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Abstract

:

New biomarkers of IgA nephropathy (IgAN) are needed for non-invasive diagnosis and appropriate treatment. There is emerging evidence that galactose deficient IgA1 (Gd-IgA1) is a pivotal molecule in the pathogenesis of IgAN. However, few studies have investigated the role of Gd-IgA1 as a biomarker in IgAN. In this study, we investigated the clinical relevance of serum Gd-IgA1 levels in patients with IgAN. Two hundred and thirty biopsy-proven IgAN patients, 74 disease controls (patients with non-IgAN nephropathy), and 15 healthy controls were enrolled in this study. Levels of serum Gd-IgA1 were measured using an ELISA kit in serum samples obtained the day of renal biopsy. We compared levels of serum Gd-IgA1 according to the type of glomerular disease and analyzed the association between Gd-IgA1 levels and clinical and pathological parameters in patients with IgAN. We then divided IgAN patients into two groups according to Gd-IgA1 level and investigated the predictive value of Gd-IgA1 for progression of chronic kidney disease (CKD). Serum Gd-IgA1 levels were significantly higher in IgAN patients than disease controls and healthy controls. In patients with IgAN, serum Gd-IA1 levels were significantly correlated with estimated glomerular filtration rate, serum IgA level, and tubular atrophy/interstitial fibrosis. CKD progression was more frequent in IgAN patients with higher serum Gd-IgA1 levels than in those with lower serum Gd-IgA1 levels. Cox proportional hazard models showed that high GdIgA1 level was an independent risk factor for CKD progression after adjusting for several confounders. Our results suggest that serum Gd-IgA1 level is a useful diagnostic and prognostic marker in IgAN patients. Further studies with a larger sample size and longer follow-up duration are needed.
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1. Introduction


IgA nephropathy (IgAN) is the most frequent form of primary glomerulonephritis and one of the important causes of chronic kidney disease (CKD) worldwide [1]. The clinical course and disease prognosis of IgAN patients vary, and about 20–40% of patients reach end stage renal disease (ESRD) within 20 years of diagnosis [2,3]. Therefore, early diagnosis, risk prediction for disease progression, and appropriate treatment are important in IgAN. However, the pathogenesis of this disease is not yet fully understood and curative treatment strategies remain to be established [4]. Although the current gold standard diagnostic and prognostic method for IgAN is renal biopsy, it is not frequently performed in the real clinical field due to some limitations and concerns about complications [4,5]. Thus, it is necessary to identify non-invasive biomarkers that can be used to diagnose IgAN and assess activity and outcomes of the disease.



Several studies have shown that aberrant IgA1 O-linked glycosylation plays a key role in the pathogenesis of IgAN [6,7]. Moldoveanu et al. [8] demonstrated that serum levels of galactose-deficient IgA1 (Gd-IgA1) were increased in patients with IgAN. The multi-hit hypothesis of the pathogenesis of IgAN states that antibodies directed against overproduced Gd-IgA1 are generated and formed immune complexes. These immune complexes subsequently accumulate in the glomerular mesangium and cause kidney injury [9]. Gd-IgA1 was suggested as a potential disease-specific biomarker that predicts disease activity and prognosis. Some studies reported serum Gd-IgA1 as a diagnostic marker for IgAN [8,10]. Other researchers showed that high serum levels of Gd-IgA1 are associated with disease severity and progression [11,12]. However, further studies are needed because most of the previous studies have involved a relatively small sample size and results have been inconsistent.



In this study, we measured levels of serum Gd-IgA1 in over 200 patients with IgAN and compared them with those in controls. We then investigated the associations between serum Gd-IgA1 levels and clinicopathological parameters in IgAN patients. The predictive value of serum Gd-IgA1 for CKD progression was also analyzed based on more than 3 years of follow-up observations.




2. Materials and Methods


2.1. Study Population and Design


We enrolled 230 patients with biopsy-proven IgAN from two hospitals (Kyung Hee University Medical Center and Kyung Hee University Hospital at Gangdong) in Seoul, Korea, from January 2007 to November 2017. We also enrolled patients with non-IgAN nephropathy as disease controls: 35 patients with membranous nephropathy (MN), 21 patients with minimal change disease (MCD), eight with lupus nephritis (LN), and 10 with thin basement membrane disease (TBMD). Fifteen subjects without kidney disease were included as healthy controls. We compared clinical characteristics, laboratory findings, and serum levels of Gd-IgA1 between IgAN patients and controls. We then investigated associations of Gd-IgA1 levels with clinical and pathological parameters in IgAN patients. IgAN patients were divided into two groups according to median level of serum Gd-IgA1 (lower Gd-IgA1 and higher Gd-IgA1 groups) to analyze the associations between Gd-IgA1 level and clinical outcome.



All study procedures complied with the ethical guidelines of the Declaration of Helsinki and were approved by the Institutional Review Board of each hospital. The approval number from Kyung Hee University Medical Center is 2009-06-301. Written consent was obtained from all participants.




