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Introduction: Complement system plays an important role in the pathogenesis of
idiopathic membranous nephropathy (IMN), however, the relationship between serum
complement 4 (C4) and kidney disease progression in IMN is unclear. This study aims to
investigate the association of serum C4 level with the risk of kidney disease progression
among patients with IMN.

Methods: The retrospective cohort assessed 1,254 participants with biopsy-proven IMN
from three centers in Xi ‘an, Shaanxi Province, China. Baseline serum C4 levels were
measured at renal biopsy. The association between baseline serum C4 and the risk of
renal function progression, defined as a 30% decline in renal function or end stage renal
disease, was evaluated in Cox proportional hazards models.

Results: A total of 328 patients with IMN and nephrotic proteinuria were eligible, and
11.3% (37/328) of them attained the renal function progression events after a median
follow-up of 51 months (37-59 months). After adjustment for other confounders, a higher
value of serum C4 was independently associated with a higher risk of renal function
progression event with a hazard ratio (HR) of 4.76 (95% confidence interval [95% CI],
1.77-12.79) per natural log-transformed C4. In reference to the low level of C4, the
adjusted HRs were 2.72 (95% CI, 1.02-7.24) and 3.65 (95% CI, 1.39-9.60), respectively,
for the median and high levels of C4 (P for trend=0.008). Additionally, the results were
robust and reliable in the sensitivity and subgroup analyses.

Conclusion: Among patients with IMN and nephrotic proteinuria, serum C4 at renal
biopsy is an independent predictor for kidney disease progression regardless of other
confounders.

Keywords: serum complement 4, idiopathic membranous nephropathy, renal function progression, risk
factor, progression
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INTRODUCTION

Idiopathic membranous nephropathy (IMN) is one of the most
common forms of primary glomerulonephritis causing nephrotic
syndrome in adults, characterized by the formation of immune
deposits, complement-mediated proteinuria, and risk of renal
failure (1, 2). The differences in the natural course of IMN are
significant. Although spontaneous remission occurs in
approximately one third of IMN patients, 30-40% of the
patients progress toward end-stage renal disease (ESRD) within
5-15 years (3, 4). In particular, approximately 50% of patients
with IMN and nephrotic range proteinuria will develop
ESRD without treatment (5). Some patients resistant to
immunosuppressive therapy will also develop ESRD (6).
Therefore, searching for useful markers to predict possible
renal outcomes, especially those based on disease mechanisms,
is needed and crucial for treatment options in those with IMN.

It has long been known that complement system is activated
in immune complex glomerulonephritis to mediate kidney
damage (7). Recently, the role of circulatory complement in
the development of glomerular diseases has attracted more and
more attention. Bi T et al. suggested that serum complement 4
(C4) was independently associated with kidney disease
progression in IgA nephropathy (IgAN) with a hazard ratio of
6.98 (95% confidence interval, 1.01 to 48.07, p=0.048) (8). Pan M
et al. demonstrated that an increase in serum C4, as well as a
decrease in serum C3, was an important determinant of the risk
of a >30% decrease in the eGFR for patients with IgAN (9).
Additionally, Tsai S et al. indicated that a low serum C3 level
predicted poor long-term renal survivals (death or ESRD) in the
biopsy-proven IMN (10). The complement system is a cascade of
proteins that mediate important innate immune functions but
this system’s inappropriate activation has been implicated in
kidney disease. Complement activation has been proved to be the
central mechanism causing glomerular injury in many forms of
glomerulonephritis (11). IMN damages podocyte foot processes
due to the fact that the terminal membrane attack complex
insertion in podocytes of complement activation causes
production of reactive oxygen species, proteases, extracellular
matrix, and secretion of transforming growth factor-b, which
leads to the loss of slit diaphragm function of podocytes and the
leakage of protein from glomeruli (12, 13).

