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Introduction: Immunoglobulin A nephropathy (IgAN) presents various clinical

manifestations and pathological phenotypes. Approximately 5% of patients with

IgAN present with early onset nephrotic syndrome, mild mesangial lesions, and

diffuse foot process effacement of podocytes, which resemble minimal change

disease (MCD). These patients are defined as MCD-IgAN. Whether MCD-

IgAN is a special type of IgAN or simply MCD accompanied by IgA deposition

remains controversial.

Methods: A total of 51 patients diagnosed with MCD-IgAN at Beijing Anzhen

Hospital from January 2010 to September 2022 were recruited. The clinical and

pathological characteristics of IgA-MCD were analyzed. Patients with IgAN but

without MCD (non-MCD-IgAN) and healthy participants were enrolled as controls.

Galactose-deficient immunoglobulin A1 (Gd-IgA1) and complement C3 were

detected both in the circulation and in renal tissues.

Results:We found that the levels of serum Gd-IgA1 were lower in participants with

MCD-IgAN than in those with non-MCD-IgAN, but higher than in healthy

participants. Gd-IgA1 was rarely deposited in the glomeruli of participants with

MCD-IgAN, with a positive rate of only 13.7% (7/51); in contrast, the positive rate in

participants with non-MCD-IgAN was 82.4% (42/51). Among renal Gd-IgA1-

positive patients, Gd-IgA1 and immunoglobulin A (IgA) colocalized along the

glomerular mesangial and capillary areas. Interestingly, we found that the

circulating levels of complement C3 were significantly higher in participants with

MCD-IgAN than in participants with non-MCD-IgAN. In addition, the intensity of

C3c in glomeruli in participants with MCD-IgAN was significantly weaker than in

participants with non-MCD-IgAN.

Conclusions: Our study suggests that, in MCD-IgAN, most of the IgA that is

deposited on glomeruli is not the same pathogenic Gd-IgA1 as found in general

IgAN. Complement activation both in the circulation and in the renal locality was

much weaker in MCD-IgAN than in non-MCD-IgAN. Our study suggests that IgAN

with MCD might be MCD with coincidental IgA deposition.
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Introduction

Immunoglobulin A nephropathy (IgAN) is the most frequent form

of primary glomerulonephritis worldwide (1). Up to 20%–40% of

patients will have reached end-stage kidney disease approximately 20

years after diagnosis (2). The clinical presentation and histologic features

of IgAN are highly variable (3). In addition to the classic presentation (3),

such as recurrent episodes of gross hematuria after mucosal infections,

some patients with IgAN present with onset nephrotic syndrome, mild

mesangial lesions under light microscopy, and diffuse foot process

effacement of podocytes under electron microscopy, which resemble

minimal change disease (MCD) (4, 5). These patients are defined as

MCD-IgAN. Some studies have reported these patients to have a special

clinical subtype of IgAN (5, 6), whereas others have considered this to be

MCD accompanied by IgA deposition (7, 8).

Today, the pathophysiology of IgAN is considered to be a multi-hit

mechanism (9). The elevated serum levels of aberrantly O-glycosylated

polymeric immunoglobulin A1 (IgA1), i.e., galactose-deficient IgA1

(Gd-IgA1), as the pivotal component at the beginning of IgAN

pathogenesis (10, 11), are associated with a poor prognosis in IgAN

(11). Staining for Gd-IgA1 was relatively specific in the glomeruli of

patients with IgAN (12). Gd-IgA1 combined with the glycan-specific

immunoglobulin G (IgG) or immunoglobulin A (IgA) autoantibodies,

(13) and formed of Gd-IgA1–IgG/IgA immune complexes, deposited in

the glomeruli and then induced the activation of the complement

system and an inflammation reaction (14). The components of

complement activation are usually detected in both the circulation

and renal biopsy tissues of IgAN (15). Complement component 3 (C3)

accompanies IgA deposited in the renal tissue of approximately 90%

patients with IgAN (16). In recent years, increasing evidence has

confirmed the important role of abnormal complement activation in

the pathogenesis of IgAN (15), whereas Gd-IgA1 and abnormal

activation of the complement system are rarely observed in MCD. It

is unclear whether or not the IgA deposited in MCD-IgAN is the same

pathogenic Gd-IgA1 as in general IgAN, and whether or not the degree

of complement system activation in MCD-IgAN is the same as in

general IgAN.

In this study, we explored the role of Gd-IgA1 and complement C3 in

IgANwithMCD (MCD-IgAN) and IgANwithoutMCD (non-MCD-IgAN).