2.2. Clinical and Pathological Parameters


Baseline variables including age, sex, body mass index (BMI), and medications that had been taken before renal biopsy were recorded. Blood samples were obtained for measurement of serum albumin, creatinine, and IgA, and urine was collected to assess the amount of proteinuria and presence of hematuria at the time of renal biopsy. The amount of proteinuria was calculated as the spot urine protein to creatinine ratio (PCR). Renal function was assessed via the estimated glomerular filtration rate (eGFR), calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [13]. IgAN pathology was described using the Oxford classification system [14].




2.3. Measurement of Serum Gd-IgA1


Serum samples were collected on the day of biopsy and stored at −70 °C. Level of serum Gd-IgA1 was measured using a commercially available enzyme-linked immunosorbent assay test kit with KM55 (IBL, Fujioka, Japan) according to the manufacturer’s protocol.




2.4. Treatment and Clinical Outcome


Patients diagnosed with IgAN were treated with an angiotensin receptor blocker (ARB) or angiotensin-converting enzyme inhibitor (ACEi) alone or in combination with immunosuppressants. Patients who were taking an ARB or ACEi prior to renal biopsy continued to take an ARB or ACEi after the biopsy. Patients visited the outpatient clinic regularly every 1–2 months for the assessment of renal function and proteinuria. Clinical outcome of this study was CKD progression, defined as a greater than 25% reduction in eGFR or decline in eGFR category from the value determined at the time of renal biopsy [15].




2.5. Statistical Analysis


All statistical analyses were conducted using SPSS software version 19.0 (SPSS Inc., Chicago, IL, USA) and R software version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria). Continuous variables are presented as the median (first quartile-third quartile) and categorical data are reported as the frequency and percentage. Comparisons of continuous variables were performed by independent t test or Mann-Whitney U test as appropriate. Categorical variables were compared using Chi-square test. The differences of clinical parameters among glomerular disease groups were evaluated by a Kruskal-Wallis test followed by a multiple comparison analysis. The Bonferroni test was used as it was appropriate for post hoc analysis. To find the optimal cut-off value of Gd-IgA1, the hazard ratio for all cases of Gd-IgA1 values was calculated. In addition, we selected the Gd-IgA1 value, which represents the maxed hazard ratio (=highest accuracy). Correlations among variables were assessed using Spearman’s rank correlation coefficient test. Survival curves were estimated by the Kaplan-Meier method and compared with the log-rank test. Univariate and multivariate Cox regression analyses were used to investigate the independent association of Gd-IgA1 level with CKD progression. Variables with a p-value < 0.10 in the univariate Cox regression analyses were selected for multivariate Cox regression analysis. Results are presented as hazard ratios (HRs) ±95% confidence intervals (CIs), and statistical significance is indicated. A p-value < 0.05 was considered statistically significant.





3. Results


3.1. Baseline Characteristics of Study Population


The baseline characteristics of the participants in the IgAN group, disease control group, and healthy control group are summarized in Table 1. The median age of the IgAN patients was 41.00 years, and 50% were male. IgAN patients showed significantly higher levels of serum albumin than patients with MN, MCD, and LN, and lower levels of serum albumin than patients with TBMD and healthy controls. Patients with MN and MCD excreted significantly more urinary protein than IgAN patients. Levels of serum Gd-IgA1 were significantly elevated in patients with IgAN compared to disease controls and healthy controls (Table 1 and Figure 1).




3.2. Association of Serum Gd-IgA1 Level with Clinical and Pathological Parameters in IgAN Patients


Figure 2 shows the correlation between serum Gd-IgA1 level and clinical parameters in 230 IgAN patients. The Gd-IgA1 level showed a weak negative correlation with eGFR (r = −0.146, p = 0.026, Figure 2A) and a positive correlation with serum IgA level (r = 0.550, p < 0.001, Figure 2B). However, neither urine PCR nor albumin was significantly correlated with Gd-IgA1 level (p = 0.127 and p = 0.065, respectively) (Figure 2C,D). Based on the Oxford classification, serum Gd-IgA1 level was significantly elevated in patients with tubular atrophy/interstitial fibrosis (T0, 9.15 (6.93–12.18) vs. T1-2, 10.93 (8.45–16.69), p = 0.024) (Table 2).




