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Purpose: Membranous nephropathy (MN) is a common glomerular disease characterized by high relapse rates and heterogeneous 
outcomes. This study aimed to develop a genetic risk score (GRS) based on five MN-associated single nucleotide polymorphisms 
(SNPs) and assess its predictive value for disease relapse.
Methods: In this prospective study, we analyzed data from 234 patients with phospholipase A2 receptor (PLA2R)-associated MN 
between January 2020 and December 2023. Genotyping for five SNPs associated with MN risk (rs28383345, rs2187668, rs35771982, 
rs3749117, and rs4664308) was performed. A GRS was constructed and Cox regression models were used to assess risk factors for 
remission and relapse. Predictive performance was evaluated using Cox regression, time-dependent receiver operating characteristic 
(tROC) curves, net reclassification improvement (NRI), integrated discrimination improvement (IDI), Akaike information criterion 
(AIC), Bayesian information criterion (BIC), likelihood ratio test (LRT), and cross-validation.
Results: Over a median follow-up duration of 28.0 (IQR 20.0, 39.0) months, the cumulative remission rate was 85.5%, with 47% 
relapsing. A high GRS was significantly associated with the risk of relapse (HR = 1.885, 95% CI: 1.331–2.585; P < 0.001). Adding 
GRS to the base model consistently increased the time-dependent AUC at years 2, 4, and 5 (all P < 0.05). Notably, assessments using 
risk reclassification metrics (IDI/NRI) and model fit metrics (LRT/AIC/BIC) also verified significant improvements in model 
performance across multiple years. Critically, rigorous repeated cross-validation demonstrated that the overall C-index gain provided 
by the GRS was both stable and significant (P < 0.05), and further year-by-year cross-validation confirmed that this advantage 
persisted across all evaluated years (all P < 0.05). Furthermore, sensitivity analysis further confirmed the robustness of the GRS.
Conclusion: This study is the first to apply a GRS in predicting relapse in PLA2R-associated MN. GRS significantly enhances 
predictive accuracy, offering a valuable tool for personalized risk assessment.
Keywords: membranous nephropathy, relapse, genetic risk score, SNP

Introduction
Primary membranous nephropathy (pMN) has become a leading cause of nephrotic syndrome (NS) in adults, and its 
incidence is increasing annually in China. It is shown that over the past 11 years, the proportion of pMN among renal 
biopsies has increased from 12.2% to 24.9%, whereas the proportions of other major glomerular diseases have remained 
relatively stable.1 Mechanistically, pMN is now recognized as an organ-specific autoimmune disease mediated by in situ 
formation of immune complexes within the glomerulus. This occurs when circulating autoantibodies target podocyte 
antigens. The seminal discovery by Beck et al2 in 2009 identified the M-type phospholipase A2 receptor (PLA2R) as the 
major target antigen in ~70% of pMN cases. Since then, additional podocyte antigens have been characterized, including 
thrombospondin type 1 domain-containing 7A (THSD7A), NELL1, and others.3,4 These findings have refined the 
molecular classification of MN, distinguishing PLA2R-associated MN from other antigen-driven subtypes.
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Genetic studies have revealed the complexity of MN pathogenesis. Genome-wide association studies (GWASs) have 
confirmed that single nucleotide polymorphism (SNPs) in the HLA-DQA1 and PLA2R1 loci are associated with MN 
across different ethnic groups.5,6 Importantly, these genetic variations exhibit significant synergistic effects; the accu
mulation of multiple risk alleles can markedly increase the risk of developing MN.7 Xie et al8 estimated the cumulative 
effect of GWAS loci via stepwise conditional analysis to identify SNPs at each locus that independently contribute to MN 
risk. The genetic risk score (GRS), which is based on these loci and their interactions, explained 32% of the disease risk 
in East Asians and 25% in Europeans. This led to the proposal of a combined risk score based on PLA2R antibodies and 
the GRS to improve the non-invasive diagnosis of primary MN.

In terms of clinical translation, the GRS has demonstrated multidimensional utility. Gupta S et al9 applied the GRS to 
evaluate the characteristics of MN patients and reported that a higher GRS was associated with a younger age of MN 
onset. Recent research10 confirmed that a risk assessment model combining the GRS with anti-PLA2R antibody levels 
significantly outperformed traditional clinical indicators in predicting renal function decline or end-stage renal disease 
(ESRD) in MN patients. Notably, Berchtold et al11 first reported a strong association between the GRS and the risk of 
MN relapse in kidney transplant recipients. This finding overcomes some predictive limitations of traditional anti-PLA2R 
antibody testing and offers new insights for prognostic assessment in organ transplantation.

Despite significant advances in MN diagnosis and treatment research, disease relapse remains a major bottleneck in 
clinical management. Current data indicate that even with standard treatment, 36.4–47% of patients experience 
relapse.12,13 Owing to the significant inter-individual heterogeneity and predictive limitations of traditional clinical 
indicators, establishing an accurate relapse prediction system is urgently needed in clinical practice. Therefore, this 
study aimed to develop an integrated prognostic model combining GRS with clinical parameters to predict MN relapse, 
thereby enabling risk-stratified management.