We aimed to determine whether unusual cases of MCD-IgAN are a special

clinical subtype of IgANorMCDaccompanied by coincidental IgAdeposition.
Material and methods

Ethics statement

This research was conducted according to the principles of the

Declaration of Helsinki. The ethics committees of Beijing Anzhen

Hospital approved the study and all enrolled individuals provided

informed consent to participate in this investigation.
Study participants

This was a retrospective study of patients with IgAN in Beijing

Anzhen Hospital. A total of 926 patients were diagnosed with primary
Frontiers in Nephrology 02
IgAN from January 2010 to September 2022. Among them were 51

patients who had unremarkable glomeruli under light microscopy

(only one patient had mild mesangial hypercellularity; see Table 1)

and diffuse (over 80%) foot process effacement under electron

microscopy (Figure 1). Because these findings, other than the

mesangial IgA deposition, indicate MCD, this group was defined as

the MCD-IgAN group. In addition, 51 patients with IgAN without

MCD (i.e., the non-MCD-IgAN group), from June 2019 to February

2020, were consecutively enrolled as the disease control.
Clinical and histologic characteristics

The clinical characteristics of recruited patients at the time of renal

biopsy were collected from the medical records. These included age,

gender, history of high blood pressure [i.e., a systolic blood pressure

(SBP) of 140 mmHg or more, a diastolic blood pressure (DSP) of

90 mmHg or more, or taking antihypertensive medication to prevent

hypertension], prodromic infection, gross hematuria, microscopic

hematuria, 24-hour urine protein excretion, serum creatinine levels,

and plasma C3 and C4 levels. Microscopic hematuria was defined as

more than three red blood cells per high-power field under light

microscopic examination of sediment after centrifugation. The

estimated glomerular filtration rate (GFR) was calculated using the

modified GFR estimating equation (17). Histologically, the Oxford

classification was used to evaluate the pathological lesions for those

with more than eight glomeruli in biopsy specimens (18).
Detection of glomerular Gd-IgA1 by
immunofluorescence in renal biopsies

The paraffin-embedded biopsy renal tissues were cut into slices of

4 mm thickness, deparaffinized, and incubated with pepsase for 35 minutes

at 37°C. After being washed with phosphate-buffered saline (PBS), sections

were incubated in 3% bovine serum albumin (BSA; Sigma-Aldrich, St.

Louis, MO, USA) blocking solution for 30 minutes at 25°C. Anti-human

Gd-IgA1 antibody, produced by clone KM55 (Immuno-Biological

Laboratories, Fujioka, Japan), with a dilution of 1:200 in PBS were

incubated overnight at 4°C. After being washed, Cy™3-conjugated

AffiniPure donkey anti-rat antibodies (diluted 1:200 in PBS; Jackson

ImmunoResearch Laboratories, Philadelphia, PA, USA) were added for 1

hour at 37°C. After being washed with PBS three times for 5 minutes each,

the sections were air dried in the dark and mounted with mounting

medium containing 4′,6-diamidino-2-phenylindole (DAPI).

The methods to detect colocalization of Gd-IgA1 and IgA1, and

Gd-IgA1 and C3c were as follows. The paraffin-embedded biopsy renal

tissues were cut into slices of 4 mm thickness, deparaffinized, and

subjected to antigen retrieval and BSA blocking. Gd-IgA1 produced by

clone KM55 (Immuno-Biological Laboratories) and Cy™3-conjugated

AffiniPure donkey anti-rat antibodies (diluted 1:200 in PBS; Jackson

ImmunoResearch Laboratories) were added as above, one after the

other. Next, fluorescein isothiocyanate (FITC)-conjugated rabbit anti-

human IgA (Dako, Glostrup, Denmark) and FITC-conjugated rabbit

anti-human C3c (Dako) IgA was added to Gd-IgA1, and C3c was

added to Gd-IgA1, respectively (19).

Primary antibodies were replaced by PBS as blank controls. =

Glomerular immunofluorescence was scored using fluorescence
frontiersin.org
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microscopy (Nikon 80i, Japan). The staining intensity of anonymized

renal biopsies as negative: 0 (absent), positive: 1+, 2+, 3+ and 4+ were

grades by two observers (Wy G and Lj S), who were blinded to clinical

data. We excluded sections that contained fewer than two glomeruli.
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A two-dimensional (2D) fluorogram obtained using Image-Pro

Plus software was used to analyze the fluorescence colocalization.

Pearson’s correlation and overlap coefficient were used to quantify the

degree of colocalization (19).
TABLE 1 Demographic, clinical, and histologic characteristics of patients with minimal change disease (MCD)-immunoglobulin A nephropathy (IgAN) and
non-MCD-IgAN.

Characteristic Mean ± SD or median (IQR) p-value

MCD-IgAN (N = 51) Non-MCD-IgAN (N = 51)

