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A B S T R A C T

Background: Idiopathic nephrotic syndrome (INS) is a glomerular disorder characterized by podocyte injury and proteinuria. Emerging evidence suggests that anti- 
nephrin autoantibodies (Abs) may contribute to disease pathogenesis in a subset of INS patients. Variation in techniques for detecting anti-nephrin Abs and lack of 
urinary data contribute to uncertainties of results.
While reduced IgG fucosylation is known to enhance antibody-dependent cellular cytotoxicity in non-INS autoimmune diseases, its role in modulating anti-nephrin 
autoantibody function and disease severity in INS remains unexplored.
Methods: We studied serum and urine of pediatric and young adult patients with biopsy-proven focal segmental glomerulosclerosis (FSGS) or minimal change disease 
(MCD) with different disease activity (proteinuria + vs proteinuria-). Anti-nephrin autoantibodies were evaluated with either conventional ELISA and immuno
precipitation using recombinant full-length extracellular domain of FLAG tagged human nephrin. Aleuria Aurantia Lectin (AAL) and Ulex Europaeus Agglutinin I 
(UEA-I) Lectins assessed IgG autoantibody fucosylation.
Results: Anti-nephrin autoantibodies were detected in serum of 11 % of FSGS and 15 % of MCD patients, with a higher prevalence among those with nephrotic-range 
proteinuria. These autoantibodies were absent in healthy controls as well as in patients with primary membranous nephropathy and class V lupus nephritis. 
Autoantibody titers correlated with disease activity, decreasing during remission. Immunoprecipitation confirmed results obtained with ELISA. In a subset of anti- 
nephrin positive patients, the autoantibodies were also detected in urine. Circulating anti-nephrin autoantibodies showed significantly reduced antennary and core 
fucosylation of IgG.
Conclusions: Our findings confirmed the significance of anti-nephrin autoantibodies as markers of active disease in a small subset of INS patients and showed their 
presence in urine. ELISA and Immunoprecipitation results correlated. Molecular studies showed that altered IgG fucosylation may contribute to immune-mediated 
podocyte injury. These insights provide potential biomarkers for disease monitoring and therapeutic targets in INS.

1. Introduction

Idiopathic nephrotic syndrome (INS) is the most common glomerular 
disease in children and young adults. It is characterized by altered 
glomerular permeability, leading to proteinuria, hypoalbuminemia, and 

edema. The pathological spectrum ranges from simple podocyte 
effacement (which justifies the definition of minimal change disease, or 
MCD) to focal areas of segmental glomerulosclerosis (FSGS). Cortico
steroids induce remission in 70–80 % of cases (steroid-sensitive 
nephrotic syndrome, SSNS), some of which become steroid-dependent 
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(SDNS), while approximately 20 % are steroid-resistant and require 
further immunosuppression (steroid-resistant nephrotic syndrome, 
SRNS); a minority of cases remain refractory to any treatment (multi- 
drug resistant nephrotic syndrome, MDRNS).

Although the pathogenesis of INS remains incompletely understood, 
the efficacy of anti-CD20 antibodies in inducing sustained remission 
over the past decade supports the hypothesis of an immune-mediated 
mechanism, possibly involving B cells or their products [1]. Recent 
studies have identified circulating anti-nephrin autoantibodies as po
tential pathogenic factors in INS [2–5]. These autoantibodies have been 
detected during active phases of the disease. They are often associated 
with punctate IgG deposits on podocytes in renal biopsies from patients 
with MCD [2,3,5], FSGS [2,5], and recurrent post-transplant FSGS [4].

Nephrin is a key structural component of the slit diaphragm, essen
tial for maintaining selective glomerular permeability, as demonstrated 
by both in vitro and in vivo studies [6]. It has been hypothesized that the 
binding of autoantibodies to nephrin disrupts slit diaphragm integrity, 
thereby contributing to podocyte dysfunction and proteinuria. This 
pathogenic mechanism supports the idea that, in at least a subset of 
patients with INS, the disease represents an organ-specific autoimmune 
condition.

Glycosylation is a critical post-translational modification of immu
noglobulins that influences their function [7–10]. IgG molecules un
dergo N-glycosylation at a conserved site (Asn-297) in the Fc region, 
essential for modulating interactions with Fc gamma receptors (FcγRs) 
and the complement system [7,11]. The glycosylation profile of IgG is 
highly dynamic and influenced by genetic factors, aging, and inflam
matory states [12]. Aberrant glycosylation patterns have been associ
ated with autoimmune diseases, alloimmune responses, inflammatory 
disorders [13], and renal pathologies [7].

Core fucosylation is one of the most critical modifications in IgG Fc 
N-glycans, significantly impacting antibody-dependent cellular cyto
toxicity (ADCC) [14]. Core fucose reduces IgG affinity for FcγRIII, 
attenuating ADCC, whereas afucosylated IgG demonstrates enhanced 
binding to FcγRIII, leading to increased immune activation [14–17] and 
immune-mediated cytotoxicity [18]. Recent studies have highlighted 
the role of IgG afucosylation in kidney diseases: 1) Hypofucosylation of 
donor-specific antibodies has been implicated in antibody-mediated 
kidney graft rejection [7]; 2) In idiopathic membranous nephropathy 
(IMN), IgG4 exhibits a distinct glycosylation pattern characterized by 
hypogalactosylation and hypofucosylation, which correlates with dis
ease severity and complement activation [19]; 3) Similar alterations 
have been observed in other renal diseases, including IgA nephropathy, 
where aberrant glycosylation contributes to immune complex deposi
tion and glomerular injury [20].