3.3. Association of Serum Gd-IgA1 Level and CKD Progression in IgAN Patients


IgAN patients were divided into two groups according to the optimal cut-off value of serum Gd-IgA1 which obtained by the aforementioned method: a lower Gd-IgA1 group (Gd-IgA1 < 11.31 μg/mL, n = 148) and a higher Gd-IgA1 group (Gd-IgA1 ≥ 11.31 μg/mL, n = 82). The characteristics of the two groups are compared in Table 3. Patients in the higher Gd-IgA1 group had a significantly lower serum albumin level and eGFR (p = 0.012 and p = 0.001, respectively), and higher serum IgA level (p < 0.001) than those in the lower Gd-IgA1 group. No significant differences were observed between the two groups with regard to age, sex, BMI, urine PCR, urine RBC grade, or drug usage. Median follow-up duration was 22.55 months and 64 patients (27.8%) experienced CKD progression. More patients in the higher Gd-IgA1 group showed CKD progression than those in the lower Gd-IgA1 group (40.2% in the higher Gd-IgA1 group versus 20.9% in the lower Gd-IgA1 group, p = 0.002). Figure 3 shows CKD progression according to serum Gd-IgA1 level. A log-rank test identified a significant association between serum Gd-IgA1 level and CKD progression (p = 0.006).



We conducted univariate and multivariate Cox regression analyses to identify risk factors associated with CKD progression in IgAN patients (Table 4). In univariate Cos regression analysis, age (HR 1.029, 95% CI 1.012–1.046, p = 0.001), eGFR (HR 0.985, 95% CI, 0.978–0.991, p < 0.001), urine PCR (HR 1.191, 95% CI, 1.081–1.313, p < 0.001), and higher serum Gd-IgA1 (HR 2.283, 95% CI, 1.388–3.756, p = 0.01) showed a significant association with CKD progression in IgAN patients. After adjustment for variables with a p-value < 0.10 in the univariate analysis, eGFR (HR 0.991, 95% CI, 0.982–0.999, p = 0.048) and higher serum Gd-IgA1 (HR 1.933, 95% CI, 1.164–3.208, p = 0.011) were independent factors associated with CKD progression in IgAN patients.





4. Discussion


In this study, we measured serum Gd-IgA1 level and investigated its clinical relevance in patients with IgAN. Our major findings were (1) serum Gd-IgA1 levels in patients with IgAN were significantly higher than those in disease controls and healthy controls; (2) serum Gd-IgA1 level was negatively correlated with eGFR and positively correlated with serum IgA in patients with IgAN; (3) serum Gd-IgA1 level was significantly elevated in IgAN patients with tubular atrophy/interstitial fibrosis; (4) CKD progression was more frequent in IgAN patients with a higher level of serum Gd-IgA1 than those with a lower serum Gd-IgA1 level; (5) higher serum Gd-IgA1 was an independent predictor of CKD progression in patients with IgAN.



Although there have been remarkable advances since IgAN was first described by Berger et al. in 1968 [16], the pathogenesis of the disease is not yet fully understood and there are currently no disease-specific biomarkers that are reliable and useful in clinical practice [4,11]. Despite the proposal of several candidate biomarkers in recent years, these biomarkers lack sensitivity and specificity [5]. Pathologic findings and nonspecific clinical parameters such as eGFR, urine protein excretion, and blood pressure are therefore currently used to assess disease activity and prognosis in IgAN [17,18].



The multi-hit hypothesis of IgAN pathogenesis is widely accepted. This multi-hit hypothesis proposes the following disease pathogenesis: first, an increase in aberrant glycosylation of IgA1 leading to overproduction of Gd-IgA1; second, synthesis of antibodies that recognize Gd-IgA1; third, formation of pathogenic immune complexes; and fourth, mesangial deposition of these complexes and initiation of renal injury [4,9]. Several studies have provided evidence supporting the multi-hit hypothesis, and Gd-IgA1 is therefore drawing attention as a potential biomarker of IgAN [19].



Previous studies have revealed that IgAN patients have significantly higher levels of serum Gd-IgA1 than patients with non-IgAN glomerular diseases and healthy subjects [8,12]. Consistent with prior studies, we observed a significantly increased serum Gd-IgA1 level in IgAN patients compared with disease controls and healthy controls. Considering that Gd-IgA1 level could be affected by serum IgA level, we further analyzed the serum Gd-IgA1 to IgA ratio (Supplementary Table S1). Serum Gd-IgA1 to IgA ratio was significantly elevated in patients with IgAN as compared with in patients with MN, MCD, and LN, and healthy controls. TBMD patients had lower Gd-IgA1 to IgA ratio than IgAN patients, but there was no statistical significance. Further studies are needed to validate our findings and confirm the clinical relevance of the Gd-IgA1 to IgA ratio.



Several study groups have demonstrated that Gd-IgA1 has clinical significance in patients with IgAN. Zhao et al. [20] showed that elevated serum Gd-IgA1 levels were associated with aggravation of urinary protein excretion and increased risk of renal function deterioration in IgAN patients. Other studies have also demonstrated that serum Gd-IgA1 levels were correlated with disease severity and renal outcome of IgAN [11,12]. In our study, serum level of Gd-IgA1 was correlated with eGFR, and the frequency of CKD progression was greater in IgAN patients with a higher serum Gd-IgA1 level than those with a lower serum Gd-IgA1 level. Multivariate Cox regression analysis revealed that higher serum Gd-IgA1 level was an independent risk factor for CKD progression.



