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Abstract
Background Idiopathic nephrotic syndrome is a common form of glomerular nephropathy in children, with an incidence 
rate of 1.15–16.9/100,000 depending on different nationalities and ethnicities. The etiological factors and mechanisms of 
childhood idiopathic nephrotic syndrome have not yet been fully elucidated. This review summarizes the progress of the 
immunopathogenesis of idiopathic nephrotic syndrome in children.
Data sources We review the literature on the immunopathogenesis of idiopathic nephrotic syndrome in children. Databases 
including Medline, Scopus, and Web of Science were searched for studies published in any language with the terms “chil-
dren”, “idiopathic nephrotic syndrome”, “immunopathogenesis”, “T cells”, “circulating permeability factors”, and “B cells”.
Results Dysfunction in T lymphocytes and pathogenic circulatory factors were indicated to play key roles in the pathogenesis 
of idiopathic nephrotic syndrome. Recently, some studies have shown that cellular immune dysfunction may also be involved 
in the pathogenesis of idiopathic nephrotic syndrome.
Conclusions Both T- and B-cell dysfunction may play significant roles in the pathogenesis of idiopathic nephrotic syndrome, 
like two sides of one coin, but the role of B cell seems more important than T cells.
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Introduction

Edema, proteinuria, and hypoalbuminemia are characteris-
tics of nephrotic syndrome (NS) [1]. As a common nephrosis 
in children, idiopathic NS (INS) has an incidence rate of 
1.15–16.9/100,000 depending on different nationalities and 
ethnicities [2, 3]. Children with INS usually have podocyte 
injury, and most of them present with either of two major 
histologic variations: focal segmental glomerulosclerosis 
(FSGS) and minimal change disease (MCD) [4]. Whether 
MCD and FSGS are two different phases in the same context 
of INS or two separate nosological entities is still not totally 
clear. According to the response to corticosteroid therapy, 
INS can also be classified into steroid-resistant nephrotic 

syndrome (SRNS) and steroid-sensitive nephrotic syndrome 
(SSNS). Although steroid therapy can be effective in most  
affected patients, about 10–20% of children present with 
SRNS, and 8–35% of these children with SRNS will pro-
gress to end-stage renal disease within 5 years after diag-
nosis [5–8].

The pathogenesis of INS has not been fully clarified, so 
relapse of proteinuria, or steroid resistance challenges and 
conundrums remains common in clinical course. Previ-
ous studies have suggested that the main pathogenesis is T 
lymphocyte dysfunction and/or the abnormal secretion of 
certain glomerular permeability factors [9]. Recent studies 
have suggested that the pathogenesis may also be related to 
a dysfunction of B lymphocytes. Dysfunctions of T cells and 
B cells are similar to the two sides of a coin.

Dysfunction of T lymphocytes

T cell dysfunction is a classical theory for the pathogenesis 
of INS. Several studies have revealed that abnormal numbers 
and functions of T lymphocytes may be implicated in the 
pathogenesis of INS [10, 11]. The efficacy of calcineurin 
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inhibitors, which include cyclosporine and tacrolimus, and 
the key role of steroids in the treatment of non-hereditary 
INS strongly suggest that T cell-mediated immune imbal-
ance is involved in the etiopathogenesis of INS [12]; in some 
patients combined with measles, proteinuria was relieved 
simultaneously as the measles virus transiently inhibited cel-
lular immunity [13]; injection of the cultural supernatant of 
T lymphocytes from MCD patients into rats can induce pro-
teinuria [14]; 0.5–1% of patients with T cell-derived Hodg-
kin’s disease; and thymoma are complicated with nephrotic 
syndrome [15, 16].

Recently, CD80, as a co-stimulatory factor of T cells, 
has become a hot spot in studies of podocyte injury. CD80, 
also named B7-1, is expressed on the surface of antigen-
presenting cells (APCs), binds to homologous receptors on 
T cells, and regulates T cell immunity in both directions. 
Reiser et al. [17] revealed that the expression of CD80 in 
podocytes was significantly increased under certain condi-
tions, bringing a breakthrough in revealing the pathogenesis 
of MCD in 2004. Subsequently, Garin et al. [18, 19] revealed 
that urine concentrations of soluble CD80 were increased in 
patients with relapsing MCD and implied that the increased 
CD80 entity originated from podocytes in urine. Immu-
nohistochemical staining revealed that CD80 was overex-
pressed in the podocytes from MCD patients with relapse, 
while the down-regulation of CD80 expression was found 
in podocytes from patients with remission, suggesting that 
the level of CD80 is associated with the activity of MCD. 
In support of these findings, Ling et al. [20] reported that 
urinary CD80 levels in patients with recurrent MCD were 
significantly increased compared with those in patients with 
other nephropathies and healthy controls, with a specificity 
of 94.4% and a sensitivity of 81.8%. These results indicated 
that CD80 might be an early biological indicator for the 
diagnosis of MCD to distinguish it from FSGS. Research-
ers even discussed the possibility of using urine CD80 in the 
diagnosis of MCD instead of  renal biopsy [21].