Materials and Methods
Study Design
We recruited patients with biopsy-proven PLA2R-associated MN at the Chinese PLA General Hospital between January 1, 
2020, and December 30, 2023. The inclusion criteria were: (1) age ≥ 18 years; (2) serum PLA2R antibody positivity confirmed 
by enzyme-linked immunosorbent assay (ELISA); (3) diagnosis of nephrotic syndrome and treatment with corticosteroids 
and/or immunosuppressants; and (4) follow-up duration ≥ 1 year. The exclusion criteria were: (1) secondary MN (caused by 
hepatitis B, autoimmune diseases, malignancy, etc).; (2) end-stage renal disease (ESRD) at baseline, defined as an estimated 
glomerular filtration rate (eGFR) < 15 mL/min/1.73 m2 or current dialysis/renal replacement therapy; (3) severe comorbidities 
at the time of renal biopsy, such as severe infection, malignancy, active hepatitis B, human immunodeficiency virus (HIV) 
infection, or severe liver injury; and (4) pregnancy or lactation, (5) lost to follow up. See Figure 1 for details.

This study was approved by the Ethics Committee of the Chinese PLA General Hospital (No. 2022–588-01). Regarding 
the sample collection procedure, patients diagnosed between 2020 and 2022 remained under regular clinical follow-up at 
our center. Following the ethical approval obtained in 2022, we utilized their scheduled follow-up visits to obtain written 
informed consent and collect fresh blood samples specifically for SNP genotyping. Given the lifelong stability of the 
germline genome, this retrospective sampling timing does not affect the reliability of the genetic data. Consequently, in our 
final analysis, the baseline was strictly defined as the time of the initial biopsy-proven diagnosis. Since all included patients 
were naïve to immunosuppressive therapy prior to biopsy and initiated standardized immunosuppressive regimens shortly 
after diagnosis at our center, the date of biopsy effectively represents the onset of the clinical treatment course and 
observation period. This study is reported in accordance with the RECORD (Reporting of studies Conducted using 
Observational Routinely-collected Data) Statement, an extension of the STROBE guidelines.14

Research Methods
Data Collection
We collected demographic data, laboratory results, treatment regimens, comorbidities, and renal pathology findings at 
baseline. Venous blood samples were collected for SNP genotyping.
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Endpoint Events
Patients were followed up and monitored for 24-hour urine protein, serum albumin (ALB), estimated glomerular filtration 
rate (eGFR), and anti-PLA2R antibody levels. The eGFR was calculated via the CKD-EPI equation.15 Events occurring 
during follow-up, including remission (categorized as partial remission [PR] or complete remission [CR]), relapse, renal 
progression, and adverse events, were recorded. The follow-up duration was the time interval (in months) from baseline 
to the last recorded visit. The minimum follow-up was 12 months, which was terminated by February 2025. A minimum 
12-month follow-up period was implemented to capture peak relapse events, consistent with established MN relapse 
kinetics. The primary endpoints were achieving remission and occurrence of relapse. Secondary endpoints included the 
achievement of PR, CR, and renal progression.

Figure 1 Study flowchart.
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Definitions
Nephrotic syndrome was defined as urine protein excretion ≥ 3.5 g/24 h and ALB ≤ 30 g/L. PR was defined as urine 
protein excretion between 0.3–3.5 g/24 h, with a ≥50% reduction in 24-hour proteinuria from baseline, accompanied by 
stable renal function (defined as a <25% decrease in eGFR from baseline). CR was defined as urine protein excretion 
< 0.3 g/24 h and a serum ALB concentration > 35 g/L. Non-remission (NR) was defined as any case that failed to meet 
the criteria for CR or PR. Relapse was defined as the recurrence of proteinuria consistent with nephrotic syndrome (urine 
protein > 3.5 g/24 h on three consecutive measurements) after achieving CR or PR. Renal progression was defined as 
a ≥50% decrease in eGFR from baseline or the initiation of renal replacement therapy (including maintenance 
hemodialysis, peritoneal dialysis, or kidney transplantation). Anti-PLA2R antibody was measured by ELISA. 
Definitions of positivity (≥ 2 RU/mL), complete immunological remission (< 2 RU/mL), and clinical risk stratification 
were all based on the 2021 KDIGO guideline.16

Immunosuppressive regimens included tacrolimus, cyclosporine A (CsA), cyclophosphamide, and rituximab, adminis
tered as monotherapy or in combination with corticosteroids. All immunosuppressive regimens were initiated within 3 months 
of diagnosis. Specifically, CsA was initiated at 3–5 mg/kg/day with target trough levels of 100–175 ng/mL; tacrolimus was 
initiated at 0.05–0.1 mg/kg/day with target trough levels of 5–10 ng/mL; cyclophosphamide was administered intravenously at 
0.5–1.0 g/m2 monthly or orally at 2 mg/kg/day; and rituximab was given at 375 mg/m2 or 1 g per dose. In the analysis, CsA and 
tacrolimus were analyzed as separate variables rather than grouped as calcineurin inhibitors, given their differential acquisition 
costs, insurance reimbursement, and adverse effect profiles in the Chinese healthcare setting, which may independently 
influence treatment allocation and long-term adherence.

SNP Genotyping
Polymerase chain reaction (PCR) amplification combined with Sanger sequencing technology was used to genotype five 
SNP loci associated with pMN, based on evidence from the literature. These loci included rs28383345 (PLA2R1 locus), 
rs2187668 (HLA-DQA1 locus), rs35771982 (PLA2R1 locus), rs3749117 (PLA2R1 locus), and rs4664308 (PLA2R1 locus).

PCR primers were designed to target regions within the HLA-DQA1 and PLA2R1 genes to amplify DNA fragments 
containing the target SNP loci. The amplicon sizes ranged from 654 to 944 base pairs (bp). PCRs were performed using 2× 
Hieff Canace® Gold Master Mix (Yeasen Biotechnology, Shanghai, China). The thermal cycling program consisted of 
initial denaturation (98°C for 3 min), followed by 35 cycles of denaturation (98°C for 10s), annealing (55°C for 20s), 
extension (72°C for 30s), and a final extension (72°C for 5 min). After verification of amplicon size via 1.5% agarose gel 
electrophoresis, PCR products of the expected size were purified and subjected to Sanger sequencing via an ABI 3730xl 
sequencer (Applied Biosystems, Foster City, CA, USA). Sequencing products were separated and detected via capillary 
electrophoresis, and genotypes for each SNP locus were determined via analysis of the resulting sequence chromatograms.