This study focuses on anti-nephrin antibodies in patients with INS 
and their correlation with disease activity. It also demonstrates their 
detection in urine for the first time. Finally, we investigated changes in 
the fucosylation of circulating anti-nephrin IgG and their potential 
pathogenic association with disease activity.

2. MATERIALS and METHODS

2.1. Subject cohort

Serum samples from children and young adults affected by INS with 
biopsy-proven glomerular disease were obtained from the Division of 
Nephrology, Dialysis, and Renal Transplantation at the IRCCS Gaslini 
Children’s Hospital and the Division of Nephrology, Dialysis, and Renal 
Transplantation at Cosenza (UNICAL). The clinical characteristics are 
reported in Table 1. These cohorts included 34 patients with minimal 
change disease (MCD) and 46 with focal segmental glomerulosclerosis 
(FSGS). Additionally, 10 patients with primary membranous nephrop
athy (MN) and 10 with lupus nephritis (LN) were analyzed for com
parison. All LN cases were histologically classified as class V, while all 
MN cases corresponded to stage II. Among the MN patients, 50 % were 
positive for circulating antibodies against the phospholipase A2 receptor 
(PLA2R) antibodies. Samples from 20 healthy donors matched for age 
and gender were included as additional controls. According to KDIGO 
guidelines [21], Nephrotic syndrome is defined by the presence of 
nephrotic-range proteinuria (typically >3.5 g/day in adults or >50 
mg/kg/day in children), often accompanied by hypoalbuminemia and 
edema. For pediatric operational purposes in this study, active disease 
was defined as a urinary protein-to-creatinine ratio (UPCR) > 2 mg/mg, 
a threshold commonly used in pediatric nephrology and adopted in 
previous clinical trials [1]. Complete remission was defined as a nega
tive or trace protein result on the urine dipstick for three consecutive 
days, confirmed by a urinary protein-to-creatinine ratio (UPCR) of less 
than 0.2 mg/mg. Relapse was defined by 3+ dipstick for three consec
utive days and confirmed by UPCR >2 mg/mg. Of the 80 patients with 
FSGS or MCD, 12, 54, and 14 had a clinical phenotype of steroid 
dependence (SDNS), multidrug dependence (MDNS), and multidrug 
resistance (MRNS), respectively. More in detail, two consecutive re
lapses defined SDNS within 15 days of steroid discontinuation; MDNS 
was defined by the need for two oral immunosuppression treatments to 
maintain clinical remission; MRNS was defined by the absence of com
plete remission after 12 months of treatment with at least two distinct 
immunosuppressants. All demographic and clinical characteristics are 
reported in Table 1. All subjects or their legal guardians provided 
written informed consent, and the study was conducted following 

Table 1 
Clinical and demographic characteristics of patients stratified by biopsy findings and treatment response. The clinical and demographic data of the patients 
studied were grouped according to their biopsy results and response to drug treatment. FSGS, focal segmental glomerulosclerosis; MCD, minimal change disease; MN, 
membranous nephropathy; LN, lupus nephritis; SDNS, steroid-dependent NS; MDNS, multidrug-dependent NS; MRNS, multidrug-resistant NS; UPCR, urinary protein- 
creatinine ratio.

FSGS MCD MN LN

Total FSGS 
MCD

Total SDNS MDNS MRNS Total SDNS MDNS MRNS Total Total

Number (%) 80 34(42.5) 5 22 7 46(57.5) 7 32 7 10 10
Female (%) 35(44) 15(44) 2 10 3 20(43) 3 14 3 5(50) 5(50)
Male (%) 45(56) 19(56) 3 12 4 26(57) 4 18 4 5(50) 5(50)
Age median (range) year 9(2–21) 7(2–21) 10(6–17) 7(2–21) 6(4–21) 8(3–21) 7(4–18) 10(3–21) 10(5–21) 45 

(31–51)
39 
(28–49)

UPCR>2 mg/mg 40 15 1 7 7 25 3 15 7 10 10
UPCR between 0.2 and 2 

mg/mg
40 19 4 15 0 21 4 17 0 0 0

Serum anti-PLA2R positive Not tested Not 
tested

Not 
tested

Not 
tested

Not 
tested

Not 
tested

Not 
tested

Not 
tested

Not 
tested

5 Not 
tested

Serum anti-Nephrin 
positive

10 5 1 4 0 5 1 7 0 0 0

Urine anti-Nephrin positive 2 0 0 0 0 2 1 1 0 0 0
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institutional guidelines and approved by the local ethics committee of 
the IRCCS Gaslini Children’s Hospital Genoa, Italy (Approval numbers 
089REG2015) and of the University/Hospital of Foggia, Italy (Approval 
numbers 191/CE/2023).