Clinical features

Male/female (n) 39/12 19/32 < 0.001

Age (years) 36.1 ± 16.1 40.47 ± 14.2 0.147

HBP, n (%) 12 (25.5) 30 (58.8) 0.001

SBP (mmHg) 120 (115–130) 129 (118–141) 0.017

DBP (mmHg) 80 (70–85) 82 (75–94) 0.095

Prodromic infection, n (%) 1 (2.1) 7 (13.7) 0.034

Gross hematuria, n (%) 0 (0.0) 7 (13.7) 0.008

Microscopic hematuria, n (%) 10 (19.6) 45 (88.2) < 0.001

Laboratory measurements

Initial proteinuria (g/day) 7.32 (3.70–12.38) 1.17 (0.60–2.61) < 0.001

Albumin (g/L) 21.05 ± 6.84 41.12 ± 5.96 < 0.001

Serum creatinine (mmol/l) 77.5 (62.0–93.0) 76.7 (61.3–102.8) 0.995

eGFR (mL/min/1.73 m2) 102.9 (88.1–124.8) 96.21 (56.40–119.55) 0.086

Uric acid (mmol/L) 375.0 (315.0–437.5) 355.8 (278.8–477.3) 0.345

Serum IgA (g/L) 2.94 ± 1.22 3.08 ± 1.11 0.528

Plasma C3 (g/L) 1.35 ± 0.27 1.16 ± 0.23 < 0.001

Plasma C4 (g/L) 0.34 ± 0.11 0.27 ± 0.09 0.003

Serum TG (mmol/L) 2.30 (1.65–2.85) 1.77 (0.90–2.62) 0.013

Serum TCHO (mmol/L) 9.60 (7.62–12.65) 5.13 (4.14–6.19) < 0.001

Serum LDL-C (mmol/L) 6.19 (4.85–9.14) 3.09 (2.48–3.81) < 0.001

Serum Gd-IgA1 (mg/mL) 4.61 (2.83–6.38) 7.44 (4.87–10.32) 0.001

Histologic features

Glomerular IgA deposits (2+, 3+, 4+), n (%) 46 (90.2), 5 (9.8), 0 (0.0) 19 (37.3), 31 (60.8), 1 (2.0) < 0.001

Glomerular C3 deposits (0, 1+, 2+, 3+ and 4+), n (%) 13 (25.5), 16 (31.4), 18 (35.3), 4 (7.8) 2 (3.9), 2 (3.9), 30 (58.8), 17 (33.3) < 0.001

Glomerular Gd-IgA1 deposits (0, 1+, 2+, 3+/4+), n (%) 44 (86.3), 4 (7.8), 2 (3.9), 1 (2.0) 9 (17.6), 19 (37.3), 18 (35.3), 5 (9.8) < 0.001

Oxford classification, n (%)

M1 1 (2.0) 22 (43.1) < 0.001

E1 0 (0.0) 27 (52.9) < 0.001

S1 0 (0.0) 17 (33.3) < 0.001

T1, T2 0 (0.0), 0 (0.0) 16 (31.4), 8 (15.7) < 0.001

C1, C2 0 (0.0), 0 (0.0) 16 (31.4), 4 (7.8) < 0.001
fron
IgAN, immunoglobulin A nephropathy; MCD, minimal change disease; IQR, interquartile range; SD, standard deviation; HBP: high blood pressure; SPB: systolic blood pressure; DBP: diastolic blood
pressure; eGFR, estimated glomerular filtration rate; IgA, immunoglobulin A; C3, complement C3; C4, complement C4; TG, triglyceride; TCHO, total cholesterol; LDL-C, low-density lipoprotein
cholesterol; Gd-IgA1, galactose-deficient immunoglobulin A1.
Oxford classifications: mesangial hypercellularity score (M1 > 0.5); the presence of endocapillary proliferation (E1: present); segmental glomerulosclerosis/adhesion (S1: present); severity of tubular
atrophy/interstitial fibrosis (T1: 26%–50%, T2: > 50%); and presence of crescent (C1: 1%–25%, C2: 26%–100%).
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Detection of serum Gd-IgA1 by enzyme-
linked immunosorbent assay

Serum samples from 37 patients with MCD-IgAN and 48 patients

with non-MCD-IgAN were collected on the morning of biopsy,

divided into aliquots, and stored at –80°C until the measurement of

circulation Gd-IgA1. Serum was also collected from 54 age-, gender-,

and geographically matched healthy adults selected as healthy

controls. The levels of serum Gd-IgA1 were measured using a

commercially available enzyme-linked immunosorbent assay

(ELISA) test kit with KM55 (Immuno-Biological Laboratories,

Fujioka, Japan), in accordance with the manufacturer’s protocol.
Statistical analysis

Quantitative variables were summarized as the mean ± standard

deviation (for normally distributed data), or median and interquartile

range (IQR) (for non-normally distributed data). Categorical variables

were expressed as the number and percentage. The Kolmogorov–

Smirnov test was used to analyze the normality of the distribution of

variables. For continuous variables, if the data were normally distributed,

an independent-samples t-test was used; if not, a Mann–Whitney U-test

or Kruskal–Wallis H-test was performed. For categorical variables, a chi-

squared test was used. The statistical software Statistical Product and

Service Solutions (SPSS; IBM SPSS Statistics), version 23.0 (IBM

Corporation, Armonk, NY, USA), was used for the analysis. Statistical

significance was set at a p-value of less than 0.05.
Results

Association of clinical, laboratory, and
pathologic parameters in patients in the
MCD-IgAN group and those in the non-
MCD-IgAN group

The clinical, laboratory, and histologic features of the 51 recruited

patients with IgAN are summarized in Table 1. A total of 39 (76.5%)