Associations between serum Gd-IgA1 level and pathologic findings have also been reported. Xu et al. [21] showed that serum Gd-IgA1 level was closely associated with pathologic phenotypes in IgAN. They compared serum IgA1 glycosylation between IgAN patients with different pathologic phenotypes and observed that levels of α2,6 sialic acid and galactose of serum IgA1 were significantly lower in patients with focal proliferative sclerosing IgAN than those with in mild mesangial proliferative IgAN. Wada et al. [11] reported that serum Gd-IgA1 levels were significantly higher in IgAN patients with segmental sclerosis and tubular atrophy/interstitial fibrosis than those who did not have this condition. Consistent with this study, we also observed that serum Gd-IgA1 level was associated with tubular atrophy/interstitial fibrosis in IgAN patients. To our knowledge, the mechanism for the association between serum Gd-IgA1 levels and tubulointerstitial lesion has not been studied previously. Zhang et al. [10] showed the relationship between serum Gd-IgA1 levels and deposition of mesangial Gd-IgA1. Mesangial cells injured by deposition of Gd-IgA1 are reported to promote glomerulotubular cross-talk by secreting mediators such as cytokines and complements [22,23]. We plan to conduct further study assuming that this process might be related to the association between serum Gd-IgA1 level and tubular atrophy/interstitial fibrosis in IgAN patients. Further studies are needed to elucidate the underlying mechanisms.



A snail helix aspersa agglutinin (HAA) lectin-based assay is currently used to measure serum Gd-IgA1 level. Although the HAA lectin-based assay is a useful research tool and is widely used, the assay is complex to perform and there are issues with the bioactivity and stability of purified lectin [10,12]. Recently, a Gd-IgA1-specific antibody named KM55 was developed for lectin-independent assays [24]. Suzuki et al. demonstrated that KM55 recognizes Gd-IgA1 in IgAN patients as well as the HAA lectin-based assay does [24,25], and some studies have measured Gd-IgA1 using this assay and investigated the clinical significance of Gd-IgA1 in patients with IgAN [10,12]. In this study, we measured serum Gd-IgA1 levels using a lectin-independent assay and observed the similar trends to those reported in previous studies.



Our study had some potential limitations. First, the level of serum Gd-IgA1 was measured only once, which may have resulted in an incorrect classification of patients. To overcome this limitation, we are planning to build an additional independent cohort and test the diagnostic value of Gd-IgA1 as a biomarker. Using the cohort, we also plan to monitor Gd-IgA1 levels during the follow-up period and determine the prognostic value of Gd-IgA1 and its ability to assess the therapeutic effect. Second, urine protein level was measured in a spot urine sample. Third, the cut-off value of higher and lower serum Gd-IgA1 was suggested with appropriate calculation, but further studies with large sample sizes are needed to ascertain the reliability of the cut-off value. Despite these limitations, we demonstrated the clinical relevance of Gd-IgA1 by performing a long-term follow-up (mean follow-up period over 3 years) in a relatively large number of IgAN patients.



In summary, we found that serum Gd-IgA1 levels were noticeably elevated in patients with IgAN and were significant associated with clinicopathological variables. Higher serum Gd-IgA1 level predicted CKD progression in IgAN patients. Serum Gd-IgA1 is therefore a potential disease-specific biomarker for diagnosis and assessment of the disease progression of IgAN. Further studies with a larger sample size and longer follow-up are needed to confirm our findings.








Supplementary Materials


The following are available online at https://www.mdpi.com/2077-0383/9/11/3549/s1, Table S1: Serum Gd-IgA1 to IgA ratio according to the type of glomerular disease.





Author Contributions


Conceptualization, J.S.K., H.S.H., and K.H.J.; methodology, J.S.K. and K.H.J.; software, S.H.L. and Y.G.K.; validation, J.S.K. and J.-Y.M.; formal analysis, J.S.K. and H.S.H.; investigation, J.S.K., S.H.L., and K.H.J.; resources, S.H.L., J.-Y.M. and K.H.J.; data curation, J.S.K., H.S.H., and Y.G.K.; writing—original draft preparation, J.S.K. and K.H.J.; writing—review and editing, H.S.H., S.H.L., and J.Y.K.; visualization, J.S.K.; supervision, S.H.L., J.Y.K., and K.H.J.All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (NRF-2017R1A2B4011623). The funding organizations had no role in the design of the study, analysis and interpretation of the data, nor writing the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wyatt, R.J.; Julian, B.A. IgA nephropathy. N. Engl. J. Med. 2013, 368, 2402–2414. [Google Scholar] [CrossRef] [PubMed]

	



Berthoux, F.C.; Mohey, H.; Afiani, A. Natural history of primary IgA nephropathy. Semin. Nephrol. 2008, 28, 4–9. [Google Scholar] [CrossRef] [PubMed]

	