Abatacept (CTLA4–Ig) is a novel fusion protein 
designed to modulate the T cell co-stimulatory signal 
mediated through the CD28–CD80/86 pathway. Abatacept 
can compete with CD28 to bind CD80, thereby blocking 
the CD80–CD28 pathway and inducing the apoptosis and 
incompetence of T cells. Tsuji et al. [22] suggested that 
CTLA-4 was involved in the induction of remission in INS. 
Zhao et al. [23] found that the absent or minimal expres-
sion of CTLA-4 in glomeruli could distinguish steroid-
sensitive from steroid-resistant MCD; MCD patients with 
strongly positive CD80 expression and simultaneous nega-
tive CTLA-4 expression or those with higher urinary CD80 
levels and lower urinary CTLA-4 levels will achieve com-
plete remission with glucocorticoid therapy. Yu et al. [24] 
demonstrated that CD80 was also positively expressed in 
patients with relapsed FSGS after kidney transplantation, 

and the proteinuria in patients with rituximab- and steroid-
resistant nephrotic syndrome was alleviated after abatacept 
supplementation. These results indicated that CD80 may be 
involved in the pathogenesis of FSGS or MCD.

However, other researchers hold different opinions about 
this topic. Benign et al. [25] demonstrated that CD80 was 
not present in the renal biopsies of relapsed FSGS patients 
after kidney transplantation. Alachkar et al. [26] proposed 
that the remission of proteinuria in patients with recur-
rent FSGS after renal transplantation might not be due to 
CTLA-4 blocking CD80-induced T cell activation, because 
plasmapheresis, rituximab, and other immunosuppressants 
were adopted simultaneously in Yu’s study. Therefore, fur-
ther large-scale multi-centre clinical studies will be neces-
sary to verify the role of CD80 in FSGS and MCD.

Recently, several studies have suggested that the dys-
function of regulatory T cells (Tregs) plays an important 
role in the development of INS. Tsuji et al. performed a 
metagenomic analysis of gut microbiota in faeces from INS 
patients; the study showed that the proportion of butyric 
acid-producing bacteria was significantly lower in relapsing 
patients than that in controls. Their results suggested gut 
microbiota dysbiosis in children with relapsing, character-
ized by a decreased proportion of butyric acid-producing 
bacteria and lower faecal butyric acid quantities, concomi-
tant with reduced circulatory Tregs, and dysfunctional Tregs 
due to gut dysbiosis played an important role in the devel-
opment or exacerbation of INS [27]. As mentioned above, 
these studies have indicated that abnormalities in the quan-
tity and functions of T lymphocytes are closely associated 
with the pathogenesis of INS. However, all these studies 
supplied with indirect evidences between T cells and INS, 
and abnormalities in T cells can not completely explain the 
pathogenesis of INS, as therapies targeting T cells are not 
always effective for all patients.

Pathogenic circulating factors

Recurrence in FSGS patients after renal transplantation was 
reported in 1972 [28], so  the onset of FSGS is considered to 
be connected with circulating factors, which is also named 
as circulating permeability factors because the permeability 
of the glomerular filtration barrier increased by these factors. 
The podocyte damage of MCD and FSGS is considered to 
be the consequence of circulating factors. This view was not 
only derived from clinical observation but also supported by 
animal experiments [29].

According to the study by Ali et al. [30], two kidneys 
from one donor with biopsy-proven MCD were trans-
planted to patients with end-stage renal disease (ESRD); 
and the remission of proteinuria was observed in the 
recipients after transplantation, implying that the patho-
genic factor of MCD is not the kidney itself, but may be 
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due to the internal environment. Similarly, a Buffalo rat 
model study of FSGS also showed that proteinuria and 
renal lesions were significantly improved after transplant-
ing the diseased kidneys into healthy rats [31].