IgAN patients were male, and they had a mean age of 36.1 ± 16.1 years

at the time of the renal biopsy. There were significantly fewer patients

in the MCD-IgAN group than in the non-MCD-IgAN group who

experienced hypertension [12/51 (23.5%) vs. 30/51 (58.8%), p < 0.001;

see Table 1], microscopic hematuria [1.96% (19.6%) vs. 45/51

(88.2%), p < 0.001; see Table 1], and prodromic infection [1/51

(2.1%) vs. 7/51 (13.7%), p = 0.034; see Table 1]. In addition,

compared with those in the non-MCD-IgAN group, patients in the

MCD-IgAN group presented with more initial proteinuria [7.32 g/day

(3.70–12.38 g/day) vs. 1.17 g/day (0.60–2.61 g/day), p < 0.001; see

Table 1] and lower levels of serum albumin (21.05 ± 6.84 g/L vs.

41.12 ± 5.96 g/L, p < 0.001; see Table 1). There was no significant

difference between the MCD-IgAN group and the non-MCD-IgAN

group in the level of serum creatinine [77.5 mmol/L (62.0–93.0 mmol/

L) vs. 76.7 mmol/L (61.3–102.8 mmol/L), p= 0.995; see Table 1] and

estimated glomerular filtration rate (eGFR) [102.9 mL/min/1.73 m2

(88.1–124.8 mL/min/1.73 m2) vs. 96.2 mL/min/1.73 m2 (56.4–
Frontiers in Nephrology 04
119.6 mL/min/1.73 m2), p = 0.086; see Table 1]. Histologically,

fewer patients in the MCD-IgAN group than in the non-MCD-

IgAN group presented with mesangial hypercellularity (M1) [1

(2%) vs. 22 (43.1%), p < 0.001; see Table 1].
Association of clinical, laboratory, and
pathologic parameters in the Gd-IgA1-
positive subgroup and the Gd-IgA1-negative
subgroup in patients with IgAN

In the MCD-IgAN group, glomerular Gd-IgA1-positive patients

were, on average, younger than glomerular Gd-IgA1-negative patients

(25.0 ± 8.4 years vs. 38.0 ± 16.5 years, p = 0.006). There was a

significant difference between the Gd-IgA1-positive subgroup and

Gd-IgA1-negative subgroup in the initial levels of proteinuria [7.75 g/

day (3.73–14.85 g/day) vs. 7.32 g/day (3.70–11.70 g/day), p = 0.707],

serum albumin (18.68 ± 4.68 g/L vs. 21.49 ± 7.13 g/L, p = 0.290),

serum creatinine [81.5 mmol/L (56.0–93.0 mmol/L) vs. 77.0 mmol/L

(62.0–88.0 mmol/L), p = 849], eGFR [101.5 mL/min/1.73 m2 (98.4–

125.5 mL/min/1.73 m2) vs. 103.4 mL/min/1.73 m2 (87.3–124.8 mL/

min/1.73 m2), p = 0.694], serum IgA (2.96 ± 0.94 g/L vs. 2.93 ± 1.28 g/

L, p = 0.945), and serum complement C3 (1.35 ± 0.34 g/L vs.

131 ± 0.24 g/L, p = 0.920) (Table 2).

In the non-MCD-IgAN group, more patients in the glomerular

Gd-IgA1-positive subgroup presented with microscopic hematuria

[39 (92.9%) vs. 6 (66.7%), p = 0.027]. In addition, patients in the Gd-

IgA1-positive subgroup showed lower levels of initial proteinuria

[0.95 g/day (0.56–2.29 g/day) vs. 2.71 g/day (0.78–4.25 g/day),

p = 0.035] and complement C3 (1.12 ± 0.23 g/L vs. 1.33 ± 0.18 g/L,

p = 0.013) than the Gd-IgA1-negative subgroup. There was a

significant difference between the Gd-IgA1-positive subgroup and

the Gd-IgA1-negative subgroup in levels of serum albumin

(41.77 ± 4.72 g/L vs. 38.06 ± 9.76 g/L, p = 0.294) and eGFR

(94.7 mL/min/1.73 m2 (56.3–120.0 mL/min/1.73 m2) vs. 106.4 mL/

min/1.73 m2 (53.7–118.7 mL/min/1.73 m2), p = 0.725). Histologically,

more patients in the Gd-IgA1-positive subgroup presented with

severe histologic lesions than in the Gd-IgA1-negative subgroup: S1

[15 (35.7%) vs. 2 (22.2%), p = 0.006; and C1/C2 [16 (38.1%)/4 (9.5%)

vs. 0 (0.0%)/0 (0.0%), p = 0.016; see Table 2].
Gd-IgA1 in serum and deposits in
renaltissues between patients in the MCD-
IgAN group and non-MCD-IgAN group

