Angptl4 as a biomarker for MCD. Garin’s group
quantified urinary Angptl4 from patients with MCD, FSGS,
and MN (membranous nephropathy) who were either in re-
lapse or remission. They observed high levels of Angptl4 in
the urine which were probably associated with different types
of nephrotic proteinuria but not with a specific disease (Cara-
Fuentes et al. 2017).

In 2010, Sahali’s group identified abnormal expression of
the c-mip gene (c-maf inducing protein) in podocytes from
patients with INS, including MCD, some subsets of FSGS
and MN (Zhang et al. 2010; Sendeyo et al. 2013).These au-
thors also reported an overexpression of c-mip in T cells and
podocytes in relapsing INS patients but not in healthy individ-
uals. In addition, the overexpression of c-mip in transgenic
mice induced massive proteinuria. C-mip switches off
podocyte signaling by precluding the interaction of nephrin
with Fyn and thereby inhibiting nephrin phosphorylation. In
addition, c-mip hinders interactions between Nck and nephrin
and between Fyn and N-WASP, leading to cytoskeletal disor-
ganization and podocyte foot process effacement (Zhang et al.
2010).

On the other hand, the overexpression of c-mip has been
observed in somemalignancies such as Hodgkin’s lymphoma.
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In that context, c-mip was upregulated in Reed-Sternberg cells
and associated with the MCD which appeared in some pa-
tients (Audard et al. 2010). More recently, there has been a
report of a case of paraneoplastic nephrotic syndrome during
the course of small cell lung carcinoma. Carboplatin-
etoposide therapy procured tumor remission and resolved
the associated nephrotic syndrome. It should be noted that
the serum samples collected prior to treatment induced
podocyte disorganization, whereas those collected after the
remission did not. The authors concluded that the expression
of c-mip might be related to the presence of a serum circulat-
ing factor (Bouatou et al. 2017).

Discussion and future directions

During the past five or so decades, scientists working in the
field of nephrology have been making intense efforts to iden-
tify the mechanisms underlying glomerular permeability. The
identification of a serum circulating permeability factor as the
causal agent of INS is a challenge that has often been referred
to as the “Holy Grail” of nephrologists. Thanks to the major
advances achieved in recent years, and particularly the discov-
ery of new permeability factors (suPAR, anti-CD40, CASK),
initial ideas concerning the existence of a single molecule as
being etiologically responsible have become obsolete. The
Columbia classification, in itself, denotes considerable histo-
logical heterogeneity that already evoked the presence of dis-
tinct processes at the origin of the disorder. Because of our
increasing knowledge of SCFs, it is now logical to admit that
INS should rather be seen as a cluster of numerous and poorly
characterized nephrotic syndromes. In other words, INS is at
present conceived as a “hodgepodge” that contains countless
nosological entities that we cannot yet understand.

Recent discoveries have suggested that coexistence of dif-
ferent SCFs (i.e., suPAR-APOL1 and other stressors) is re-
quired to explain their pathogenicity. This may explain why
some patients do not develop the disease in the presence of a
single and innocuous SCF, but after it encounters another SCF
(or stress situation), it becomes pathologically active. This
may be the case of CASK, a potential glomerular permeability
factor that has been recently found in a particular environment
(renal transplantation). Following a similar philosophy, it is
tempting to speculate that some genetic dysfunctions in
podocytes that were not self-deleting themselves may be very
damaging in the presence of other additional SCFs.

Another interesting concept is that proteinuria acts as a
“hit” on its own: “proteinuria triggers proteinuria”, thus
adding greater pathogenic complexity. It is possible to con-
ceive that, after a given stress, the resulting proteinuria may
generate the appearance of SCFs and then more proteinuria,
triggering a vicious positive feedback circle. All these differ-
ent stimuli (or “hits”) may occur over time either

simultaneously or consecutively, resulting in a kind of “mo-
lecular ballet” where the start corresponds to MCD, followed
or not by FSGS, and the curtain drops at end-stage renal dis-
ease. Overall, the presence or absence of different stimuli,
related to different circulating factors (deleterious or protec-
tive), must be considered as a reality that is necessary to find a
broader vision and determine better therapeutic strategies for
INS.
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