Haffner et al. [32] found patients with FSGS had pro-
teinuria in the early stage after kidney transplantation; and 
renal biopsy confirmed that it was due to FSGS recur-
rence rather than acute rejection. Complete and sustained 
remission can be achieved by plasmapheresis in combi-
nation with intensified immunosuppression in recurrent 
patients. Kemper et al. [33] found that the transmission of 
underlying osmotic factors to the fetus in women with pri-
mary FSGS may result in transient proteinuria in infants, 
suggesting that glomerular osmotic factors can be passed 
through the placenta and remain in the baby’s circulation 
for several months.

According to the  literature, FSGS recurs in the renal 
transplantation in 30–40% of patients, and idiopathic FSGS 
poses the highest risk of recurrence post-transplant [34]. 
These results imply the presence of a plasma factor or fac-
tors with unknown origin injure the integrity of glomerular 
filtration barrier.

Kashgary et al. [35] revealed that after a median of 12 
plasma exchange treatments, 46.8% of 423 recurrent FSGS 
patients achieved a complete response after renal trans-
plantation, and 28.1% achieved partial response. After a 
19-month follow-up, 10.7% of the responders and 57.1% of 
the non-responders eventually progressed to ESRD, suggest-
ing that plasma exchange can effectively alleviate recurrent 
FSGS after renal transplantation.

Several studies have reported the presence of different 
types of pathogenic circulating factors in INS, including 
hemopexin, cardiotrophin-like cytokine 1 (CLC-1), soluble 
urokinase receptor (suPAR), cathepsin L (CatL), angiopoi-
etin-like-4 (Angptl4), apolipoprotein A-I (APOL1), sphin-
gomyelin phosphodiesterase acid-like 3b (SMPDL-3b), and 
calcium/calmodulin-serine protein kinase (CASK).

Hemopexin

Hemopexin (Hx) is a 60-kD plasma glycoprotein in mam-
mals and humans. In the late 1990s, it was used as the first 
potential cyclic permeability factor [36]. The treatment of 
human kidney tissue with Hx in vitro caused a series of 
classic glomerular changes, including a loss of anionic sites 
along the lamina internal of the glomerular basement mem-
brane, decreased expression of extracellular ATPase, and 
a loss of glomerular sialoglycoproteins [37]. Plasma Hx 
activity was elevated during recurrence in 41 MCD patients. 
These reports indicated Hx as a potential effector in MCD 
[38]. Understanding the role of hemopexin in MCD may 
shed light on the pathogenesis of the disease.

Cardiotrophin‑like cytokine 1

Cardiotrophin-like cytokine 1 (CLC-1) was first cloned 
from T cells, which is a member of the IL-6 cytokine fam-
ily. Savin’s group provided several lines of evidences to 
indicate that CLC-1 may be a pathogenic circulating factor 
in FSGS [29, 39]. They found that incubating murine podo-
cytes with recombinant monomeric human CLC-1 increased 
permeability to albumin in isolated rat glomeruli. Clinically, 
CLC-1 is increased in patients with recurrent FSGS, and 
urinary protein is significantly reduced after the applica-
tion of CLC-1 antibody. CLC-1 is a potential non-invasive 
biomarker for FSGS patients.

Soluble urokinase receptor (suPAR)

Wei et al. [40] found that the induction of urokinase receptor 
(uPAR) signaling in podocytes leads to foot process efface-
ment and urinary protein loss via a mechanism that includes 
the lipid-dependent activation of alphavbeta3 integrin. Fur-
thermore, they revealed that suPAR is elevated in geographi-
cally and ethnically diverse patients with FSGS. Our team 
also found a significant difference in plasma suPAR con-
centrations between SRNS and SSNS groups [41]. These 
clinical studies indicated that suPAR can be considered a 
specific diagnostic molecule to distinguish FSGS from 
MCD. In addition, suPAR has an important predictive value 
for recurrence after kidney transplantation; and the higher 
serum suPAR concentration is, the greater risk of FSGS 
relapse after kidney transplantation [42].

However, the pathogenic role of suPAR in FSGS remains 
controversial. Several studies have reported that suPAR lev-
els can not be used to distinguish FSGS patients from those 
with other glomerular pathologies such as MCD, membra-
nous nephropathy (MN), IgA nephropathy, lupus nephritis, 
or nonglomerular chronic kidney disease [43–45].

Cathepsin L

Cathepsin L (CatL) is involved in the breakdown of pro-
teins in lysosomal chambers, which pertains to a subclass of 
cysteine proteases called lysosomal cathepsin. There is an 
intensity expression of CatL in rodent nephrotic podocytes. 
The increased expression and activity of CatL are associated 
with the onset of proteinuria [46]. Keisuke et al. [47] sug-
gested that high levels of urinary CatL might be associated 
with the onset of INS and likely depend on the amount of 
protein leaking through the GBM.