Gd-IgA1 deposited in the mesangial and capillary areas in 7 out of

51 (13.7%) patients with MCD-IgAN and in 42 out of 51 (82.4%)

patients with non-MCD-IgAN. Granular-positive staining of Gd-

IgA1 by immunofluorescence was along the glomerular mesangial

and capillary area in patients with IgAN (Figure 2A–E). In histologic

features, patients in the MCD-IgAN group presented with lower

mesangial Gd-IgA1 deposition [0/1+/2+/3 and 4+: 44 (86.3%)/4

(7.8%)/2 (3.9%)/1 (2.0%) vs. 9 (17.6%)/19 (37.3%)/18 (35.5%)/5

(9.8%), p < 0.001; see Table 1] and IgA deposition [2+/3+/4+: 46

(90.2%)/5 (9.8%)/0 (0.0%) vs. 19 (37.3%)/31 (60.8%)/1 (2.0%),
frontiersin.org

https://doi.org/10.3389/fneph.2023.1105933
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org


Guo et al. 10.3389/fneph.2023.1105933
TABLE 2 Demographic, clinical, and histologic characteristics of patients with immunoglobulin A nephropathy based on the staining of galactose-
deficient immunoglobulin A1 in renal tissues.

Characteristic MCD-IgAN non-MCD-IgAN *p-
value

**p-
value

***p-
value

Gd-IgA1 positive
(N = 8)

Gd-IgA1 negative
(N = 43)

Gd-IgA1 positive
(N = 42)

Gd-IgA1 nega-
tive

(N = 9)

Clinical features

Male/female (n) 6/2 33/10 16/26 3/6 0.915 0.789 0.054

Age (years) 25.9 ± 8.4 38.0 ± 16.5 39.0 ± 13.8 47.3 ± 15.0 0.006 0.111 0.003

HBP, n (%) 0 (0.0) 13 (30.2) 23 (54.8) 7 (77.8) 0.023 0.203 0.004

SBP (mmHg) 119 (108–120) 120 (115–135) 129 (118–140) 133 (122–169) 0.125 0.277 0.22

DBP (mmHg) 78 (70–80) 80 (70–86) 83 (74–94) 78 (75–91) 0.223 0.688 0.50

Prodromic infection, n (%) 0 (0.0) 1 (2.5) 6 (14.3) 1 (11.1) 0.651 0.802 0.254

Microscopic hematuria, n (%) 0 (0.0) 10 (23.3) 39 (92.9) 6 (66.7) 0.128 0.027 < 0.001

Laboratory measurements

Initial proteinuria (g/day) 7.75 (3.73–14.85) 7.32 (3.70–11.70) 0.95 (0.56–2.29) 2.71 (0.78–4.25) 0.707 0.035 < 0.001

Albumin (g/L) 18.68 ± 4.68 21.49 ± 7.13 41.77 ± 4.72 38.06 ± 9.76 0.290 0.294 < 0.001

Serum creatinine (mmol/l) 81.5 (56.0–93.0) 77.0 (62.0–88.0) 76.6 (62.5–105.7) 76.7 (51.6–99.2) 0.849 0.503 0.907

eGFR (mL/min/1.73 m2) 101.5 (98.4–125.5) 103.4 (87.3–124.8) 94.7 (56.3–120.0) 106.4 (53.7–118.7) 0.694 0.725 0.168

Uric acid (mmol/L) 394.7 (315.4–442.3) 374.0 (315.0–428.0) 346.7 (289.8–453.9) 357.9 (261.2–503.7) 0.720 0.875 0.559

Serum IgA (g/L) 2.96 ± 0.94 2.93 ± 1.28 3.14 ± 1.17 2.82 ± 0.78 0.945 0.436 0.687

Plasma C3 (g/L) 1.35 ± 0.34 1.31 ± 0.24 1.12 ± 0.23 1.33 ± 0.18 0.920 0.013 < 0.001

Plasma C4 (g/L) 0.38 ± 0.08 0.34 ± 0.11 0.28 ± 0.08 0.30 ± 0.12 0.417 0.491 0.006

Serum TG (mmol/L) 3.14 (1.41–4.28) 2.29 (1.65–2.73) 1.55 (0.85–2.31) 2.14 (1.51–3.85) 0.174 0.124 0.017

Serum TCHO (mmol/L) 11.94 (6.14–13.48) 9.33 (7.62–12.56) 4.94 (4.06–5.83) 6.20 (5.22–7.36) 0.749 0.016 0.002

Serum LDL-C (mmol/L) 7.65 (3.85–10.27) 6.14 (4.85–8.82) 3.07 (2.44–3.58) 3.81 (2.56–5.11) 0.495 0.144 0.001

Serum Gd-IgA1 (mg/mL) 3.26 (3.13–4.71) 4.83 (2.55–6.44) 8.42 (5.01–10.32) 5.83 (2.28–11.63) 0.531 0.333 0.008

Histologic features

Glomerular IgA deposits (2+, 3
+, 4+), n (%)

5 (62.5), 3 (37.5), 0
(0.0)

41 (95.3), 2 (4.7), 0
(0.0)

12 (28.6), 29 (69.0), 1
(2.4)

7 (77.8), 2 (22.2), 0
(0.0)

0.004 0.007 0.066

Glomerular C3 deposits (0, 1+,
2+, 3+/4+), n (%)

2 (25.0), 2 (25.0), 3
(37.5), 1 (12.5)