Barratt, J.; Feehally, J. IgA nephropathy. J. Am. Soc. Nephrol. 2005, 16, 2088–2097. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, H. Biomarkers for IgA nephropathy on the basis of multi-hit pathogenesis. Clin. Exp. Nephrol. 2019, 23, 26–31. [Google Scholar] [CrossRef] [PubMed]

	



Schena, F.P.; Cox, S.N. Biomarkers and Precision Medicine in IgA Nephropathy. Semin. Nephrol. 2018, 38, 521–530. [Google Scholar] [CrossRef] [PubMed]

	



Allen, A.C.; Harper, S.J.; Feehally, J. Galactosylation of N- and O-linked carbohydrate moieties of IgA1 and IgG in IgA nephropathy. Clin. Exp. Immunol. 1995, 100, 470–474. [Google Scholar] [CrossRef] [PubMed]

	



Coppo, R.; Amore, A. Aberrant glycosylation in IgA nephropathy (IgAN). Kidney Int. 2004, 65, 1544–1547. [Google Scholar] [CrossRef]

	



Moldoveanu, Z.; Wyatt, R.J.; Lee, J.Y.; Tomana, M.; Julian, B.A.; Mestecky, J.; Huang, W.Q.; Anreddy, S.R.; Hall, S.; Hastings, M.C.; et al. Patients with IgA nephropathy have increased serum galactose-deficient IgA1 levels. Kidney Int. 2007, 71, 1148–1154. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, H.; Kiryluk, K.; Novak, J.; Moldoveanu, Z.; Herr, A.B.; Renfrow, M.B.; Wyatt, R.J.; Scolari, F.; Mestecky, J.; Gharavi, A.G.; et al. The pathophysiology of IgA nephropathy. J. Am. Soc. Nephrol. 2011, 22, 1795–1803. [Google Scholar] [CrossRef]

	



Zhang, K.; Li, Q.; Zhang, Y.; Shang, W.; Wei, L.; Li, H.; Gao, S.; Yan, T.; Jia, J.; Liu, Y.; et al. Clinical Significance of Galactose-Deficient IgA1 by KM55 in Patients with IgA Nephropathy. Kidney Blood Press. Res. 2019, 44, 1196–1206. [Google Scholar] [CrossRef]

	



Wada, Y.; Matsumoto, K.; Suzuki, T.; Saito, T.; Kanazawa, N.; Tachibana, S.; Iseri, K.; Sugiyama, M.; Iyoda, M.; Shibata, T. Clinical significance of serum and mesangial galactose-deficient IgA1 in patients with IgA nephropathy. PLoS ONE 2018, 13, e0206865. [Google Scholar] [CrossRef]

	



Bagchi, S.; Lingaiah, R.; Mani, K.; Barwad, A.; Singh, G.; Balooni, V.; Bhowmik, D.; Agarwal, S.K. Significance of serum galactose deficient IgA1 as a potential biomarker for IgA nephropathy: A case control study. PLoS ONE 2019, 14, e0214256. [Google Scholar] [CrossRef]

	



Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F., 3rd; Feldman, H.I.; Kusek, J.W.; Eggers, P.; Van Lente, F.; Greene, T.; et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 2009, 150, 604–612. [Google Scholar] [CrossRef] [PubMed]

	



Trimarchi, H.; Barratt, J.; Cattran, D.C.; Cook, H.T.; Coppo, R.; Haas, M.; Liu, Z.H.; Roberts, I.S.; Yuzawa, Y.; Zhang, H.; et al. Oxford Classification of IgA nephropathy 2016: An update from the IgA Nephropathy Classification Working Group. Kidney Int. 2017, 91, 1014–1021. [Google Scholar] [CrossRef] [PubMed]

	



Inker, L.A.; Astor, B.C.; Fox, C.H.; Isakova, T.; Lash, J.P.; Peralta, C.A.; Kurella Tamura, M.; Feldman, H.I. KDOQI US commentary on the 2012 KDIGO clinical practice guideline for the evaluation and management of CKD. Am. J. Kidney Dis. 2014, 63, 713–735. [Google Scholar] [CrossRef]

	



Berger, J.; Hinglais, N. Intercapillary deposits of IgA-IgG. J. Urol. Nephrol. 1968, 74, 694–695. [Google Scholar]

	



Hastings, M.C.; Moldoveanu, Z.; Suzuki, H.; Berthoux, F.; Julian, B.A.; Sanders, J.T.; Renfrow, M.B.; Novak, J.; Wyatt, R.J. Biomarkers in IgA nephropathy: Relationship to pathogenetic hits. Expert Opin. Med. Diagn. 2013, 7, 615–627. [Google Scholar] [CrossRef]

	



Moriyama, T. Clinical and histological features and therapeutic strategies for IgA nephropathy. Clin. Exp. Nephrol. 2019, 23, 1089–1099. [Google Scholar] [CrossRef]

	



Lafayette, R.A.; Kelepouris, E. Immunoglobulin A Nephropathy: Advances in Understanding of Pathogenesis and Treatment. Am. J. Nephrol. 2018, 47 (Suppl. S1), 43–52. [Google Scholar] [CrossRef]