GRS Calculation
We calculated the GRS based on five SNPs using the method described by Xie et al8 based on five SNPs located in the 
HLA-DQA1 and PLA2R1 loci. The GRS was constructed as follows: individuals carrying the homozygous risk genotype 
(ie, the reference high-risk genotype) for all five SNPs were assigned a baseline GRS of 0. For individuals with 
alternative alleles, the GRS was adjusted using effect sizes (β coefficients) derived from prior genome-wide association 
studies (GWAS) and the GWAS catalog, corrected for multivariable analyses. To compute each individual’s GRS, the 
number of risk alleles for each SNP (coded as 0, 1, or 2) was multiplied by its corresponding β coefficient, and the 
weighted scores were summed across all five SNPs to obtain the final GRS value.

Patients were categorized into high-risk and low-risk GRS groups based on the median GRS value of the cohort, which 
was used as the cutoff threshold.
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Statistical Analysis
Quantitative data are presented as mean ± standard deviation (SD) for normally distributed variables or median (inter
quartile range, IQR) for skewed variables. Categorical variables are expressed as frequency and percentage [n (%)]. Group 
comparisons were performed using independent samples t-tests for normally distributed quantitative data, Mann–Whitney 
U-tests for non-normally distributed data, and Pearson’s chi-square (χ2) tests for categorical variables.

The association between the GRS and relapse risk was analyzed via survival models built with the “survival” package in 
R. Patients were dichotomized into high-risk and low-risk groups based on the median GRS. Kaplan‒Meier curves were 
compared via the Log rank test. Univariable and multivariable Cox proportional hazards regression models were con
structed, controlling for potential confounders via stratified multivariable adjustment strategies. Variables with P < 0.1 in 
the univariable analysis subsequently included in the multivariable Cox regression model. The proportional hazards 
assumption was assessed for all Cox models using Schoenfeld residuals. No significant violations were detected for any 
covariates, including GRS and clinical variables (all Schoenfeld residual p-values > 0.05). To assess potential non-linearity 
in the GRS-relapse association, restricted cubic spline (RCS) analysis was performed via the “ggrcs” package with 4 knots, 
and non-linearity was tested via the likelihood ratio test.

Patients were stratified into subgroups on the basis of gender, median values of age, 24-hour urine protein levels, 
eGFR, serum albumin (ALB) level, and anti-PLA2R antibody level. Interaction tests were performed to evaluate effect 
modification of the GRS-relapse association by these subgroups. Forest plots generated via the “forestploter” package 
were used to visualize the hazard ratios (HRs) and 95% confidence intervals (CIs) for each subgroup.

On the basis of the Cox proportional hazards regression model, a nomogram was developed via the “rms” package to 
visualize the multivariable prediction model and the contribution of each variable to relapse risk.

Variables with P < 0.1 in the univariable Cox regression analysis (including ALB, uric acid (UA), glomerulosclerosis, 
cyclosporine A (CsA) use, and time to remission) were used to construct a base prediction model for relapse. An 
enhanced model was created by adding the GRS to the base model.

Time-dependent receiver operating characteristic (tROC) curves and area under the curve (AUC) values for both models 
were calculated at 1, 2, 3, and 5 years using the “timeROC” package, with the significance of AUC differences tested via the 
bootstrap test. Additionally, the Net Reclassification Improvement (NRI) and integrated discrimination improvement (IDI) 
were calculated using the “survIDINRI” package to assess improvements in risk stratification and predictive accuracy after 
incorporating the GRS. Furthermore, the Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), and 
likelihood ratio test (LRT) were used to compare the goodness of fit between the two nested models. To evaluate model 
stability and the risk of overfitting, rigorous cross-validation procedures was performed, including: (1) standard 10-fold cross- 
validation to preliminarily assess overall model performance; (2) 5-repeated 10-fold cross-validation to obtain a more robust 
evaluation of overall performance; and (3) 10-repeated 10-fold cross-validation for the 1, 2, 3, and 5-year time points to 
evaluate model performance at different time points. In cross-validation, paired t-tests were used to assess the significance of 
C-index improvements. Finally, sensitivity analyses were performed by further adjusting for remission quality (CR vs PR) and 
immunological status to verify the GRS’s independent robustness and incremental predictive value (assessed via AUC, NRI, 
and IDI) beyond clinical treatment response. Statistical analyses were conducted using SPSS software (version 25.0; IBM 
Corp., Armonk, NY, USA) and R software version 4.4.3 (R Project for Statistical Computing). All tests were two-sided, and 
P < 0.05 was considered statistically significant.