11 (25.6), 14 (32.6), 15
(34.9), 3 (7.0)

0 (0.0), 1 (2.4), 26
(61.9), 15 (35.7)

2 (22.2), 1 (11.1), 4
(44.4), 2 (22.2)

0.692 0.10 0.001

Oxford classification, n (%)

M1 0 (0.0) 1 (2.3) 20 (47.6) 2 (22.2) 0.663 0.163 0.002

E1 0 (0.0) 0 (0.0) 26 (61.9) 1 (11.1) – 0.006 0.001

S1 0 (0.0) 0 (0.0) 15 (35.7) 2 (22.2) – 0.436 0.046

T1, T2 0 (0.0), 0 (0.0) 0 (0.0), 0 (0.0) 15 (35.7), 6 (14.3) 1 (11.1), 2 (22.2) – 0.347 0.018

C1, C2 0 (0.0), 0 (0.0) 0 (0.0), 0 (0.0) 16 (38.1), 4 (9.5) 0 (0.0), 0 (0.0) – 0.016 0.022
F
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IgAN, immunoglobulin A nephropathy; MCD, minimal change disease; HBP, high blood pressure; SPB, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration
rate; C3, complement C3; C4, complement C4; TG, triglyceride; TCHO, total cholesterol; LDL-C, low density lipoprotein cholesterol; Gd-IgA1, galactose-deficient immunoglobulin A1; IgA,
immunoglobulin A.
Oxford classifications: mesangial hypercellularity score (M1 > 0.5); the presence of endocapillary proliferation (E1: present); segmental glomerulosclerosis/adhesion (S1: present); severity of tubular
atrophy/interstitial fibrosis (T1: 26%–50%, T2 >50%); and presence of crescent (C1: 1%–25%, C2: 26%–100%).
*p-value was used to indicate the difference between the Gd-IgA1-positive subgroup and Gd-IgA1-negative subgroup in patients with MCD-IgAN; **p-value was used to indicate the difference
between the Gd-IgA1-positive subgroup and Gd-IgA1-negative subgroup in patients with non-MCD-IgAN; and ***p-value was used to indicate the difference between the MCD-IgAN Gd-IgA1-
positive subgroup and non-MCD-IgAN Gd-IgA1-positive subgroup.
A two-tailed p-value < 0.05 was considered to be statistically significant.
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p < 0.001; see Table 1, Figure 2F] in glomeruli than those in the non-

MCD-IgAN group. There was no significant difference in levels of

serum IgA between patients in the MCD-IgAN group and those in

non-MCD-IgAN group (2.94 ± 1.22 g/L vs. 3.08 ± 1.11 g/L, p = 0.528;

see Table 1, Figure 3A). Moreover, the level of serum Gd-IgA1 in

patients with MCD-IgAN was lower than in patients with non-MCD-

IgAN [4.61 mg/mL (2.83–6.38 mg/mL) vs. 7.44 mg/mL (4.87–10.32 mg/
mL), p = 0.001; see Table 1, Figure 3B] and was higher in the MCD-

IgAN group than in the healthy control group [4.61 mg/mL (2.83–

6.38 mg/mL) vs. 3.45 mg/mL (2.01–4.42 mg/mL), p = 0.010; see

Table 1, Figure 3B].
Plasma C3 and glomerular C3c in patients in
the MCD-IgAN group and those in the non-
MCD-IgAN group

Plasma levels of C3 were higher in patients with MCD-IgAN than

in those with non-MCD-IgAN (1.35 ± 0.27 g/L vs. 1.16 ± 0.23 g/L,

p < 0.001; see Table 1, Figure 3C). In addition, plasma levels of C4

were higher in patients with MCD-IgAN than in patients with non-

MCD-IgAN (0.34 ± 0.11 g/L vs. 0.27 ± 0.09 g/L, p = 0.003; see Table 1,

Figure 3D). Patients in the MCD-IgAN group exhibited a lower

intensity of glomerular C3c than those in IgAN-non-group [0/1+/2

+/3 and 4+: 13 (25.5%)/16 (31.4%)/18 (35.3%)/4 (7.8%) vs. 2 (3.9%)/2

(3.9%)/30 (58.8%)/17 (33.3%), p < 0.001; see Table 1, Figures 2G–L].
Colocalization of Gd-IgA1 and IgA, and of
Gd-IgA1 and C3c, along the glomerular
mesangial areas in patients with IgAN

As 7 out of 51 (13.7%) patients in the MCD-IgAN group and 42

out of 51 (82.4%) patients in the non-MCD-IgAN group presented

with glomerular mesangial Gd-IgA1 deposition, we further

investigated the colocalization of IgA and Gd-IgA1 (Figure 4). Gd-

IgA1 and IgA colocalized along the glomerular mesangial areas in

both the MCD-IgAN group and the non-MCD-IgAN

group (Figure 4).