Angiopoietin‑like‑4

Angiopoietin-like-4 (Angptl4) is a 45–65 kDa glycoprotein, 
which is strongly expressed in adipose and liver. Angptl4 
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has been suggested to play a part in the development of 
proteinuria in MCD [48–50]. Overexpression of Angptl4 
in podocytes has been reported in MCD with relapse [49]; 
however, a large-sample study reported that Angptl4 was 
not expressed in glomeruli of MCD patients in relapse [51]. 
Serum or urine concentration of Angptl4 seems not to be a 
good biomarker for MCD.

Apolipoprotein A‑I

Apolipoprotein A-I (APOLI) is found in numerous cell 
types, including monocytes, podocytes and platelets. Two 
coding variants, named G1 and G2 in the APOL1 gene, 
which are closely related to a risk of developing kidney dis-
ease in people of African ethnicity [52]. APOLI risk status 
is related to lower kidney function, more glomerulosclerosis, 
interstitial fibrosis, and a greater likelyhood to progress to 
ESRD [53]. The incidence of FSGS of African American 
is higher than that of European Americans, which is asso-
ciated with variations in the gene encoding APOLI [52]. 
Clark et al. [54] reported urinary APOLI isoforms increased 
in many patients with FSGS; biopsies from FSGS patients 
showed increased APOLI staining at proximal tubule brush 
border, compared to diffuse cytoplasmic distribution in 
MCD.

Sphingomyelin phosphodiesterase acid‑like 3b

Sphingomyelin phosphodiesterase acid-like 3b (SMPDL-
3b) contributes to migration and actin remodeling in podo-
cytes [55]. Ahmad et al. [56] revealed that radiation-induced 
smpdl-3b deletion changed the myelin homeostasis of the 
podocytes, leading to dysfunction of the podocytes. It was 
reported that Rituximab (RTX) pretreatment in kidney 
transplantation could prevent the recurrence of FSGS in an 
SMPDL-3b dependent manner by regulating the function of 
podocytosis [55].

Calcium/calmodulin‑serine protein kinase

Calcium/calmodulin-serine protein kinase (CASK) is a 
membrane-associated kinase, which regulates a variety 
of protein–protein interactions among different cell types, 
including podocytes [57, 58] and neurons [59, 60]. It medi-
ates the connection between actin and extracellular matrix. 
Thus, it participates in the organization of the cytoskeleton. 
Beaudreuil et al. found that the CASK was detected in the 
serum of patients with FSGS, but could not be detected in 
the serum of healthy controls, patients with significant pro-
teinuria caused by diabetic nephropathy, MCD, idiopathic 
membranous nephropathy (IMN), and renal transplant 
patients without proteinuria. They suggest that the CASK is 
involved into the etiopathology of FSGS [61].

B lymphocyte dysfunction

Recent findings suggest that the dysfunction of B cells may 
play a more important role in the pathogenesis of INS than T 
cells. The number of activated B cells is increased in patients 
with INS, and the number is significantly reduced in patients 
after remission [62, 63]. A significant increase in serum 
immunoglobulin E (IgE) concentrations in patients with 
MCD is also an indirect evidence for the participation of 
B cells [64]. Clinical studies from two large samples (1700 
cases) of B cell-derived Hodgkin’s lymphoma reported that 
0.4% of patients were complicated with MCD, which was 
often in remission after chemotherapy [65].

The most important evidence suggesting B cell partici-
pation in INS comes from the effect of rituximab (RTX) 
in INS. RTX is a human-mouse chimeric monoclonal anti-
body against the pre-B cell and mature B cell surface antigen 
CD20, recognizing and binding CD20 with high affinity. It 
mediates B cell apoptosis through signal transduction and a 
cascade of multiple kinases [66]. Recently, a multi-center, 
double-blind, randomized, placebo-controlled trial analyzed 
the therapeutic effects of RTX in 48 children with INS [67]. 
Notably, the median relapse-free period was shorter in the 
placebo group (101 days, 95% CI 70–155) than in the rituxi-
mab group (267 days, 95% CI 223–374). Furthermore, Basu 
et al. [68] investigated 176 consecutive children with steroid-
dependent nephrotic syndrome (SDNS); and the results indi-
cated that rituximab was more effective than tacrolimus in 
reducing corticosteroid exposure and maintaining remission. 
Lacking nephrotoxic effects and with good tolerance, ritux-
imab can be considered a first-line corticosteroid-sparing 
treatment. Their findings suggest that RTX has a significant 
therapeutic effect on childhood-onset, steroid-sensitive but 
frequent relapse nephrotic syndrome and SDNS.