	



Zhao, N.; Hou, P.; Lv, J.; Moldoveanu, Z.; Li, Y.; Kiryluk, K.; Gharavi, A.G.; Novak, J.; Zhang, H. The level of galactose-deficient IgA1 in the sera of patients with IgA nephropathy is associated with disease progression. Kidney Int. 2012, 82, 790–796. [Google Scholar] [CrossRef]

	



Xu, L.X.; Zhao, M.H. Aberrantly glycosylated serum IgA1 are closely associated with pathologic phenotypes of IgA nephropathy. Kidney Int. 2005, 68, 167–172. [Google Scholar] [CrossRef]

	



Lai, K.N.; Chan, L.Y.; Leung, J.C. Mechanisms of tubulointerstitial injury in IgA nephropathy. Kidney Int. 2005, 67, S110–S115. [Google Scholar] [CrossRef] [PubMed]

	



Leung, J.C.K.; Lai, K.N.; Tang, S.C.W. Role of Mesangial-Podocytic-Tubular Cross-Talk in IgA Nephropathy. Semin. Nephrol. 2018, 38, 485–495. [Google Scholar] [CrossRef]

	



Yasutake, J.; Suzuki, Y.; Suzuki, H.; Hiura, N.; Yanagawa, H.; Makita, Y.; Kaneko, E.; Tomino, Y. Novel lectin-independent approach to detect galactose-deficient IgA1 in IgA nephropathy. Nephrol. Dial. Transplant. 2015, 30, 1315–1321. [Google Scholar] [CrossRef]

	



Suzuki, H.; Yasutake, J.; Makita, Y.; Tanbo, Y.; Yamasaki, K.; Sofue, T.; Kano, T.; Suzuki, Y. IgA nephropathy and IgA vasculitis with nephritis have a shared feature involving galactose-deficient IgA1-oriented pathogenesis. Kidney Int. 2018, 93, 700–705. [Google Scholar] [CrossRef]








[image: Jcm 09 03549 g001 550] 





Figure 1. Serum Gd-IgA1 levels according to type of glomerular disease. IgAN, IgA nephropathy; MN, membranous nephropathy; MCD, minimal change disease; LN, lupus nephritis; TBMD, thin basement membrane disease; Gd-IgA1, galactose-deficient IgA1. *: p < 0.001 and #: p < 0.01. Multiple comparisons for the level of serum Gd-IgA1 was performed by a Bonferroni significant difference test. Box plot shows median, first and third quartiles, minimum and maximum. 
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Figure 2. Relationship between serum Gd-IgA1 level and clinicopathological characteristics (A: eGFR; B: serum IgA; C: urine PCR; and D: serum albumin) in patients with IgAN. Gd-IgA1, galactose-deficient IgA; IgAN, IgA nephropathy; eGFR, estimated glomerular filtration rate; PCR, protein to creatinine ratio. Data were statistically analyzed using Spearman’s rank correlation coefficient test. 
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Figure 3. Kaplan-Meier curve for CKD progression-free survival of IgAN patients according to serum Gd-IgA1 levels. 
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Table 1. Baseline characteristics of the study population according to the type of glomerular disease.
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	IgAN

(n = 230)
	MN

(n = 35)
	MCD

(n = 21)
	LN

(n = 8)
	TBMD

(n = 10)
	Heathy Controls

(n = 15)





	Age (years)
	41.00 (31.00–52.00) b
	53.00 (41.25–63.75) a
	48.00 (21.00–62.00)
	44.00 (22.00–53.00)
	40.00 (20.50–46.50) b
	25.00 (21.75–50.50) b



	Male (n, %)
	115 (50.0%)
	23 (65.7%)
	13 (61.9%)
	0 (0.0%)
	5 (50.0%)
	12 (80.0%)



	BMI (kg/m2)
	23.50 (21.28–25.68)
	23.19 (22.12–24.28)
	25.20 (21.79–28.25)
	21.75 (19.90–22.47)
	23.29 (21.75–24.77)
	22.32 (20.95–24.23)



	Albumin (g/dL)
	3.90 (3.60–4.20) b,c,d,f
	3.35 (2.57–4.10) a,c,e,f
	2.20 (1.90–2.40) a,b,e,f
	2.90(2.22–3.60) a,e,f
	4.50(4.15–4.65) b,c,d
	4.60 (4.33–4.73) a,b,c,d



	Creatinine (mg/dL)
	0.94 (0.74–1.38)
	0.80 (0.60–1.03)
	0.90 (0.70–1.45)
	0.60 (0.56–1.87)
	0.73 (0.55–0.85)
	0.76 (0.67–0.99)



	eGFR (mL/min/1.73 m2)
	84.18 (52.50–113.91) e
	90.90 (77.91–115.59)
	85.32 (53.20–112.16)
	110.89 (31.06–132.90)
	121.75 (110.69–130.39) a
	125.29 (87.29–137.78)