Serum C4, as an active unit of complement cascades, has been
measured widely in clinical practice for years. However, its
clinical significance remains uncertain for predicting adverse
renal outcomes among patients with IMN. Hence, we performed
this retrospective cohort study to investigate the association
between the level of serum C4 at renal biopsy and the risk of
kidney disease progression among patients with IMN.
MATERIALS AND METHODS

Patient Selection
A total of 1,254 participants with biopsy-proven IMN were
enrolled from three centers (Departments of Nephrology of the
Xijing Hospital, Shaanxi Provincial Hospital of Traditional
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Chinese Medicine, and Affiliated Hospital of Yan ’an
University) in Xi’an, China. The interval of enrollment was
from October 1, 2015 to June 30, 2019. Other inclusion criteria
were as follows: (a) estimated glomerular filtration rate (eGFR,
calculated using CKD-EPI formula (14)) >15 ml/min/1.73 m2,
(b) patients with follow-up of ≥ 18 months, (c) patients with
nephrotic proteinuria (24-h urinary protein excretion ≥ 3.5g/d),
and (d) patients with complete data. The exclusion criteria were
as follows: (a) secondary MN, e.g. MN caused by infections
(hepatitis B virus, human immunodeficiency virus, syphilis),
malignancy (solid tumors [lung, prostate], mesothelioma, some
benign tumors), drugs (non-steroidal anti-inflammatory drugs,
d-penicillamine, bucillamine), or autoimmune diseases (systemic
lupus erythematosus, IgAN, and ANCA-associated vasculitis) et
al, (b) biopsy-proven atypical MN, (c) along with other
glomerular diseases, e.g. focal segmental glomerular sclerosis,
mesangial proliferative glomerulonephritis, and (d) patients with
immunosuppressive agents 6 months before renal biopsy.

Data Collection
All relevant clinical information regarding the eligible patients
was retrieved from their medical records, retrospectively. The
complete baseline data were collected at renal biopsy, including
demographic characteristics (sex, age, body mass index [BMI],
smoking status, and blood pressure), laboratory data (serum
albumin, anti-PLA2R antibody, C3, C4, immunoglobulin G
(IgG), cholesterol, creatinine, and 24-h urinary protein
excretion, et al.), and treatment regimens within the first 12
months (renin-angiotensin-aldosterone system [RAAS]
blockades, statins, anticoagulations, glucocorticoids, and other
immunosuppressive agents). The titers of serum anti-PLA2R
antibody were tested using indirect immunofluorescence assays
and reported according to the fluorescence intensities and
dilutions (1:10, 1:100, 1:1000) of the serum samples. The
follow-up data included serum albumin, creatinine, and
proteinuria at each visit and was last updated on November
30, 2021.

Serum C4
Serum C4 was estimated using enzyme-linked immunosorbent
assay (ELISA, Uscn Life Science, Wuhan, China). Serum C4 was
examined by an independent experienced clinical technician
following the manufacturer’s instructions. The steps were as
follows: (a) murine monoclonal antibodies binding specifically
to the complement components coated on the microarray plates,
(b) plasma samples were added according to the optimal
dilution, incubation time and room temperature from the
manufacturer’s instructions, (c) horseradish peroxidase
conjugated antibodies were added and bound to the
complement components adsorbed on the plates, and (d)
chromogenic substrate was added to ascertain the
concentration of C4 (15, 16).

Definitions and Outcomes
The follow-up time was defined as the interval between renal
biopsy and the last outpatient visit, death, or ESRD, whichever
occurred first. Body mass index (BMI) was calculated by taking a
May 2022 | Volume 13 | Article 896654
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person’s weight, in kilograms, divided by their height, in meters
squared. Hypertension was defined as a systolic pressure of ≥140
mmHg and/or a diastolic pressure of ≥90 mmHg at rest, or use of
antihypertension medication. Mean arterial pressure (MAP) was
calculated as diastolic blood pressure plus a third of the pulse
pressure. A high level of serum anti-PLA2R antibody was defined
by a titer of ≥1:100. ESRD was defined by an eGFR value of <15
mL/min/1.73 m2 or the initiation of renal replacement therapy.

For IMN, partial remission (PR) was defined by a proteinuria
value of ≥0.3 but <3.5 g/24 h plus a 50% reduction from its baseline
level at least along with a normal serum albumin (serum albumin
≥3.5 g/dl) and a stable renal function. Complete remission (CR) was
defined by a proteinuria value of <0.3 g/24 h, a normal serum
albumin, and a stable renal function in at least two consecutive
visits. Relapse was defined by the recurrence of proteinuria ≥3.5 g/
24 h. No remission (NR) was defined by (1) a proteinuria value of
≥3.5 g/24 h, or (2) <50% decrease in proteinuria from baseline level,
or (3) a serum albumin value of <3.5g/dl, or (4) a ≥40% decline in
the eGFR prior to achieving proteinuria reduction.