Results
Cohort Characteristics and Outcomes
A total of 234 primary PLA2R-associated MN patients meeting the eligibility criteria were included. The median age of the 
participants in the study cohort was 52.0 (IQR 38.0, 60.0) years, 63.7% were male, the median BMI was 26.5 (IQR 24.2, 
29.1), and the median GRS was 0 (IQR −1.28, 0). Over a median follow-up of 28.0 months (IQR 20.0–39.0), the cumulative 
remission rate was 85.5% (200/234), renal progression occurred in 12.4% (29/234) of the total cohort, see Table 1 for 
details. Among the 200 patients who achieved remission, 47.0% (94/200) subsequently relapsed, see Table S1 for details. 
Adverse events during follow-up were reported in 19.2% of patients, primarily pulmonary infections (31 patients, 13.2%), 
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Table 1 Baseline Characteristics and Remission Status of Study Participants

Variables Total (N=234) Remission (N=200) Non-Remission (N=34) P

Demographics
Age (years) 52.0 (38.0, 60.0) 51.0 (37.0, 60.0) 55.0 (44.7, 62.3) 0.173

Gender (male), n (%) 149 (63.7%) 127 (63.5%) 22 (64.7%) 0.892

BMI (kg/m2) 26.5 (24.2, 29.1) 26.4 (24.1, 28.9) 27.6 (24.7, 31.3) 0.061
GRS 0 (−1.28, 0) 0 (−1.27, 0) 0 (−0.85, 0) 0.338

Laboratory Examination
Hemoglobin (g/L) 131.7±18.6 132.2±18.1 128.8±21.2 0.333
WBC (109/L) 6.9 (5.5, 8.3) 6.9 (5.5, 8.5) 7.1 (5.7, 7.8) 0.865

Platelet (109/L) 260.7±69.8 258.2±66.9 269.9±79.1 0.408
Neutrophils (%) 0.58±0.10 0.56±0.10 0.60±0.10 0.325

Lymphocytes (%) 0.31±0.10 0.34±0.10 0.29±0.10 0.268

CRP (mg/dL) 0.1 (0.10, 0.10) 0.1 (0.09, 0.1) 0.1 (0.10, 0.23) 0.110
IL-6 (pg/mL) 2.0 (2.0, 3.8) 2.0 (2.0, 3.8) 2.7 (2.0, 4.1) 0.192

Total protein (g/L) 46.9 (42.2, 51.9) 47.2 (42.5, 53.0) 42.6 (40.0, 48.2) 0.005

Serum albumin (g/L) 24.5 (21.3, 28.0) 24.7 (21.5, 28.4) 23.8 (18.0, 25.2) 0.010
Cholesterol (mmol/L) 6.7 (5.5, 8.5) 6.6 (5.3, 8.5) 7.3 (6.1, 8.7) 0.123

Triglycerides (mmol/L) 2.2 (1.6, 3.3) 2.1 (1.5, 3.1) 2.5 (1.8, 3.8) 0.022

HDL cholesterol (mmol/L) 1.2 (1.0, 1.5) 1.2 (1.0, 1.5) 1.0 (0.9, 1.5) 0.244
LDL cholesterol (mmol/L) 4.4 (3.3, 6.0) 4.4 (3.3, 5.9) 4.6 (3.5, 6.3) 0.447

Glucose (mmol/L) 4.9 (4.4, 5.5) 4.8 (4.4, 5.4) 5.1 (4.5, 5.9) 0.084

Urea nitrogen (mmol/L) 5.0 (3.9, 6.4) 5.0 (3.9, 6.4) 4.8 (4.0, 6.3) 0.969
Uric acid (μmol/L) 355.9±100.0 360.1±99.2 328.9±102.0 0.061

Serum creatinine (μmol/L) 75.3 (63.0, 90.1) 75.2 (62.9, 90.1) 75.3 (64.2, 93.0) 0.810

eGFR (mL/min/1.73m2) 97.0 (74.6, 108.0) 96.6 (76.0, 108.1) 99.0 (62.8, 107.1) 0.295
Complement C3 (mg/dL) 116.5 (100.0, 130.2) 115.0 (101.0, 131.0) 111.0 (98.0, 128.0) 0.699

Complement C4 (mg/dL) 31.1 (25.0, 37.0) 29.7 (24.5, 36.9) 30.5 (26.8, 38.8) 0.368

Anti-PLA2R antibody (RU/mL) 48.7 (10.4, 148.2) 38.2 (8.1, 110.0) 141.1 (49.5, 256.5) <0.001
24h proteinuria (g/24h) 5.6 (4.2, 8.0) 5.6 (4.0, 7.5) 6.2 (5.0, 9.4) 0.019

Urinary potassium (mmol/24h) 41.2±18.6 40.7±18.9 43.9±17.3 0.365

Urinary calcium (mmol/24h) 1.5 (0.6, 2.8) 1.6 (0.7, 2.8) 1.3 (0.4, 3.4) 0.656
Urinary sodium (mmol/24h) 176.8±96.9 170.3±90.0 224.0±119.0 0.016

TyG index 9.1 (8.7, 9.5) 9.0 (8.7, 9.5) 9.3 (8.9, 9.8) 0.014

TyG-BMI 237.9 (214.7, 272.5) 236.4 (212.7, 267.9) 261.3 (227.7, 306.3) 0.013
SII 471.7 (337.5, 662.3) 457.4 (335.9, 649.2) 543.4 (404.6, 725.9) 0.105

Comorbidities
Hypertension, n (%) 111 (47.4%) 95 (47.5%) 16 (47.1%) 0.962
Diabetes, n (%) 35 (15.0%) 25 (12.5%) 10 (29.4%) 0.011

Hyperlipidemia, n (%) 40 (17.1%) 36 (18.0%) 4 (11.8%) 0.372

Coronary heart disease, n (%) 12 (5.1%) 9 (4.5%) 3 (8.8%) 0.291
Renal Pathology
Pathological stage, n (%) 0.141

Stage I 79 (33.8%) 65 (32.5%) 14 (41.2%)
Stage II 118 (51.4%) 105 (52.5%) 13 (38.2%)

Stage III 9 (3.8%) 9 (3.8%) 0 (0.0%)

Stage IV 2 (0.9%) 2 (1.0%) 0 (0.0%)
Glomerulosclerosis (%) 0 (0, 7) 0 (0, 7) 3 (0, 6) 0.675

Renal arteriosclerosis, n (%) 78 (33.3%) 68 (34.0%) 10 (29.4%) 0.164

Tubulointerstitial injury, n (%) 11 (4.7%) 10 (5.5%) 1 (2.9%) 0.153
IgG1 deposition, n (%) 0.186

+ 183 (78.2%) 161 (80.5%) 22 (64.7%)

++ 19 (8.1%) 15 (7.5%) 4 (11.5%)

(Continued)
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followed by upper respiratory tract infections (9 patients, 3.8%), hyperglycemia (3 patients, 1.3%), and other events (2 
patients, 0.9%) (Table S2).