2.2. Recombinant human nephrin

HEK293T cell lysate overexpressing the extracellular domain (aa 
23–1056) of FLAG-tagged human nephrin (OriGene Cat# MN004646) 
was centrifuged at 14,000×g for 10 min at 4 ◦C. Per manufacturer’s 
instructions, the protein was purified using anti-FLAG M2 Affinity Gel 
(Merck Cat# A2220) and eluted with 3 × FLAG peptide (Merck Cat# 
F4799). The eluate was concentrated using Amicon Ultra Centrifugal 
Filters (Merck Cat# UFC9003) to remove excess peptide.

2.3. Quantitation of anti-nephrin autoantibodies in serum and urine

Nunc MaxiSorp™ ELISA plates (ThermoFisher Cat# 442404) were 
coated with 100 ng/well of recombinant FLAG-tagged nephrin in 50 mM 
carbonate-bicarbonate buffer (pH 9.6) and incubated overnight (ON) at 
4 ◦C. Uncoated wells were included to control for nonspecific binding. 
Plates were washed three times with PBST (PBS + 0.05 % Tween-20), 
blocked ON at 4 ◦C with SuperBlock (ThermoFisher Cat# 37518), 
rewashed, and incubated for 1 h at room temperature (RT) with 100 μL 
of serum diluted 1:100 in SuperT (SuperBlock + 0.05 % Tween) or 90 μL 
urine plus 10 μL of 10 × PBST. After five PBST washes, 100 μL of HRP- 
conjugated anti-human IgG Fc antibody (Merck Cat# AP101P, 1:2000 in 
SuperT) was added for 30 min at RT. Plates were washed again, and 100 
μL of TMB substrate (Bio-Rad Cat# 1721066) was added. The reaction 
was stopped with 100 μL of 100 mM H2SO4 upon reaching appropriate 
signal intensity. Absorbance at 450 nm was measured using a Bio-Rad 
iMark reader (Cat# 1681130). Nonspecific binding was subtracted 
using the uncoated well signal. All samples were analyzed in duplicate. 
Antibody titers were calculated from a standard curve generated with 
serial dilutions of sheep anti-nephrin IgG (R&D Systems Cat# AF4269); 
100 μL of a 1:100 dilution was defined as 2 U/mL. The positivity 
threshold corresponded to the highest value in healthy controls, as 
described [2–5]. This conservative approach ensures high specificity 
and has been commonly adopted in prior studies on anti-nephrin IgG 
detection. The detection limit was defined as the lowest value distin
guishable from blank. Titers were visualized in dot plots comparing 
positive and negative cases, with each dot representing an individual 
sample.

2.4. Immunoprecipitation of anti-nephrin autoantibodies

Ten microliters of serum or 900 μL of urine plus 100 μL of 10 × PBST 
were incubated with 100 ng of recombinant nephrin in 100 μL PBST in 
low-binding deep-well plates (ThermoFisher Cat# 9504050B) overnight 
(ON) at 4 ◦C. After incubation, 5 μL of pre-washed Protein G Mag 
Sepharose Xtra beads (Merck Cat# GE28978118-AD) were added. Pos
itive and negative controls included 20 ng of sheep anti-human nephrin 
IgG (R&D Systems Cat# AF4269) and rabbit anti-human albumin IgG 
(Merck Cat# A3293), respectively. Samples were incubated for 4 h at 
room temperature (RT) with shaking at 500 rpm to allow formation of 
IgG–nephrin complexes. Beads were washed five times with PBST using 
a Magnum FLX magnet plate (Eppendorf Cat# 5075751836). Immuno
complexes were eluted in 30 μL of Laemmli buffer containing 40 mM 
TCEP (Merck Cat# C4706) and heated at 95 ◦C for 10 min.

2.5. Western blot

Protein samples were separated on 8–16 % SDS-PAGE and trans
ferred to nitrocellulose membranes (Bio-Rad Cat# 1620112) using the 
Trans-Blot SD semi-dry transfer system (Bio-Rad Cat# 1703940). 
Membranes were blocked overnight (ON) at 4 ◦C with 3 % BSA, washed 

three times with PBST, and incubated ON at 4 ◦C with sheep anti- 
nephrin polyclonal antibody (R&D Systems Cat# AF4269, 1:1000 in 
blocking buffer). After washing, membranes were incubated for 2 h at 
room temperature with HRP-conjugated donkey anti-sheep IgG (R&D 
Systems Cat# F0125), washed again, and developed using SuperSignal 
West Pico Plus substrate (ThermoFisher Cat# 1863096). Images were 
acquired with the ChemiDoc Imaging System (Bio-Rad Cat# 12003153). 
Antibody titers were quantified using a standard curve from serial di
lutions of sheep anti-nephrin IgG; the signal from 20 ng of antibody 
incubated with 100 ng of antigen was defined as 1000 U/mL.