The primary endpoint of this study was renal function
progression, defined as a >30% decrease in the eGFR or ESRD.
The secondary outcome was defined as a >50% decrease in the
eGFR or ESRD.

Statistical Analysis
Continuous variables with normal distribution were expressed as
mean with standard deviation (SD). Otherwise, median with
interquartile range (IQR) and the nonparametric test were used.
Categorical variables were summarized as frequencies with
percentages and compared using c2-test. The levels of baseline
serum C4 were expressed as a continuous variable (natural log-
transformation) and as a categorical variable (three groups, by
tertiles). Spearman’s correlation was applied to analyze the
association of serum C4 with clinical parameters including age,
BMI, MAP, albumin, complement 3, IgG, cholesterol, serum
creatinine, eGFR, microhematuria, and proteinuria.

Kaplan-Meier analyses was used to derive cumulative kidney
survival curves and differences between curves were analyzed
using a log-rank test. Unadjusted and adjusted Cox proportional
hazards regression models were used to analyze the association
between serum C4 levels and the risk of a renal function
progression event. The magnitude of the relationship was
expressed as hazard ratios (HRs) with 95% confidence intervals
(95% CIs). Model 1 was adjusted for sex (man or woman), age,
and MAP. Model 2 was adjusted for covariates in model 1 plus
eGFR, proteinuria, albumin and anti-PLA2R antibody (negative
or positive or unknown). Model 3 was adjusted for covariates in
model 2 plus the treatment with immunosuppressive agents
(none or monotherapy or combination therapy). P values for
trend were calculated by regarding the rank classified variable of
C4 as a continuous variable.

Sensitivity analyses were done by (1) restricting the endpoint
to 50% decline in the eGFR or ESRD, and (2) re-analyzing the
data of Xijing Hospital. Subgroup analyses were performed by
age (<60 and ≥60 years), sex (woman and man), hypertension
(yes and no), eGFR (≥90 and <90 ml/min per 1.73 m2) and
albumin (≥3 and <3 g/dl). The statistical software SPSS version
Frontiers in Immunology | www.frontiersin.org 3
26.0 (SPSS, Chicago, IL) and GraphPad Prism 7 (GraphPad
Software) were used. A two-tailed P value of <0.05 was
considered statistical significance.
RESULTS

Study Cohort
Three hundred and twenty-eight patients were included in this
study. The flowchart of the patient selection process is displayed in
Figure 1. The characteristics of the study population and
measurements of C4 at the time of kidney biopsy are described in
Table 1. This cohort included 239men (72.9%) with the average age
of 46.96 ± 14.35 years, the average BMI of 25.41 ± 3.49 kg/m2, and
the average mean arterial pressure of 94.90 ± 12.59 mmHg. A total
of 95 participants (29.0%) were current smokers. At the time of
diagnosis, the mean serum albumin, serum complement 3, serum
creatinine and eGFR were 2.56 ± 0.57 g/dl, 1.12 ± 0.23 g/L, 0.89 ±
0.27 g/L and 96.52 ± 21.45 ml/min per 1.73 m2 (range, 17.13-146.54
ml/min per 1.73 m2), respectively. The median serum
immunoglobulin G, cholesterol, and proteinuria were 4.98 g/L
(IQR, 3.53-6.23 g/L), 294.67 mg/dl (IQR, 234.44-361.85 mg/dl)
and 5.89 g/24h (IQR, 4.41-7.98 g/24h). The median microscopic
hematuria was 4 RBCs/HPF (IQR, 2.00-9.10 RBCs/HPF), 209
(63.7%) patients a micro- hematuria value of ≥3 RBCs/HPF.

Also, 143 (43.6%) and 235 (71.6%) patients presented with a high
level of serum anti-PLA2R antibody and PLA2R staining positivity.