	C3 (mg/dL)
	107.00 (92.00–121.00) d
	112.00 (95.52–125.25) d
	114.00 (105.50–129.00) d
	45.95 (32.83–56.75) a,b,c,e,f
	97.40 (89.45–105.00) d
	102.00 (84.07–111.25) d



	IgA (mg/dL)
	287.0 (240.00–361.50) e,f
	214.00 (175.50–283.75)
	264.00 (220.00–353.00)
	264.00 (220.00–353.00)
	177.00 (151.00–199.50) a
	171.00 (124.00–204.50) a



	Urine PCR (g/gCr)
	1.24 (0.46–2.34) b,c
	3.89 (1.64–6.22) a,c,e,f
	8.63 (4.81–13.95) a,b,d,e,f
	2.28 (0.62–4.09) c
	0.60 (0.03–0.63) b,c
	0.04 (0.19–0.07) b,c



	Urine RBC grade
	
	
	
	
	
	



	<5/HPF
	45 (19.6%)
	17 (48.6%)
	12 (57.1%)
	1 (12.5%)
	1 (10.0%)
	–



	5–9/HPF
	30 (13.0%)
	6 (17.1%)
	6 (28.6%)
	2 (25.0%)
	3 (30.0%)
	–



	10–29/HPF
	59 (25.7%)
	6 (17.1%)
	1 (4.8%)
	2 (25.0%)
	5 (50.0%)
	–



	≥30/HPF
	96 (41.7%)
	6 (17.1%)
	2 (9.5%)
	3 (37.5%)
	1 (10.0%)
	–



	Serum Gd–IgA1 (μg/mL)
	9.66 (7.14–12.60)b,c,d,e,f
	6.65 (4.21–9.51) a
	5.60 (4.86–7.38) a
	4.95 (2.40–7.71) a
	5.19 (4.71–6.16) a
	4.43 (3.44–5.15) a







IgAN, IgA nephropathy; MN, membranous nephropathy; MCD, minimal change disease; LN, lupus nephritis; TBMD, thin basement membrane disease; BMI, body mass index; eGFR, estimated glomerular filtration rate; PCR, protein to creatinine ratio; Gd-IgA1, galactose-deficient IgA1. a: p < 0.05, vs. IgAN; b: p < 0.05, vs. MN; c: p < 0.05, vs. MCD; d: p < 0.05, vs. LN; e: p < 0.05, vs. TBMD; f: p < 0.05, vs. healthy control. Continuous variables are presented as the median (first quartile-third quartile). The multiple comparisons for continuous variables were performed by a Bonferroni test. Categorical data were determined by a Chi-square test.
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Table 2. Serum Gd-IgA1 levels according to pathologic findings based on the Oxford classification (MEST-C).
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	Oxford Classification
	
	n (%)
	Serum Gd-IgA1 (μg/mL)
	p





	M
	0
	135 (58.7%)
	8.77 (6.64–12.17)
	0.414



	
	1
	95 (41.3%)
	10.57 (7.94–13.46)
	



	E
	0
	174 (76.5%)
	9.41 (7.12–13.29)
	0.898



	
	1
	56 (23.5%)
	9.91 (7.61–12.17)
	



	S
	0
	167 (72.6%)
	9.73 (7.19–12.47)
	0.672



	
	1
	63 (27.4%)
	9.42 (7.12–12.95)
	



	T
	0
	193 (83.9%)
	9.15 (6.93–12.18)
	0.024



	
	1,2
	37 (16.1%)
	10.93 (8.45–16.69)
	



	C
	0
	170 (73.9%)
	9.89 (7.19–13.00)
	0.268



	
	1,2
	60 (26.1%)
	8.69 (6.22–12.16)
	







Gd-IgA1, galactose-deficient IgA1; M, mesangial hypercellularity; E, endocapillary hypercellularity; S, segmental glomerulosclerosis; T, tubular atrophy/interstitial fibrosis; C, cellular or fibrocellular crescents. Data were statistically analyzed using Mann-Whitney U test. Continuous variables are presented as the median (first quartile-third quartile).
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Table 3. Clinical characteristics of IgAN patients according to serum Gd-IgA1 level.
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	Lower Gd-IgA1

(<11.31 μg/mL)

n = 148
	Higher Gd-IgA1

(≥11.31 μg/mL)

n = 82
	p





	Age (years)
	40.00 (26.50–52.00)
	42.00 (34.00–49.00)
	0.238



	Male (n, %)
	74 (50%)
	41 (50%)
	0.999



	BMI (kg/m2)
	23.50 (21.16–25.71)
	23.44 (21.48–25.65)
	0.794



	Serum albumin (g/dL)
	4.00 (3.70–4.30)
	3.80 (3.50–4.10)
	0.012



	Serum creatinine (mg/dL)
	0.90 (0.74–1.19)
	1.10 (0.80–1.70)
	0.001



	eGFR (mL/min/1.73 m2)
	92.96 (59.44–118.15)
	72.59 (41.83–108.38)
	0.001



	C3 (mg/dL)
	107.00 (95.05–120.50)
	107.0 (92.00–423.00)
	0.478



	Serum IgA (mg/dL)
	269.00 (228.50–324.00)
	354.0 (278.00–423.00)
	<0.001



	Urine PCR (g/gCr)
	1.11 (0.36–2.33)
	1.22 (0.51–2.44)
	0.337



	Prior medications (n, %)
	