2.6. Confocal microscopy

Five-micrometer cryosections were prepared from kidney biopsies of 
selected INS patients positive or negative for circulating anti-nephrin 
autoantibodies. Sections were fixed in 95 % ethanol for 10 min, 
washed with PBS, and blocked for 60 min at room temperature (RT) with 
PBS containing 2 % BSA, 2 % FBS, and 0.2 % fish gelatin. After PBS 
rinses, sections were incubated for 1 h at RT with sheep anti-human 
nephrin antibody (R&D Systems Cat# AF4269, 1 μg/mL), followed by 
donkey anti-sheep IgG–Alexa Fluor™ 568 (Invitrogen Cat# A-11015) or 
mouse anti-human IgG (Abcam Cat# ab200699, 1:750), then goat anti- 
mouse IgG–Alexa Fluor™ 488 (Invitrogen Cat# A-11001). All Alexa 
Fluor™ conjugates were used at 1:500. Slides were washed with PBS and 
mounted using ProLong Gold Antifade (ThermoFisher Cat# P36930) 
with #1.5 coverslips. Imaging was performed using a Leica TCS SP5 
confocal microscope with 458–633 nm lasers and a 40 × oil immersion 
objective. Background-subtracted images were analyzed with Fiji 
ImageJ v2.9.0 (NIH, Bethesda, MD, USA).

2.7. Enzyme-linked immunosorbent assay (ELISA) for fucosylated IgG

Nunc MaxiSorp™ ELISA plates (ThermoFisher Cat# 442404) were 
coated with 100 ng/well of goat anti-human IgG (Merck Cat# I2136) in 
50 mM carbonate-bicarbonate buffer (pH 9.6) and incubated overnight 
(ON) at 4 ◦C. Uncoated wells served as background controls. Plates were 
washed three times with PBST, blocked ON at 4 ◦C with SuperBlock 
(ThermoFisher Cat# 37518), rewashed, and incubated ON at 4 ◦C with 
100 μL of 1:100 diluted serum or 90 μL urine plus 10 μL of 10 × PBST, 
standard, or positive/negative controls in SuperT. After five washes, 
100 μL of Aleuria Aurantia Lectin (AAL; Vector Laboratories Cat# 
B1395-1) or biotinylated Ulex Europaeus Agglutinin I (UEA-I; Vector 
Laboratories Cat# B1065-2), both diluted 1:1000 in SuperT, were added 
and incubated ON at 4 ◦C. Plates were washed, incubated with 100 μL of 
streptavidin-HRP (ThermoFisher Cat# 434301, 1:10,000 in SuperT) for 
30 min at room temperature (RT), washed again, and developed with 
100 μL of TMB substrate (Bio-Rad Cat# 1721066). The reaction was 
stopped with 100 μL of 100 mM H2SO4. OD450 was measured using a 
Bio-Rad iMark reader (Cat# 1681130). Fucose levels were determined 
using a standard curve from serial dilutions of the highest-titer healthy 
donor serum, arbitrarily defined as 100 U/mL. The detection limit cor
responded to the lowest fucose value distinguishable from blank.

Lectin specificity was verified in two control experiments. In the first, 
lectins were preincubated for 30 min at RT with 100 mM L-fucose 
(Merck Cat# F2252) or D-lactose (Merck Cat# 61345) before addition to 
ELISA plates with healthy donor serum; L-fucose, but not lactose, 
blocked lectin binding. In the second, 100 μg of serum from the highest- 
titer donor was diluted to 100 μL in PBS and treated with PNGase F (New 
England Biolabs Cat# P0704, 1 U/μg protein) ON at 37 ◦C to remove N- 
glycans [22]. Samples were then concentrated using Amicon Ultra filters 
(Merck Cat# UFC5100) to remove the enzyme. Treated samples were 
reanalyzed with lectin-based ELISA under the same conditions. Fucose 
levels were visualized as dot plots, with each dot representing one 
sample.
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2.8. Statistical analysis

Statistical analyses were performed using OriginPro (version 2024b). 
Depending on distribution, continuous variables are reported as median 
with interquartile range (IQR) or mean ± standard deviation (SD). 
Categorical variables are expressed as counts and percentages. Incidence 
rates described the frequency of outcome events. The Mann-Whitney U 
or Kruskal-Wallis test was used to compare continuous variables; 
Fisher’s exact test was applied for categorical data. Spearman’s rank 
correlation assessed associations between proteinuria and either anti- 
nephrin autoantibody titers or fucose levels. Receiver operating char
acteristic (ROC) curves evaluated assay performance, with area under 
the curve (AUC) and 95 % confidence intervals (CI) classified as: 0.5 (no 
discrimination), 0.5–0.6 (fail), 0.6–0.7 (poor), 0.7–0.8 (fair), 0.8–0.9 
(good), and 0.9–1 (excellent). Survival analysis was conducted using 
Kaplan-Meier curves with group comparisons by log-rank test. A two- 
tailed p-value ≤0.05 was considered statistically significant.

3. Results

Fig. 1 shows the study workflow. Serum and urine anti-nephrin au
toantibodies were measured by ELISA in 100 NS patients (80 INS, 10 
MN, 10 LN) and 20 healthy controls (panel A). Immunoprecipitation 
confirmed antibody binding to recombinant nephrin (panel B). IgG 
fucosylation was then assessed in all sera using lectin-based ELISA to 
explore its correlation with INS severity (panel C).