Factors Associated with Remission
Compared with the NR group, patients who achieved remission had significantly higher baseline levels of total protein 
(TP), and ALB, but lower levels of total cholesterol (TC), anti-PLA2R antibody, urinary total Protein (UTP), urinary 
sodium (UNa), and clinical risk stratification. The baseline GRS did not differ significantly between the remission and 
NR groups (Table 1).

After collinearity diagnostics led to the exclusion of TP and TC, the remaining significant variables were included in 
the multivariable Cox regression analysis. This identified older age (hazard ratio [HR] = 0.984, 95% CI 0.971–0.998), 
higher baseline UTP (HR=0.908, 95% CI 0.843–0.978,), and higher baseline anti-PLA2R antibody levels (HR=0.998, 
95% CI 0.997–1.000) as showing independent significant associations with a lower probability of achieving remission 
(Table S3).

Factors Associated with Relapse
Compared with patients who did not relapse, those in the relapse group had a significantly greater baseline GRS and 
lower baseline low-density lipoprotein (LDL) level. Additionally, the relapse group included a higher proportion of 
patients with PR, a lower proportion with CR, and a lower proportion achieving immunological remission. The 
proportion of patients who received rituximab (RTX) treatment was also lower in the relapse group. Furthermore, 
more cases of subsequent renal progression were observed in the relapse group. Other baseline characteristics showed no 
significant differences between the relapse and non-relapse groups (Table S1).

To investigate whether infections or adverse events precipitated premature treatment discontinuation, we compared 
maintenance therapy duration between patients who experienced such events and those who did not; no significant 
difference was observed (P = 0.36) (Figure S1).

Table 1 (Continued). 

Variables Total (N=234) Remission (N=200) Non-Remission (N=34) P

IgG4 deposition, n (%) 0.247

+ 138 (59.0%) 119 (59.5%) 19 (55.9%)
++ 65 (27.8%) 58 (29.0%) 7 (20.6%)

Treatment
ARB/ACEI, n (%) 182 (77.8%) 154 (77.0%) 28 (82.4%) 0.488
Tacrolimus, n (%) 172 (73.5%) 150 (75.0%) 22 (64.7%) 0.209

Glucocorticoids, n (%) 69 (29.5%) 60 (30.0%) 9 (26.5%) 0.676

Cyclosporine A, n (%) 21 (9.0%) 17 (8.5%) 4 (11.5%) 0.538
Cyclophosphamide, n (%) 13 (5.6%) 9 (4.5%) 4 (11.8%) 0.087

Rituximab, n (%) 23 (9.8%) 20 (10.0%) 3 (8.8%) 0.931

Clinical Risks Stratification 0.003
Moderate risk 95 (40.6%) 89 (44.5%) 6 (17.6%)

High risk 139 (59.4%) 111 (55.5%) 28 (82.4%)

Clinical Outcomes
Time to remission (months) 4.3 (2.0, 8.8) 4.3 (2.0, 8.8) —

Follow-up time (months) 28.0 (20.0, 39.0) 30.0 (22.3, 39.8) 23.0 (12.0, 31.5) 0.003

Kidney progression, n (%) 29 (12.4%) 16 (8.0%) 13 (38.2%) <0.001

Notes: TyG=Ln [TG (mg/dL)× FBG (mg/dL)/2], TyG-BMI=TyG × BMI (kg/m2), SII=PLT (109/L)× NEU (109/L)/LYM (109/L). 
Abbreviations: BMI, body mass index; GRS, genetic risk score; WBC, white blood cell; CRP, C-reactive protein; IL-6, interleukin-6; HDL, 
high-density lipoprotein; LDL, low-density lipoprotein; eGFR, estimated glomerular filtration rate; PLA2R, phospholipase A2 receptor; TyG, 
triglyceride-glucose; SII, systemic immune-inflammation index; ARB, angiotensin II receptor blocker; ACEI, angiotensin-converting enzyme 
inhibitor; IgG, immunoglobulin G.
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Multivariable Cox analysis revealed that a high GRS (HR = 1.885, 95% CI 1.331–2.585), high UA level (HR = 1.002, 
95% CI 1.000–1.004), use of CsA (HR = 2.930, 95% CI 1.519–5.652), and a shorter time to remission (HR = 0.936, 95% 
CI 0.934–0.993) were independent factors associated with an increased risk of relapse in primary PLA2R-associated MN 
patients (Table 2).

Genetic Risk Score Groups and Renal Outcomes
Patients were stratified into a low-GRS group (GRS < 0; n = 96) and a high-GRS group (GRS ≥ 0; n = 138) using the 
median GRS value as the cutoff. The remission rate was 88.5% in the low-GRS group versus 83.3% in the high-GRS 
group, with no statistically significant difference (P = 0.266) (Figure S2 and Table 3). However, the relapse rate was 
significantly lower in the low-GRS group (28.1%) compared to the high-GRS group (48.6%) (P < 0.001). There were no 
significant differences between the two groups in baseline characteristics including ALB, SCR, eGFR, 24-hour protei
nuria, PLA2R, time to remission, or kidney disease progression (Table 3).