Overall, 224 patients (74.4%) used RAAS blockades; 245
patients (74.7%) applied statins; 119 (36.3%) patients accepted
anticoagulant therapy; 304 participants (92.7%) received
immunosuppressive agents (36 [11.0%] monotherapy, and 268
[81.7%] combination therapy).

The median C4 level was 0.28 g/L (IQR, 0.22-0.34 g/L; range,
0.09-1.27 g/L). The participants were next divided into three equal
FIGURE 1 | Patient selection flowchart. MN, membranous nephropathy;
IMN, idiopathic membranous nephropathy.
May 2022 | Volume 13 | Article 896654
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groups (low group/T1, median group/T2, high group/T3) according
to the tertiles of C4 distribution (0.25, 0.32 g/L). Among them, 113,
118, and 97 patients occurred in T1, T2 and T3, respectively.

Outcomes
This study followed up for a median of 51 months (IQR, 37-59
months). After a median follow-up of 7 months (IQR, 4-11
months), 306 (93.3%) participants of the cohort achieved PR.
Among those who reached PR, 66 (21.6%) subsequently relapsed
in a median of 35 months (IQR, 23-48 months). After a median
follow-up of 19 months (IQR, 12-36 months), 206 (62.8%) patients
Frontiers in Immunology | www.frontiersin.org 4
reached CR. Overall, 37 (11.3%) participants reached the renal
function progression events. Among them, 37 patients suffered a
30% decline in the renal function and 3 reached ESRD events
during follow-up. The median time from kidney biopsy to
composite renal endpoint was 48 months (IQR, 35-58
months) (Table 2).

Correlations Between Serum C4 and
Clinical Parameters
As showed in Table 3, serum C4 levels showed a positive
correlation with BMI (r=0.146, P=0.009) and MAP (r=0.127,
TABLE 1 | Characteristics of patients at presentation and subsequent treatments received.

Total Cohort

Serum complement 4 (g/L, range)

Low Median High p
≤0.24 0.25-0.32 ≥0.33

Patient No. 328 113 (34.5) 118 (36.0) 97 (29.6) 0.118
Characteristics at renal biopsy
Sex (men, %) 239 (72.9) 77 (68.1) 89 (75.4) 73 (75.3) 0.378
Age, yr 46.96 ± 14.35 46.32 ± 12.86 46.73 ± 16.36 48.00 ± 13.43 0.644
BMI, kg/m2 25.41 ± 3.49 24.70 ± 3.30 25.67 ± 3.56 25.92 ± 3.52 0.028
Smoke, n (%) 95 (29.0) 35 (31.0) 31 (26.3) 29 (29.9) 0.712
Mean arterial pressure, mmHg 94.90 ± 12.59 93.12 ± 12.29 95.66 ± 13.31 96.06 ± 11.94 0.173
Albumin, g/dl 2.56 ± 0.57 2.63 ± 0.55 2.54 ± 0.55 2.52 ± 0.60 0.290
Complement 3, g/L 1.12 ± 0.23 1.01 ± 0.18 1.12 ± 0.21 1.26 ± 0.24 <0.001
Immunoglobulin G, g/L 4.98 (3.53-6.23) 5.15 (4.04-6.16) 4.69 (3.36-6.39) 5.09 (3.38-6.12) 0.539
Cholesterol, mg/dl 294.67 (234.44-361.85) 288.28 (225.54-330.63) 293.51 (225.74-369.20) 303.56 (254.26-382.74) 0.087
Serum creatinine, mg/dl 0.89 ± 0.27 0.85 ± 0.29 0.94 ± 0.29 0.87 ± 0.21 0.035
eGFR, ml/min per 1.73 m2 96.52 ± 21.45 99.71 ± 21.58 93.26 ± 21.67 96.77 ± 20.67 0.072
Microhematuria, RBCs/HPF 4.00 (2.00-9.10) 4.00 (1.84-14.00) 3.00 (1.00-7.00) 5.00 (3.00-9.25) 0.109
Proteinuria, g/24h 5.89 (4.41-7.98) 5.79 (4.15-7.87) 5.89 (4.41-8.11) 6.00 (4.50-7.77) 0.459
High level of serum anti-PLA2R antibody, n (%) 143 (43.6) 52 (46.0) 56 (47.5) 35 (36.1) 0.214
IF-PLA2R staining positivity, n (%) 235 (71.6) 85 (75.2) 84 (71.2) 66 (68.0) 0.772