3.1. Circulating anti-nephrin autoantibodies and clinical correlation

ELISA and immunoprecipitation assessed anti-nephrin IgG.
ELISA: ELISA was performed in 46 FSGS (57.5 %) and 34 MCD (42.5 

%) patients, along with 10 MN, 10 LN, and 20 age- and sex-matched 
healthy controls (Fig. 1A). The positivity threshold (0.78 U/mL), 
based on the highest value in controls, yielded 98.97 % specificity (CI 
94.4–99.9 %) and 100 % sensitivity (CI 72.2–100 %) in the ROC anal
ysis. None of the MN or LN patients were positive (Fig. 2A). Among INS 
patients, 10/80 (12.5 %) had detectable autoantibodies, 5/46 (11 %) 
FSGS, and 5/34 (15 %) MCD (Fig. 2A–C). No statistically significant 
difference was observed in antibody titers between the MCD and FSGS 
groups.

By treatment response, 2/12 (17 %) SDNS and 8/54 (15 %) MDNS 
were positive, while none of the 14 MRNS patients were (Fig. 2A–D). 
Furthermore, antibody titers did not differ significantly between SDNS 
and MDNS subgroups. When stratified by proteinuria, 10/40 (25 %) 
patients with UPCR >2 mg/mg were positive; none were positive with 
UPCR between 0.2 and 2 mg/mg (Table S1). Among the 40 patients with 
UPCR >2 mg/mg, 31 met the criteria for nephrotic-range proteinuria, 
and of these, 6 (19 %) were anti-nephrin positive. No demographic 
differences were observed between antibody-positive and -negative 
patients. Antibody-positive individuals showed a trend toward shorter 
relapse-free intervals (9 vs. 11 months; Fig. S1); however, this difference 
did not reach statistical significance (log-rank test, P = 0.5; Fig. S1). All 
positive cases became negative during complete remission (UPCR <0.2 

Fig. 1. Schematic overview of the workflow for the characterization of anti-nephrin autoantibodies. Panel A. Paired serum and urine samples from 20 healthy 
donors, 100 NS patients were analyzed using an ELISA assay to detect anti-nephrin autoantibodies. Panel B. The same paired samples were analyzed using a pull- 
down assay to verify whether the identified anti-nephrin positive samples could also immunoprecipitate the extracellular domain of human nephrin. Panel C. The 
fucose content of IgG from the same serum samples was measured using an ELISA assay using the fucose-binding lectins. INS, Idiopathic nephrotic syndrome; FSGS, 
focal segmental glomerulosclerosis; MCD, minimal change disease; MN, membranous nephropathy; LN, lupus nephritis; SDNS, steroid-dependent NS; MDNS, 
multidrug-dependent NS; MRNS, multidrug-resistant NS.
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Fig. 2. Circulating antibodies against the extracellular domain of nephrin in idiopathic nephrotic syndrome (INS) patients. Panel A shows the levels of 
circulating anti-nephrin antibodies measured by ELISA in 10 healthy donors and 100 INS patients stratified based on biopsy. FSGS, focal segmental glomerulo
sclerosis; MCD, minimal change disease; MN, membranous nephropathy; LN, lupus nephritis. Additionally, in patients with FSGS and MCD, anti-nephrin levels were 
further stratified based on the type of INS. SDNS, steroid-dependent NS; MDNS, multidrug-dependent NS; MRNS, multidrug-resistant NS. Panel B shows the titer of 
immunoprecipitating anti-nephrin antibodies in the serum and urine of the same subjects as in panel A. Panel C shows the prevalence of circulating anti-nephrin 
autoantibodies in the investigated cohorts of children and young adults with INS, with red and light gray colors representing positive and negative percentages, 
respectively. Panel D shows the prevalence of circulating anti-nephrin autoantibodies in FSGS and MCD samples stratified based on their pharmacological response. 
The dotted line indicates the statistically significant threshold.

Fig. 3. Correlation between anti-nephrin antibody titers and urinary proteinuria in patients with anti-nephrin-associated MCD or FSGS. Panels A and B 
show the correlation between anti-nephrin antibody titers in serum, measured by ELISA (A) or immunoprecipitation (B), and 24-h proteinuria. Panels C and D show 
the corresponding correlation between urinary anti-nephrin antibody titers, measured by ELISA (C) or immunoprecipitation (D), and proteinuria. R = Spearman’s 
correlation coefficient.
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mg/mg), and in some, longitudinal analysis confirmed fluctuations with 
disease activity (Fig. S2).

Furthermore, a separate ROC analysis using histological diagnosis 
(MCD/FSGS vs. controls) as the classification variable yielded an AUC of 
0.6 (P = 0.16), indicating that anti-nephrin antibody levels do not 
effectively distinguish between these histological subtypes or from 
control groups. These findings reinforce the notion that anti-nephrin 
autoantibodies are not broadly associated with a specific histological 
diagnosis but rather occur in a limited subset of patients with MCD or 
FSGS, typically during phases of active disease.