In the non-MCD-IgAN group, glomerular Gd-IgA1, KM55,

colocalization was strongly correlated with renal local complement

activation (glomerular C3c deposition) [glomerular Gd-IgA1 0/1+/2+/3

and 4+: C3c 0: 2 (100.0%)/0 (0.0%)/0 (0.0%)/0 (0.0%) vs. C3c 1+: 1
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(50.0%)/1 (50.0%)/0 (0.0%)/0 (0.0%) vs. C3c 2+: 4 (13.3%)/13 (43.3%)/

10 (33.3%)/3 (10.0%) vs. 2 (11.8%)/5 (29.4%)/8 (47.1%)/2 (11.8%),

p = 0.014; see Table 2]. We also investigated the colocalization of Gd-

IgA1 and C3c in patients with IgAN by immunofluorescence. Gd-IgA1

and C3c colocalized along the glomerular mesangium in patients with

IgAN (Figures 5A–C). Two-dimensional (2D) fluorograms were used

to quantify the colocalization and confirmed the degree of

colocalization (Figure 5D; Pearson’s correlation = 0.976378;

overlap coefficient = 0.985598).
Discussion

Patients with IgAN display various clinical manifestations and

pathological phenotypes. Approximately 5%–10% of patients with

IgAN exhibit onset nephrotic syndrome (5, 20), with histologic

features of mild mesangial lesions, by light microscopy, and diffuse

foot process effacement of podocytes, by electron microscopy,

representative of MCD, which is defined as MCD-IgAN. The

specific pathogenesis of MCD-IgAN is still not entirely clear (3, 9).

In this study, we found not only that the clinical and histologic

features of MCD-IgAN were different from those of classic IgAN, but

also that the underlying mechanisms may differ from IgAN.

We found that the clinical manifestation of MCD-IgAN greatly

differed from that of IgAN, as previous reported (21). IgAN usually

presented with recurrent episodes of gross hematuria after mucosal

infections, and with subnephrotic proteinuria. Conversely, MCD-

IgAN usually presented with nephrotic proteinuria and

hypoproteinemia, and seldom hematuria, which more closely

resembles MCD (21–25). Previous studies also revealed that there

are no significant differences in clinical manifestation and prognosis

between MCD-IgAN and MCD (22). In terms of therapy, patients

with MCD-IgAN presented better renal outcomes than patients

with non-MCD-IgAN (21). Patients with MCD-IgAN usually

achieve a comparable clinical outcome to those with MCD,

requiring corticosteroid and immunosuppressive medication in

addition to the treatments used for MCD (23). However, some

studies have reported that patients with MCD-IgAN respond well

and safely to corticosteroid therapy (24, 25), MCD-IgAN experience

a higher recurrence rate than non-MCD-IgAN. (25) IgAN and

MCD may also coexist in children, and most of these patients

who presented with nephrotic syndrome responded well to

corticosteroids and had a satisfying prognosis (26).
FIGURE 1

Immunofluorescence, light microscopy, and electron microscopy in patients with minimal change disease (MCD)-immunoglobulin A nephropathy (IgAN).
(A) Immunofluorescence of immunoglobulin A (IgA). (B) Periodic acid–silver methenamine. (C) Masson’s trichrome (PAM–Masson) staining. (D) diffuse
effacement of podocyte foot processes under electron microscopy. (A–C): original magnification ×400; (D): original magnification ×8000.
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The pathophysiology of IgAN is considered to be a multi-hit

mechanism (9). Gd-IgA1 is the key component in the pathogenesis of

IgAN (10). In this study, we found that, compared with non-MCD-

IgAN patients, MCD-IgAN patients presented with lower levels of

serum Gd-IgA1, which was consistent with previous research (6).

However, the levels of Gd-IgA1 were much higher in patients with

MCD-IgAN than in healthy control participants. Furthermore, unlike

previous studies (6, 22), we found that Gd-IgA1 was rarely deposited

in the glomerulus of patients with MCD-IgAN. Gd-IgA1 was
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deposited in the glomerulus in only 13.7% of patients with MCD-

IgAN, compared with 82.4% of patients with non-MCD-IgAN. Our

study suggested that most IgA deposited in this variant form of IgAN

was normal IgA but not Gd-IgA1. A previous study showed that,

compared with poly-IgA1 (pIgA1) complexes from non-MCD-IgAN,

pIgA1 complexes from MCD-IgAN could induce weaker effects on

mesangial inflammatory cytokine production (6). These findings may

suggest that the IgA deposited in patients with MCD-IgAN was not as

pathophysiological as that deposited in patients in IgAN. The
FIGURE 2

Representative pictures of immunofluorescence staining of mesangial galactose-deficient immunoglobulin A1 (Gd-IgA1) and C3c 0 to 4+ in patients with
immunoglobulin A nephropathy (IgAN). Granular-positive staining of Gd-IgA1 (A–E) and C3c (G–K) by immunofluorescencealong the glomerular
mesangial and capillary area in patients with IgAN. (A, G) negative; (B, H) 1+ intensity; (C, I) 2+ intensity; (D, J) 3+ intensity, and (E, K) 4+ intensity.
(A–E, G–K): original magnification ×200. (F) The intensity of Gd-IgA1 deposition in the glomerular mesangial and capillary areas was weaker in the
minimal change disease (MCD)-IgAN group than in the non-MCD-IgAN group. (L) The intensity of C3c deposition in the glomerularmesangial and
capillary areas was also weaker in MCD-IgAN group than in the non-MCD-IgAN group.
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presence of incidental IgA deposition in donor kidneys (from

individuals with no known underlying kidney disease) appears to

be quite high in Asian countries, particularly in China and Japan (27,

28). Unfortunately, we do not have information about the incidence

of glomerular IgA depositions in donor kidney biopsies in our

study hospital.