Post-presentation treatments, n (%)
RAAS blockades 224 (74.4) 79 (69.9) 91 (77.1) 74 (76.3) 0.400
Statins 245 (74.7) 80 (70.8) 87 (73.7) 78 (80.4) 0.267
Anticoagulant therapy 119 (36.3) 38 (33.6) 41 (34.7) 40 (41.2) 0.474
Immunosuppressive agents

Monotherapy 36 (11.0) 14 (12.4) 10 (8.5) 12 (12.4) 0.567
Combination therapy 268 (81.7) 90 (79.6) 102 (86.4) 76 (78.4)
May 2
022 | Volume 13 | Article
Continuous variables presented as mean ± SD or median (IQR). SD, standard deviation; IQR, interquartile range; BMI, body mass index; eGFR, estimated glomerular filtration rate; RAAS,
renin-angiotensin-aldosterone system. BMI was calculated as weight (kg) divided by height (m) squared. Mean arterial pressure was calculated as diastolic blood pressure plus a third of
the pulse. eGFR was calculated by CKD-EPI formula.
TABLE 2 | Associations of serum complement 4 with IMN outcomes.

Characteristics Total Cohort

Serum complement 4 (g/L, range)

Low Median High p
≤0.24 0.25-0.32 ≥0.33

Patient No. 328 113 118 97 0.118
Period of follow-up, months 51.00 (37.00-59.00) 48.00 (38.00-58.00) 52.50 (36.75-61.00) 51.00 (37.00-60.50) 0.649
NR, n (%) 22 (6.7) 4 (3.5) 8 (6.8) 10 (10.3) 0.148
PR, n (%) 306 (93.3) 109 (96.5) 110 (93.2) 87 (89.7) 0.148
Relapse, n (%) 66 (21.6) 23 (21.1) 26 (23.6) 17 (19.5) 0.777
CR, n (%) 206 (62.8) 74 (65.5) 71 (60.2) 61 (62.9) 0.705
30% eGFR Decline+ESRD, n (%) 37 (11.3) 6 (5.3) 15 (12.7) 16 (16.5) 0.032
50% eGFR Decline+ESRD, n (%) 16 (4.9) 2 (1.8) 6 (5.1) 8 (8.2) 0.094
ESRD, n (%) 3 (0.9) 1 (0.9) 2 (1.7) 0 (0.0) 0.430
Death, n (%) 7 (2.1) 1 (0.9) 2 (1.7) 4 (4.1) 0.248
8

NR, no remission; PR, partial remission; CR, complete remission; eGFR, estimated glomerular filtration rate; ESRD, end stage renal disease.
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P=0.021). Furthermore, Serum C3 levels (r=0.473, P<0.001) and
creatinine (r=0.114, P=0.039) were demonstrated to have the
positive correlation with C4 levels.

Association of Serum Complement 4 With
Renal Function Progression Event
The violin plot of C4 distribution in patients with or without
reaching renal function progression events is shown in
Figure 2A. The median of C4 in patients with renal function
progression events was significantly higher in patients without
renal function progression events (0.32 versus 0.27 g/L, p=0.006).
For the endpoint of 50% decline in the eGFR or ESRD, the results
were consistent (0.32 versus 0.27 g/L, p=0.030) as shown
in Figure 2B.

It depicts the K-M curve of patients with IMN grouped by
tertiles (Figure 3). The 3-year renal cumulative survival rates of
the 3 groups are 94.65%, 88.60% and 86.36%. The 5-year renal
cumulative survival rates are 94.65%, 86.00% and 81.99%,
respectively. From G1 to G3, the cumulative incidence of renal
survival significantly decreased (P for trend=0.011).

It shows the Cox proportional hazards progression model of a
renal function progression event (Table 4). After adjusting for
sex, age, MAP, eGFR, proteinuria, albumin, anti-PLA2R
antibody and treatment with immunosuppressive agents,
higher levels of C4 were independently associated with a
greater risk of renal function progression events with a HR of
4.76 (95% CI, 1.77-12.79) per natural log-transformed serum C4.
In reference to the low level of C4, the risk of renal function
progression events was higher, and the HR was 2.72 (95% CI,
1.02-7.24) for the median level and 3.65 (95% CI, 1.39-9.60) for
the high level of C4 (P for trend=0.008).