Immunoprecipitation: Immunoprecipitation confirmed ELISA re
sults, detecting nephrin-binding IgG only in ELISA-positive samples. 
Western blot revealed a single band matching recombinant nephrin’s 
molecular weight, confirming specificity (Fig. S2B and C). No bands 
were seen in antibody-negative samples. Signal intensity was markedly 
higher in sera with antibody titers ≥37 U/mL (Fig. 2B). Anti-nephrin 
titers correlated with 24h proteinuria, with Spearman’s correlation co
efficients of 0.55 (ELISA, P < 0.05; Fig. 3A) and 0.69 (immunoprecipi
tation, P < 0.05; Fig. 3B). In a representative MCD case, longitudinal 
immunoprecipitation data over two years showed a strong correlation 
between antibody levels and disease activity (Fig. S3).

3.2. Anti-nephrin antibodies in urine

ELISA and immunoprecipitation were performed on samples from 
the entire cohort to assess urinary anti-nephrin IgG.

ELISA: Of the 10 serum-positive patients, only 2 showed detectable 
urinary antibodies by ELISA. Both had MCD, one SDNS, one MDNS, and 
were sampled during active disease (Fig. 2A). All other serum-positive 
patients and all controls were negative in urine.

Immunoprecipitation: The results mirrored the ELISA. Only the 
two ELISA-positive urine samples immunoprecipitated recombinant 
nephrin (Fig. 2B). No signal was detected in other cases, supporting that 
urinary anti-nephrin IgG is rare and limited to active MCD with high 

proteinuria. Due to the small number of cases with detectable urinary 
anti-nephrin antibodies, no statistically significant correlation could be 
established between their presence in urine and clinical or biochemical 
parameters (Fig. 3C and D).

3.3. Colocalization of anti-nephrin autoantibodies with nephrin in renal 
biopsy

Kidney biopsy analysis was performed in a subset of INS patients for 
whom renal tissue was available at the same time point as serum and 
urine sampling during the active disease. Tissue was available for 3 out 
of the 10 patients positive for circulating anti-nephrin IgG (2 with MCD 
and 1 with FSGS). In all 3 cases, confocal microscopy revealed punctate 
IgG deposits that colocalized with nephrin in every evaluable glomer
ulus. Colocalization was defined as the consistent overlap of IgG and 
nephrin signals in all glomeruli available from a given biopsy section 
(minimum of two glomeruli per patient).

Among the anti-nephrin-negative patients, biopsy tissue was avail
able for 7 individuals (4 with MCD and 3 with FSGS). None of these 
patients showed colocalization between IgG and nephrin in any of the 
examined glomeruli. Fisher’s exact test confirmed a statistically signif
icant association between the presence of circulating anti-nephrin au
toantibodies and glomerular IgG/nephrin colocalization (P < 0.001). 
This colocalization provides further evidence for a potential pathogenic 
role of anti-nephrin autoantibodies in mediating podocyte injury. 
Representative images are shown in Fig. S4.

3.3.1. IgG fucosylation
Serum: To validate lectin specificity, we first tested IgG from serum 

of healthy donors. AAL and UEA-I recognize fucose residues on N-gly
cans: AAL preferentially binds core α1,6-linked fucose, while UEA-I 
targets α1,2-linked fucose on galactose (Fig. 4A). Lectin specificity was 
confirmed by preincubation with L-fucose, which inhibited binding, 
whereas lactose had no effect (Fig. 4B and C). PNGase F treatment of IgG 

Fig. 4. Evaluation of IgG fucosylation in healthy donor samples using biotinylated lectins under competitive and enzymatic treatments. Panel A shows a 
schematic representation of N-glycans linked to Asn297 of IgG, depicting core (α1,6-linked) and antennary (α1,2-linked) fucosylation. Panels B and C show the levels 
of fucosylated IgG from serum of healthy donors, either untreated or preincubated with L-fucose or D-lactose to compete for binding to AAL (Panel B) or UEA-I (Panel 
C) or pretreated with PNGase F to enzymatically remove N-glycans (Panels B and C). These experiments were performed to confirm lectin specificity in the detection 
of IgG fucosylation under defined conditions.
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further reduced the signal, confirming binding to N-glycan structures.
Sera from anti-nephrin-positive patients showed significantly 

reduced binding to both lectins compared to negative and healthy 
controls, indicating lower levels of both core (α1,6-linked) and 
antennary (α1,2-linked) IgG fucosylation (Fig. 5A and B). We defined 
operational thresholds for hypofucosylation as ≤53.4 U/mL for core 
fucosylation (AAL) and ≤35.3 U/mL for antennary fucosylation (UEA-I), 
based to the highest values observed among anti-nephrin antibody–
positive patients. Notably, UEA-I values showed a wider range, 
approximately 35 U/mL compared to 10 U/mL for AAL, indicating 
broader alteration in antennary fucosylation. When applied to the entire 
patient cohort, only one anti-nephrin-negative patient, with biopsy- 
proven FSGS and nephrotic-range proteinuria, met both criteria. 
Although patients with FSGS showed a trend toward lower fucosylation 
levels compared to those with MCD, these differences did not reach 
statistical significance for either AAL or UEA-I binding. This may be due 
to the limited number of anti-nephrin-positive individuals within each 
histological subgroup, as well as heterogeneity in treatment status and 
disease stage.