Another type of CD20 antibody, Ofatumumab, is a 
humanized CD20 monoclonal antibody which has increased 
affinity with CD20 and can prolong the dissociation time. 
Due to its stronger affinity for CD20, Ofatumumab is con-
sidered more effective than RTX [69]. To validate this 
hypothesis, Basu et al. [70] administered Ofatumumab in 
four children (2 MCD and 2 FSGS) with RTX-resistant idi-
opathic SRNS. After total dose administration, proteinuria 
decreased, the mean glomerular filtration rate improved, and 
remission was achieved. The results indicated that Ofatu-
mumab may be better than RTX in the treatment of refrac-
tory SRNS. Nonetheless, further research is needed to ver-
ify these observations, and to determine the most effective 
dose and safety of ofatumumab in the treatment of SRNS 
or SDNS.

Idiopathic membranous nephropathy (IMN) is relatively 
rare in children but common in adults. There are strong evi-
dences demonstrating that IMN is associated with abnormal 
B lymphocyte function. In 2009, M-type phospholipase A2 



119World Journal of Pediatrics (2021) 17:115–122 

1 3

receptor (PLA2R), as a specific antigen of IMN [71], was 
identified in 70–80% of patients with IMN. Recently, addi-
tional autoantibodies have also been found IMN patients [72, 
73], including thrombospondin type-1 domain-containing 
7A (THSD7A, can account for 1–5%) [74], neural epi-
dermal growth factor-like 1 protein (NELL-1, account for 
5–10%) [75]. Currently, autoantibodies such as PLA2R can 
be applied as an important indicator for the diagnosis of MN 
and can even replace renal biopsy [76].

The target of chaos of the immune system in INS is also 
podocytes; however, unlike the knowledge for IMN, the tar-
get antigen of pathologic B cells in INS remains elucidated 
to the present time. Recently, lipoprotein apheresis (LA, the 
selective removal of lipoprotein particles from the blood 
with the return of the remaining components) or therapeu-
tic plasma exchange (TPE, a therapeutic procedure in which 
blood of the patient is passed through a medical device 
which separates out plasma from other components of blood. 
The plasma is removed and replaced with a replacement 
solution such as colloid solution or a combination of crystal-
loid/colloid solution) is suggested in patients with steroid-
resistant focal segmental glomerular sclerosis (FSGS) or 
recurrent FSGS after renal transplantation, and the recom-
mendation grade is 2C [34]. The successful use of immu-
noabsorption techniques with various ligands demonstrates 
that putative circulating factors have immunoglobulin-like 
binding characteristics in INS.

Above all, there are direct and indirect evidences suggest-
ing that B cell dysfunction is involved in the pathogenesis 
of INS. Future research should focus on novel biomarkers 
that can be used to make a precise diagnosis, guide therapy 
strategies, and forecast the prognosis of idiopathic nephrotic 
syndrome. Consequently, we have the rationale to specu-
late whether any autoantibody specific to podocytes exists 
in plasma of INS patients. Although no specific deposits 
of immune complexes in glomeruli have been confirmed in 
patients with INS, there may be certain antibodies that do 
exist yet shed from the podocytes. Capturing the presence 
of these antibodies in plasma is expected to be our further 
research strategy (Fig. 1).

Conclusions and future directions

The immunological mechanism of INS in children has not 
been fully elucidated yet, and there is no unitary theory that 
can fully explain the entire pathophysiological process of 
idiopathic nephropathy. For a long time, several studies sug-
gest that the dysfunction of T cells is related to the patho-
genesis of INS; however, with the discovery of the role of 
rituximab in idiopathic nephrotic syndrome, the dysfunction 
of B cells is also considered to be related to the pathogenesis 
of INS; and anti-podocyte antibodies may exist in the serum 
of children with INS, which will provide a novel way for 

Fig. 1  Immunopathogenesis of idiopathic nephrotic syndrome in children; both T & B lymphocytes may play role in the pathogenesis of idi-
opathic nephrotic syndrome in children. TCR   T cell receptor; BCR B cell receptor; APC antigen presenting cell
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precision diagnosis and potential therapeutic intervention 
in the future.

For a reasonable and practical point, it is necessary to 
identify new biomarkers in INS and validate their role in 
further large-sample, multi-center clinical studies. The con-
tinuous emergence of new biomarkers will lead to new paths 
for precise diagnosis and will have profound clinical signifi-
cance in enhancing the efficacy of therapy and perfecting the 
prognosis of children with INS.
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