Kaplan-Meier curve analysis revealed a significantly greater cumulative relapse rate in the high-GRS group than in 
the low-GRS group (log-rank P < 0.001) (Figure 2).

In summary, the GRS significantly stratified relapse risk but showed no significant association with remission or renal 
progression between the two groups.

Linear Association of GRS with Relapse Risk
Figure 3 displays the continuous association between GRS and risk of relapse via RCS analysis in both unadjusted (Figure 3A) 
and covariate-adjusted models (Figure 3B). The results demonstrate that the relationship between the GRS and relapse risk 

Table 2 Cox Regression Analysis of Risk Factors for Relapse

Variable Univariable Analysis Multivariable Analysis

HR 95% CI P value HR 95% CI P value

GRS 1.800 1.277–2.535 <0.001 1.885 1.331–2.585 <0.001
Albumin (g/L) 1.042 0.996–1.090 0.074 – – –

Uric acid (μmol/L) 1.002 1.000–1.004 0.039 1.002 1.000–1.004 0.032

Glomerulosclerosis (%) 1.016 0.999–1.033 0.060 – – –
CsA use 2.126 1.116–4.051 0.022 2.930 1.519–5.652 0.001

Time to remission (months) 0.971 0.942–1.000 0.049 0.936 0.934–0.993 0.016

Abbreviations: HR, hazard ratio; CI, confidence interval; CsA, Cyclosporine A; GRS, genetic risk score.

Table 3 Clinical Characteristics and Outcomes Stratified by Genetic Risk Score

Variables Total (N=234) GRS <0 (N=96) GRS ≥0 (N=138) P

Baseline Laboratory Parameters
Serum albumin (g/L) 24.5 (21.3, 28.0) 23.8 (20.3, 28.3) 25.1 (21.6, 27.9) 0.249
Serum creatinine (μmol/L) 75.3 (63.0, 90.1) 73.7 (63.8, 84.7) 76.1 (62.3, 93.8) 0.644

eGFR (mL/min/1.73m2) 97.0 (74.6, 108.0) 100.6 (76.7, 111.0) 93.3 (74.1, 106.0) 0.072

24h proteinuria (g/24h) 5.6 (4.2, 8.0) 5.5 (4.2, 7.9) 5.6 (4.3, 8.0) 0.661
Anti-PLA2R antibody (RU/mL) 48.7 (10.4, 148.2) 42.0 (7.0, 136.0) 50.8 (11.2, 152.0) 0.903

Clinical Outcomes
Time to remission (months) 6.0 (3.0, 12.0) 6.0 (3.0, 12.0) 6.0 (3.0, 12.0) 0.687
Remission, n (%) 200 (85.5%) 85 (88.5%) 115 (83.3%) 0.266

Relapse, n (%) 94 (40.2%) 27 (28.1%) 67 (48.6%) * <0.001

Kidney progression, n (%) 29 (12.4%) 11 (11.5%) 18 (13.0%) 0.717

Note: Percentages in the Relapse row represent within-group proportions for GRS subgroups. 
Abbreviations: GRS, genetic risk score; eGFR, estimated glomerular filtration rate; PLA2R, phospholipase A2 receptor.
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adheres to a linearity pattern, irrespective of covariate adjustment (unadjusted model: P for non-linearity = 0.232, P for overall 
association < 0.001; adjusted model: P for non-linearity= 0.574, P for overall association < 0.001).

Subgroup Analysis and Interaction Effect Assessment of GRS on Relapse
In the overall cohort, GRS significantly elevated relapse risk (HR = 1.83, 95% CI 1.30–2.56, P = 0.001). Age-stratified 
analysis demonstrated significant heterogeneity (P = 0.046), with stronger GRS-relapse association in patients aged >51 

Figure 2 Kaplan-Meier curve of relapse incidence between the low and high-risk GRS groups.

Figure 3 Association between GRS and MN relapse was analyzed using Cox proportional hazards regression with RCS based on 4 knots. The red shaded area represents 
the 95% confidence interval (CI). (A) Unadjusted model (B) Model adjusted for serum albumin (ALB), uric acid (UA), glomerulosclerosis, cyclosporine A (CsA) use, and time 
to remission. 
Abbreviations: GRS, genetic risk score; MN, membranous nephropathy; RCS, restricted cubic splines; CI, confidence interval; ALB, albumin; UA, uric acid; CsA, 
cyclosporine A.
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years. However, no significant effect modifications were observed by gender, eGFR, proteinuria, serum albumin, or anti- 
PLA2R antibody levels (all P > 0.05) (Figure 4). These findings suggest that these variables did not significantly modify 
the predictive effect of the GRS.

Predictive Value of GRS in Incident Relapse
To evaluate and visualize the predictive value of the GRS and other clinical variables for primary PLA2R-associated MN 
relapse, we constructed a nomogram (Figure 5). Each variable’s contribution to relapse risk is represented on a point 
scale. The sum of points across all variables yields a total score (Total Points), which translates to the predicted relapse 

Figure 4 Association of the GRS with the risk of disease relapse across different clinical subgroups. 
Abbreviations: GRS, genetic risk score; ALB, albumin; eGFR, estimated glomerular filtration rate; PLA2R, phospholipase A2 receptor.

Figure 5 Nomogram based on variables selected from Cox proportional hazards regression analysis. 
Abbreviations: GRS, genetic risk score; ALB, Albumin; UA, uric acid; CsA, cyclosporine A.
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probabilities at 1, 2, 3, and 5 years. The nomogram revealed that the GRS accounts for a substantial portion of the total 
points, suggesting that it is a key determinant of relapse risk.