Fucosylation levels measured by the two assays were strongly 
correlated (Spearman’s correlation coefficient = 0.85, P = 0.002), 
indicating that core and antennary afucosylation frequently co-occur in 
the same individuals. Moreover, IgG fucosylation levels showed a strong 
inverse correlation with 24-h proteinuria (Spearman’s correlation co
efficient = − 0.97, P < 0.001; Fig. 5C and D).

Using the hypofucosylation thresholds to discriminate anti-nephrin- 
positive patients, ROC analysis yielded an AUC of 0.996, with 100 % 
specificity and 97.2 % sensitivity. These findings identify IgG 

hypofucosylation as a distinct and potentially clinically relevant feature 
in anti-nephrin-positive patients, despite the limitations posed by the 
small number of positive cases.

Urine: To extend our findings to the urinary compartment, we per
formed lectin-based ELISA assays for core (AAL) and antennary (UEA-I) 
fucosylation on IgG from urine samples. Compared to healthy controls, 
urinary IgG from serum anti-nephrin-positive patients showed signifi
cantly reduced binding to both lectins (Fig. 5E and F). AAL binding was 
significantly decreased in anti-nephrin-positive patients compared to 
healthy controls (P = 0.001), while UEA-I binding was lower in all pa
tients with NS. No statistically significant correlation was observed be
tween AAL and UEA-I titers in urine. Notably, the two individuals with 
detectable anti-nephrin antibodies in urine exhibited the lowest fuco
sylation values for both AAL and UEA-I, supporting the notion that 
hypofucosylated IgG may be selectively enriched in this compartment.

4. Discussion

This study examined serum and urinary anti-nephrin autoantibodies 
and their IgG fucosylation in children and young adults with biopsy- 
proven FSGS or MCD. Although the presence of anti-nephrin anti
bodies in MCD is increasingly recognized, reported prevalence varies 
due to differences in detection methods. Hengel et al. [2] showed that 
conventional direct ELISA often fails to distinguish between negative 
and positive cases reliably. Liu et al. [23] further showed that 
polyHis-tagged antigens may bind nonspecifically to IgG, leading to 
false positives. These methodological pitfalls, highlighted in multiple 
studies, must be carefully considered when assessing the presence of 

Fig. 5. Evaluation of fucose in IgG by enzyme-linked immunosorbent assay (ELISA) with biotinylated lectins. Panels A and B show the levels of core- 
fucosylated IgG (α1,6-linked fucose) and antennary-fucosylated IgG (α1,2-linked fucose), respectively, measured using AAL and UEA-I lectins in the serum of 
healthy donors and NS patients, stratified by circulating anti-nephrin autoantibodies. Panels C and D display the inverse correlation between 24-h proteinuria and 
serum IgG fucosylation levels, as measured by AAL (Panel C) and UEA-I (Panel D), in patients with anti-nephrin–associated MCD or FSGS. Panels E and F show the 
corresponding levels of core and antennary fucosylation in IgG from urine samples, measured by AAL and UEA-I, and stratified by anti-nephrin antibody status. Red 
dots indicate patients positive for anti-nephrin autoantibodies, as confirmed by both ELISA and immunoprecipitation.
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anti-nephrin autoantibodies. To overcome these limitations, we 
employed two complementary strategies to quantify anti-nephrin au
toantibodies: a direct ELISA and immunoprecipitation followed by 
Western blotting, utilizing the recombinant extracellular domain of 
human nephrin as the capture antigen. To avoid artifacts related to 
polyHis tag interactions [23], we used an affinity-purified full-length 
extracellular domain of human nephrin tagged with a FLAG peptide and 
expressed in human cells. Non-specific binding was minimized using a 
protein-free chemical blocker and short incubation times. We selected 
Protein G-functionalized magnetic beads for immunoprecipitation for 
their high binding capacity, reproducibility, and ease of use.

To ensure high specificity, we adopted a conservative positivity 
threshold based on the highest value observed among healthy controls, 
consistent with previous studies [2,3,23]. This value also coincided with 
the highest signals recorded in disease control patients with LN and MN, 
conditions not associated with anti-nephrin antibodies. While alterna
tive statistical methods might improve sensitivity, they would compro
mise specificity and potentially misclassify control samples. 
Importantly, all ELISA-positive samples were confirmed by immuno
precipitation and, in selected cases, by IgG/nephrin colocalization in 
kidney tissue, supporting the biological relevance of the chosen 
threshold.

Our results confirmed the presence of circulating anti-nephrin au
toantibodies in approximately 10 % of patients with INS overall, rising 
to about 20 % among those with nephrotic-range proteinuria. This 
relatively low frequency, compared to some previous studies, may 
reflect both clinical heterogeneity and methodological differences. In 
our cohort, most patients had already initiated treatment before the first 
available serum sample was collected, which may have been sufficient to 
lower antibody titers just below the positivity threshold in some cases. 
Nevertheless, our positivity rate is consistent with that reported in 
studies using similar antigen constructs [23] or nephrin/IgG colocali
zation techniques [5].