Sensitivity and Subgroup Analyses
In sensitivity analyses, we recalculated the corresponding effect
sizes. In XH center (Table 5), after multivariable adjustment,
serum C4 at renal biopsy was a risk factor of renal function
progression events with a HR of 6.24 (95% CI, 2.12-18.37) per
natural log-transformed serum C4. Compared with the low level
of C4, the median and high levels of C4 substantially increased
the risk of renal function progression events regardless of other
Frontiers in Immunology | www.frontiersin.org 5
confounders. The corresponding adjusted HR values were 4.32
(95% CI, 1.29-14.47) and 6.37 (95% CI, 1.86-21.86), respectively
(P for trend=0.003). For the endpoint of 50% decline in the eGFR
or ESRD (Table 6), the corresponding adjusted HR values were
2.81 (95% CI, 0.53-14.93), and 5.33 (95% CI, 1.08-26.38),
respectively (P for trend=0.028). Additionally, subgroup
analyses (shown in Table 7) suggests that the association
between serum C4 and renal function progression events could
not be modified by age (p for interaction=0.522), sex (p for
interaction=0.294), eGFR (p for interaction=0.156), and albumin
(p for interaction=0.483), regardless of other potential predictors.
However, this prognostic relevance was remarkably affected by
hypertension (p for interaction=0.013). Among episodes of
hypertension, a higher C4 level substantially increased the risk
of renal function progression events (adjusted HR, 70.62; 95%
CI, 3.41-1462.83). Nevertheless, among absences of
hypertension, the association between C4 levels and renal
function progression events did not appear to be significant
(adjusted HR, 2.58; 95% CI, 0.77-8.63).
DISCUSSION

This multicenter retrospective study enrolled 328 patients with
IMN and nephrotic proteinuria and we investigated the
association between the level of serum C4 at renal biopsy and
kidney disease progression among patients with IMN. Our
results showed that a higher level of serum C4 was
significantly associated with a higher risk of renal function
progression events, which was defined as a 30% decline in the
renal function or ESRD, regardless of other confounders.

In renal diseases, it is shown that most glomerular injuries are
related to excessive complement activation (17, 18). There was
evidence that the level of serum C4 was closely related to the
development of chronic kidney disease. In the area of glomerular
diseases, especially IgAN, the relationship between serum C4 and
long-term kidney function insufficiency has been evaluated (8,
9). However, few studies focused on the association of serum C4
with renal function progression among patients with IMN. In
our study, after adjusting for sex, age, MAP, eGFR, serum
albumin, serum anti-PLA2R antibody, proteinuria, and
treatment with immunosuppressive agents, a higher level of C4
was independently associated with greater risks of renal function
progression events with a HR of 4.76 (95% CI, 1.77-12.79) per
natural log-transformed serum C4. In reference to the low group,
the corresponding HRs were 2.72 (95% CI, 1.02-7.24) and 3.65
(95% CI, 1.39-9.60), respectively, for the median group and high
group (P for trend=0.008). These results were robust and reliable
in our sensitivity and subgroup analyses.

It is very interesting that serum C4 is correlated with renal
function progression of patients with IMN. However, the
underlying mechanism remains unclear. There are several
hypotheses to explain this phenomenon: (1) C4 participates in
the classical (antibody-antigen) and lectin (mannan binding
lectin [MBL] activation) pathways of the complement system
activation. The terminal membrane attack complex of the
complement system induces a disturbance of the glomerular
TABLE 3 | Correlations between serum C4 and clinical parameters.