To compare the predictive performance of the base model (based on ALB, UA, glomerulosclerosis, CsA use, and time 
to remission) with that of the enhanced model (base model + GRS), we plotted tROC curves and calculated AUC. 
At year 1, the AUC increased from 0.747 to 0.777 (P = 0.374) (Figure 6A); at year 2, from 0.677 to 0.734 (P = 0.007) 
(Figure 6B); at year 4, from 0.604 to 0.681 (P = 0.018) (Figure 6C); and at year 5, from 0.743 to 0.801 (P = 0.012) 
(Figure 6D). The improvements in AUC reached statistical significance at years 2, 4, and 5 (Table 4).

Figure 6 Time-dependent ROC curve based on the Cox proportional hazards regression model at (A) the first year; (B) the second year; (C) the fourth year; (D) the 
fifth year. 
Notes: Base model: Time-dependent ROC model based on a multivariable Cox regression analysis including the variables ALB, UA, glomerulosclerosis, CsA use, and time to 
remission.
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Furthermore, the inclusion of the GRS also demonstrated consistent and robust improvements in terms of risk 
reclassification and model fit.

Regarding risk reclassification, the IDI showed high statistical significance at all evaluated time points (all P < 0.05), 
while the NRI demonstrated significant improvement in the mid-to-long term (at years 4 and 5) (both P < 0.05) (Table 4).

In terms of model fit, the combined model also demonstrated comprehensive superiority. Not only did the LRT 
confirm at all time points that the combined model was a statistically significant improvement (all P < 0.05), but the 
model’s AIC and BIC values were also consistently lower at each time point, further corroborating its superior fit 
(Table 4).

To further validate the robustness of these findings and assess potential overfitting risks, we employed rigorous cross- 
validation strategies, including standard 10-fold cross-validation and repeated 10-fold cross-validation (repeated 5 times). 
The results showed that, in terms of the overall C-index, the standard 10-fold cross-validation indicated a model 
improvement of 0.068 (95% CI: 0.011–0.124, P = 0.024) (Figure S3), while the repeated cross-validation showed an 
improvement of 0.046 (95% CI: 0.018–0.075, P = 0.002) (Figure S4), confirming the stable contribution of GRS to 
enhancing model discrimination.

Furthermore, we conducted 10-repeated 10-fold cross-validation analyses at key time points of 1, 2, 3, and 5 
years to evaluate the model’s predictive performance at different follow-up time points. The results demonstrated 
that the enhanced model with GRS exhibited significant predictive advantages at all time points (all P < 0.05) 
(Figure S5).

Sensitivity Analysis
To further validate the robustness of the GRS, we performed a sensitivity analysis by adjusting for remission quality, 
specifically immunological remission and clinical remission status (PR vs CR). Even after controlling for these potent 
post-treatment predictors—where achieving only PR conferred a 3.3-fold increased risk of relapse (HR = 3.322, 
P < 0.001)—the GRS remained a significant independent predictor (adjusted HR = 1.639, P = 0.004) (Table S4).

We subsequently integrated the GRS into a comprehensive clinical base model that had been adjusted for potent 
predictors including remission depth and immunological remission. The addition of the GRS yielded a significant and 
comprehensive improvement in predictive performance. Time-dependent ROC analysis demonstrated consistent 
improvements in the AUC across all time points (all P < 0.001) (Figure S6). Significant improvements in NRI and 
IDI confirmed that the GRS substantially enhanced the accuracy of risk stratification. The AIC/BIC values and 
Likelihood Ratio Test (P < 0.001) further validated the robustness of the model. (Table S5).

Table 4 Improvement in Relapse Risk Prediction by Adding GRS to the Base Model

Items AUC (95% CI) P for 
AUC

NRI (95% CI) P for 
NRI

IDI (95% CI) P for 
IDI

AIC BIC LRT

1 year 0.374 P=0.658 0.004 0.03

Base model 0.747 (0.586–0.814) reference reference 234.77 240.45

Base model + GRS 0.777 (0.623–0.843) 0.028 (−0.097–0.153) 0.549 (0.172–0.926) 232.09 238.91

2 year 0.007 P=0.088 <0.001 <0.001

Base model 0.677 (0.550–0.716) reference reference 603.44 613.99

Base model + GRS 0.734 (0.639–0.789) 0.060 (−0.009–0.128) 0.593 (0.365–0.822) 585.10 597.76

4 year 0.018 P=0.04 <0.001 <0.001

Base model 0.604 (0.526–0.683) reference reference 821.39 833.95

Base model + GRS 0.681 (0.606–0.755) 0.066 (0.003–0.129) 0.474 (0.278–0.669) 806.14 821.20

5 year 0.012 P=0.039 <0.001 <0.001

Base model 0.743 (0.565–0.922) reference reference 825.12 837.73

Base model + GRS 0.801 (0.578–0.999) 0.066 (0.003–0.130) 0.477 (0.282–0.671) 809.20 824.33

Notes: Base model: time-dependent ROC model based on a multivariable Cox regression analysis including the variables: ALB, UA, Glomerulosclerosis, CsA use, and time 
to remission. P for AUC: Time-dependent AUC trends and bootstrap test for difference.
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These findings demonstrate that the GRS provides independent predictive value beyond clinical treatment response. 
Even after accounting for remission quality, genetic susceptibility remains a distinct driver of relapse in membranous 
nephropathy.

Discussion
This study demonstrated that a high GRS is independently and significantly associated with an increased risk of relapse 
in primary PLA2R-associated MN. Furthermore, incorporating the GRS into the clinical model led to a significant and 
comprehensive improvement in its predictive performance.