	
	



	ARB or ACEi
	33 (22.3%)
	22 (26.8%)
	0.440



	CCB
	23 (15.5%)
	9 (11.0%)
	0.226



	Beta blocker
	6 (4.1%)
	3 (3.7%)
	0.593



	Statin
	10 (6.8%)
	5 (6.1%)
	0.543



	Urine RBC grade (n, %)
	
	
	0.867



	<5/HPF
	28 (18.9%)
	17 (20.7%)
	



	5–9/HPF
	21 (14.2%)
	9 (11.0%)
	



	10–29/HPF
	39 (26.4%)
	20 (24.4%)
	



	≥30/HPF
	60; (40.5%)
	36 (43.9%)
	



	Serum Gd–IgA1 (μg/mL)
	7.95 (6.23–9.36)
	13.84 (12.44–16.73)
	<0.001



	Therapeutic strategies (n, %)
	
	
	



	ARB or ACEi
	103 (69.6%)
	57 (69.5%)
	0.990



	Immunosuppressant
	28 (55.4%)
	46 (56.1%)
	0.515



	Follow–up duration (months)
	22.55 (11.68–45.83)
	22.41 (13.05–42.32)
	0.998



	CKD progression
	31 (20.9%)
	33 (40.2%)
	0.002







BMI, body mass index; eGFR, estimated glomerular filtration rate; PCR, protein to creatinine ratio; Gd-IgA1, galactose-deficient IgA1; ARB, angiotensin receptor blocker; ACEi, angiotensin-converting enzyme inhibitor; CCB, calcium channel blocker; CKD, chronic kidney disease. Continuous variables are presented as the median (first quartile-third quartile). Mann-Whitney U tests were used to compare continuous variables between the groups. A Chi-square test was used to compare the categorical variables between the groups.
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Table 4. Predictors of CKD progression in univariate and multivariate Cox regression analyses.
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Variables

	
Univariate Analysis

	
Multivariate Analysis




	
HR (95% CI)

	
p

	
HR (95% CI)

	
p






	
Age (years)

	
1.029 (1.012–1.046)

	
0.001

	
1.016 (0.996–1.035)

	
0.111




	
Male (vs. Female)

	
1.076 (0.659–1.759)

	
0.769

	

	




	
BMI (kg/m2)

	
0.997 (0.921–1.079)

	
0.939

	

	




	
eGFR (mL/min/1.73 m2)

	
0.985 (0.978–0.991)

	
<0.001

	
0.991 (0.982–0.999)

	
0.048




	
Urine PCR(g/g)

	
1.191 (1.081–1.313)

	
<0.001

	
1.116 (0.991–1.256)

	
0.070




	
Prior medications

	

	

	

	




	
ARB or ACEi

	
1.587 (00.903–2.789)

	
0.109

	

	




	
CCB

	
1.420 (0.698–2.888)

	
0.333

	

	




	
Beta blocker

	
2.540 (0.783–8.268)

	
0.120

	

	




	
Statin

	
1.070 (0.333–3.438)

	
0.909

	

	




	
Oxford classification

	

	

	

	




	
M

	
1.226 (0.747–2.012)

	
0.420

	

	




	
S

	
1.502 (0.885–2.550)

	
0.132

	

	




	
E

	
1.340 (0.733–2.451)

	
0.341

	

	




	
T

	
1.698 (0.955–3.018)

	
0.071

	
1.151 (0.614–2.158)

	
0.661




	
C

	
1.532 (0.870–2.699)

	
0.140

	

	




	
Therapeutic strategies

	

	

	

	




	
ARB or ACEi

	
1.523 (0.857–2.706)

	
0.151

	

	




	
Immunosuppressant

	
1.344 (0.796–2.269)

	
0.268

	

	




	
Lower serum Gd–IgA1 level

	
1

	

	

	




	
Higher serum Gd–IgA1 level

	
2.283 (1.388–3.756)

	
0.001

	
1.933 (1.164–3.208)

	
0.011








CKD, chronic kidney disease; BMI, body mass index; eGFR, estimated glomerular filtration rate; PCR, protein to creatinine ratio; ARB, angiotensin receptor blocker; ACEi, angiotensin-converting enzyme inhibitor; CCB, calcium channel blocker; Gd-IgA1, galactose-deficient IgA1. Variables with a p-value < 0.10 in the univariate analysis were selected for the multivariate cox analysis.
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