Interestingly, we found that the activation of the complement

system was more severe in non-MCD-IgAN patients than in MCD-

IgAN patients. Compared with patients with MCD-IgAN, plasma

levels of C3 and C4 were significantly lower in patients with non-

MCD-IgAN. Moreover, the intensity of C3c deposition in MCD-

IgAN patients was weaker than in non-MCD-IgAN patients.

Increasing evidence has implied that alternative pathway- and lectin

pathway-induced complement activation has an important role in the

pathogenesis of IgAN (15, 29, 30). In three different pathways. These

three pathways converge at the C3 level and lead to the formation of

C3 convertase, inducing the cleavage of C3, and then inducing the

activation of the common terminal pathway and triggering the

formation of C5b-9 (15). In patients with IgAN, the activation of

the complement system occurs both in the systemic circulation and in
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the renal locality. The intensity of renal local C3c deposition and the

level of plasma C3 could represent the degree of complement

activation. Overactivation of systemic complement results in C3

consumption and, thus, low plasma C3 levels, and renal local

complement activation leads to greater C3c deposition in glomeruli

(31). A previous study showed that lower levels of C3 and stronger

intensity of C3 deposition in glomeruli led to poor renal outcomes in

patients with IgAN (32). In this study, we found that the activation of

the complement system, both in the circulation and in the renal

locality, was much weaker in patients with MCD-IgAN than in those

with non-MCD-IgAN.

In conclusion, our study suggests that most IgA that was

deposited in MCD-IgAN was not as pathogenic as the Gd-

IgA1deposited in IgAN. Complement activation in both the

systemic circulation and the renal locality was much weaker in

patients with MCD-IgAN than in those with non-MCD-IgAN. Our

study suggests that IgAN with MCDmight be MCD with coincidental

IgA deposition. We hope that all these findings might aid a better

understanding of and provide a theoretical basis for intervention in

MCD-IgAN in the future.
D

A B

C

FIGURE 3

Levels of serum galactose-deficient immunoglobulin A1 (Gd-IgA1) and immunoglobulin A (IgA), plasma component 3 (C3) and C4 in the minimal change
disease (MCD)-immunoglobulin A nephropathy (IgAN) group and non-MCD-IgAN group. (A) There was no difference between the MCD-IgAN group and
non-MCD-IgAN group in the level of serum immunoglobulin (IgA). (B) The level of serum Gd-IgA1 in the MCD-IgAN group was lower than in the non-
MCD-IgAN group, but higher than in the healthy control participants. The levels of plasma complement C3 (C) and complement C4 (D) were higher in
the MCD-IgAN group than in the MCD-IgAN group.
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FIGURE 4

Paraffin-embedded sections for of galactose-deficient immunoglobulin A1 (Gd-IgA1) and immunoglobulin A (IgA) by immunofluorescence in patients
with immunoglobulin A nephropathy (IgAN). Granular-positive staining of Gd-IgA1 negative (A), 1+ (E), 2+ (I), 3+ (H) by immunofluorescence along the
glomerular mesangial and capillary area in the same section with IgA. Granular-positive staining of IgA (B, F, J, N) by immunofluorescence along the
glomerular mesangial and capillary area in patients with IgAN. (G, K, O) Gd-IgA1 and IgA colocalized completely along the glomerular mesangial and
capillary area. The corresponding two-dimensional (2D) fluorograms have been included to confirm the degree of colocalization. (H: Pearson’s
correlation = 0.890362, overlap coefficient = 0.902370; (L): Pearson’s correlation = 0.851353, overlap coefficient = 0.855853; (P): Pearson’s
correlation = 0.928907, overlap coefficient = 0.925787). (A–C), (E–G), (I–K), and (M–O): original magnification ×200.
FIGURE 5

Paraffin-embedded sections for colocalization of galactose-deficient immunoglobulin A1 (Gd-IgA1) and C3c by immunofluorescence in patients with
immunoglobulin A nephropathy (IgAN). Granular-positive staining of Gd-IgA1 (A) by immunofluorescence along the glomerular mesangial area in
patients with IgAN. Granular-positive staining of C3c (B) by immunofluorescence along the glomerular mesangial area in the same section with Gd-IgA1.
(C) Gd-IgA1 and C3c colocalized completely along the glomerular mesangial and capillary area. (D) The corresponding two-dimensional (2D)
fluorograms have been included to confirm the degree of co-localization (Pearson’s correlation = 0.976378, overlap coefficient = 0.985598). (A–C):
original magnification ×400.
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