We developed a GRS based on five SNP loci that had been significantly associated with pMNs in previous studies. 
Stanescu et al5 first reported strong associations for rs2187668 and rs4664308, which were later validated in a Spanish 
cohort.17 A Chinese case‒control study18 revealed that the G allele of rs35771982 and the T allele of rs3749117 were 
significant risk factors in the Han population. Furthermore, a GWAS in a Han Chinese population by Qin et al19 confirmed 
an independent association for rs28383345. Synthesizing this cross-ethnic, multicenter evidence, we included these five 
SNPs in our GRS model. Each patient’s score was calculated via an allele dosage approach, weighted by standardized effect 
sizes (OR or β coefficients) from the original studies, to quantify the cumulative genetic risk contribution.

Few studies reported factors that associated with MN relapse. Liang et al12 linked relapse to shorter full-dose tacrolimus 
duration and higher serum creatinine and proteinuria at withdrawal; Wang et al20 identified older age and a high baseline white 
blood cell count as risk factors; and Ruggenenti et al21 reported initial complete remission. Our study identified high GRS, high 
UA levels, CsA use, and shorter time to remission as independent risk factors for primary PLA2R-associated MN relapse. 
Hyperuricemia is associated with glomerular ischemic lesions and tubular atrophy/interstitial fibrosis in MN, which may 
potentially worsen renal injury and increase the risk of relapse through inflammation, oxidative stress, and crystal 
deposition.22,23 However, a direct link between UA and MN relapse has not been established in literature, and further research 
is needed. One of the shortcomings of calcineurin inhibitors (CNI) in the treatment of MN was the high rate of relapse.24–26 

Studies report a higher relapse rate following CNI therapy (including CsA) compared to alkylating agent-based regimens like 
cyclophosphamide.27,28 This study also showed that shorter time to remission was associated with higher relapse risk, which is 
consistent with previous research,12 possibly indicating premature treatment cessation. This suggests that relying solely on 
proteinuria normalization as a stopping point is insufficient; future decisions should consider integrating anti-PLA2R antibody 
clearance and GRS stratification. A unique advantage of the GRS is its stability and early availability. As an innate genetic marker 
that is assessable early in life, it is unaffected by disease activity, treatment, or progression. This makes it a valuable anchor for 
dynamic monitoring. For high-GRS patients, even if they are in remission or anti-PLA2R antibody negative, clinicians can use 
this risk information for proactive management, such as extending CNI maintenance therapy29,30 or increasing the monitoring 
frequency (eg, proteinuria every 3 vs 6 months). Such an approach, which integrates genetic risk stratification with dynamic 
monitoring, could help address the current limitations of risk-stratified surveillance during clinical remission in MN care.

Our subgroup analysis indicated significant heterogeneity by age, with the effect of the GRS on relapse risk being 
more pronounced in patients >51 years old. This finding merits attention, as aging involves immunological changes 
(reduced T-cell repertoire diversity, impaired Regulatory T cells, chronic inflammation)31 that could magnify genetic risk 
effects; however, further research is needed. This highlights the dynamic interplay of genetics in MN progression and 
supports biomarker-stratified precision management.

The specific predictive power of the GRS for relapse likely arises from the combined effects of the HLA-DQA1 and 
PLA2R1 loci, which influence immune memory cell reactivation thresholds via antigen presentation and B-cell epitope 
exposure.32 Interestingly, while the GRS did not predict remission rates or renal progression in our cohort, its independent 
association with relapse suggests that genetic risk might exert its main influence during disease reactivation. One possible 
hypothesis is that this process involves epigenetic modifications (eg, DNA methylation)33 or immunosenescence.31 Although 
direct studies on the epigenetic regulation of these specific genes in MN are scarce and needed, our findings complement those 
of Berchtold et al11 on donor GRS and transplant relapse, supporting a “genetic load‒immune homeostasis imbalance” 
hypothesis.

This study has several limitations. First, its retrospective, single-center design, limited sample size and predominantly 
Han Chinese cohort introduce selection bias and limit generalizability of our findings. Given that allele frequencies and 
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linkage disequilibrium patterns vary across populations, the performance of this GRS requires verification in non-Han 
cohorts. Additionally, as we focused exclusively on primary PLA2R-associated MN, our findings may not extend to other 
MN subtypes. Moreover, unmeasured confounders, such as medication adherence, socioeconomic status, and environ
mental exposures, may affect the validity of the findings. Although treatment variables were adjusted in multivariable 
models, the potential for indication bias remains due to the non-randomized nature of treatment allocation. Second, the 
GRS relies on five well-validated SNPs, but genetic architecture of MN is complex and likely involves additional 
variants. Third, the 28-month median follow-up may not fully capture long-term relapse patterns or the sustained 
predictive value of the GRS, given the potential for late relapses in MN, and the smaller number of patients at risk at 
the 5-year time point warrants cautious interpretation of estimates at that interval. Most importantly, the current GRS 
lacks validation in an independent external cohort. Although we employed rigorous internal validation (repeated cross- 
validation and time-dependent AUC) which yielded stable results, the risk of overestimating the model’s utility persists. 
Future multicenter studies with broader multi-omics analyses and external validation are essential to confirm the clinical 
utility of the GRS.

Conclusion
This study identifies a five-SNP GRS independently associated with relapse in Han Chinese patients with primary 
PLA2R-associated MN. While the GRS significantly enhances the statistical performance of risk stratification models, its 
current clinical utility is limited by the single-center, retrospective design and lack of external validation. These findings 
provide a promising foundation for personalized management, though prospective multicenter studies are essential to 
confirm the clinical utility and underlying mechanisms across diverse populations.
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