Positivity was observed exclusively in patients with a UPCR >2 mg/ 
mg, with no antibodies detected in those with lower proteinuria levels, 
suggesting an association with disease activity. While ELISA and 
immunoprecipitation yielded concordant results, the latter demon
strated greater sensitivity. However, despite its analytical advantages, 
the technical complexity of immunoprecipitation limits its utility in 
routine diagnostic settings.

Furthermore, for the first time, we also detected anti-nephrin anti
bodies in the urine of two MCD patients with nephrotic-range protein
uria (>5 g/24 h). While urinary loss of antibodies is expected in NS due 
to increased glomerular permeability, the detection of antigen-specific 
antibodies such as anti-nephrin IgG appears uncommon. We propose 
that urinary anti-nephrin antibodies may reflect immune-mediated 
podocyte injury and contribute to the understanding of disease activ
ity. However, larger studies are needed to validate their diagnostic 
value.

A third novel finding of our study is that IgG N-glycans in anti- 
nephrin-positive patients show a significant reduction in fucosylation, 
particularly of both antennary and core fucose residues. These two forms 
of afucosylation were strongly correlated with each other, suggesting 
that they frequently co-occur in the same individuals. Furthermore, 
these glycan modifications appear to be functional in disease severity, as 
indicated by their strong inverse correlation with 24h proteinuria levels 
in serum samples. In line with these findings, urinary IgG from anti- 
nephrin–positive patients also showed markedly reduced binding to 
both AAL and UEA-I lectins. Notably, the two individuals with detect
able anti-nephrin antibodies in urine exhibited the lowest levels of IgG 
fucosylation in this compartment. These results suggest that the absence 
of fucose may contribute to altered glomerular handling of these mol
ecules, leading to their selective enrichment in the urinary 
compartment.

This pattern was not seen in patients with MN or LN, despite prior 
reports of subclass-specific afucosylation in these diseases [7,19]. 

Importantly, our assay measures global IgG glycosylation and is not 
subclass-specific. As such, afucosylation of minor IgG subclasses (e.g., 
IgG4 in MN) is likely masked by the more abundant IgG1 and IgG2 
fractions. In LN, glycosylation changes are characterized by decreased 
galactosylation and sialylation, along with an increase in bisecting 
N-acetylglucosamine [7].

Prior studies have linked antennary fucosylation defects to immune 
dysregulation [11] and pro-fibrotic signaling [24]. Given that core 
afucosylated IgG enhances antibody-dependent cellular cytotoxicity 
(ADCC) by increasing affinity for FcγRIIIa on effector cells such as NK 
cells [17], our findings suggest a direct pathogenic role of afucosylation 
in nephrin autoimmunity. This mechanism, well-established in auto
immune and inflammatory diseases, leads to tissue damage via height
ened ADCC [12,25,26]. Notably, afucosylated IgG can show up to a 
50-fold increase in FcγRIIIa binding [14], a feature already exploited 
in therapeutic monoclonal antibodies to enhance cytotoxic efficacy 
[18]. However, while afucosylated IgG is known to enhance FcγRIIIa-
mediated effector functions, particularly ADCC, our findings do not 
imply irreversible injury to the podocytes. Most children and young 
adults with NS, especially those with MCD, experience reversible 
podocyte dysfunction. Nevertheless, our data suggests that in a subset of 
patients with anti-nephrin antibodies, afucosylated IgG may promote 
transient podocyte dysfunction via immune signaling or sublethal stress, 
rather than full-blown cytotoxicity. This concept aligns with emerging 
views that antibody effector functions exist on a spectrum and that 
ADCC-like signaling may occur below the threshold of cell death. In this 
context, afucosylation may contribute to reversible disruption of the 
glomerular filtration barrier and proteinuria, particularly in children 
and young adults. From a diagnostic standpoint, IgG fucosylation 
distinguished anti-nephrin-positive from -negative patients with high 
accuracy. Monitoring glycosylation patterns could complement anti
body titers in assessing disease activity.

Our findings raise important mechanistic questions. Fucosylation is a 
modifiable trait, influenced by glycosyl transferases, glycosyl hydro
lases, and cellular activation states. Its functional consequences have 
been studied in autoimmunity and cancer, with the aim of reducing 
ADCC [18]. In contrast, the effects on tissue damage in NS remain poorly 
characterized, but may involve immune amplification via FcγRIIIa, 
particularly in anti-nephrin-positive cases. Therapies targeting this axis, 
such as FcγR blockers or glycoengineering approaches targeting en
zymes to restore proper fucosylation in B cells, may offer new strategies 
to modulate disease activity and preserve podocyte integrity.

In conclusion, this study identifies a distinct glycosylation profile in 
anti-nephrin-positive INS patients, marked by reduced fucosylation and 
associated with disease activity. These findings provide novel mecha
nistic and translational insights into podocyte-specific autoimmunity, 
paving the way for the development of biomarkers and targeted thera
peutic strategies in glomerular disease.
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