Serum Complement 4

p r

Age 0.310 0.056
Body mass index 0.009 0.146
Mean arterial pressure 0.021 0.127
Albumin 0.169 -0.076
Complement 3 <0.001 0.473
Immunoglobulin G 0.333 -0.054
Cholesterol 0.079 0.097
Serum creatinine 0.039 0.114
eGFR 0.085 -0.095
Microhematuria 0.911 0.006
Proteinuria 0.745 0.018
eGFR, estimated glomerular filtration rate.
May 2022 | Volume 13 | Article 896654
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filtration barrier (19–23). (2) The split product C4a within the
injured kidney is a proximal trigger of many downstream
inflammatory events within the renal parenchyma. Aggregation
of inflammatory cells release vasoactive substances, causing
vascular dilation, increased permeability, leukocyte infiltration,
and other inflammatory injuries. Macrophages also have the
capacity to synthesize C4. The vicious cycle of C4 and
inflammatory cells exacerbate injury to the kidney (7, 24–26).
(3) Circulating complement can activate tubular epithelial cells
on the vascular lumen surface. These injuring and activating cells
Frontiers in Immunology | www.frontiersin.org 6
produce a microenvironment that promotes fibrillation and
inflammation, leading to ESRD (24). (4) There is a progressive
increase in the expression of C4 in the tubular epithelial with a
subsequent glomerular insult. Local enhancement of C4
synthesis contributes to tissue injury (25, 27).

The search for adequate surrogate markers of kidney disease
progression is a key issue in many clinical conditions. For this
reason, we speculate that serum C4 has the potential to be a
surrogate marker of renal survival for patients with IMN.
However, the relationship between serum C4 and hard
endpoints needs to be confirmed by prospective and long-term
cohorts. The mechanisms of the increase of serum C4 in the
progression of IMN should be explored in future research.

The results of our research also suggest that serum C4 levels
are correlated with some clinical prognostic factors. Specifically,
serum C4 levels are positively correlated with BMI, MAP, C3 and
serum creatinine. Yang Y et al. demonstrated that serum C4 was
a modest but significantly positive correlation with BMI after
adjusted age, gender, cholesterol and triglyceride levels in healthy
Hungarian subjects (r=8.645, p=0.009) (28). Gaya Da Costa M
et al. determined that the level of serum C4 was correlated with
C3 (r=0.650, p<0.001) in a healthy Caucasian population (29).
These were consistent with our conclusions. However, the
underlying mechanism is unclear. We surmise that C4
mediates kidney injury, reaction-induced cell apoptosis,
detachment of the cells from glomerular basement membrane,
degradation of glomerular basement membrane, dislocation of
slit diaphragm protein, and inflammatory infiltration resulting in
increased creatinine and secondary elevated blood pressure,
while increased serum C3 may be due to negative feedback
regulation leading the liver to make more of these molecules
(4, 30, 31).

One more finding from our study was that the association
between C4 levels and renal function progression events was
FIGURE 3 | Kaplan–Meier kidney survival curves of participants with
idiopathic membranous nephropathy according to serum complement 4. The
time zero was kidney biopsy. The division between the three groups of
participants was on the basis of tertiles of complement 4.
A B

FIGURE 2 | Violin plot of serum complement 4 distribution. (A) No progression: patients without reaching 30% decline in eGFR or ESRD; Progression: patients with
reaching 30% decline in eGFR or ESRD. (B) No progression: patients without reaching 50% decline in eGFR or ESRD; Progression: patients with reaching 50%
decline in eGFR or ESRD.
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significantly modified by hypertension. At the same time, MAP
was positively correlated with serum C4 levers. Bell EK et al.
thought that the incidence rate of ESRD was increased at higher
levels of MAP in adults with chronic kidney disease (CKD) after
multivariable adjustment for socio-demographic and clinical risk
factors (adjusted HR,1.54; 95% CI, 1.32-1.79) (32). The kidney
disease outcomes quality initiative indicated that hypertension
TABLE 6 | Cox proportional hazards ratio model of a renal function progression event

H

Unadjusted model

Serum C4b (per 1 unit greater) 4.97 (1.33-18.52) 7.1
Serum C4 tertiles
1 1.00 (reference) 1.
2 2.81 (0.57-13.92) 2.3
3 4.86 (1.03-22.91) 4.3
P value for trend 0.034

aRenal function progression event was defined as a 50% decline in eGFR or ESRD. The even
converted to normal distribution by natural log transformation. Model 1 was adjusted for sex
adjusted for covariates in model 1 plus eGFR, proteinuria, albumin, and serum anti-PLA2R a
distribution by natural log transformation. Serum anti-PLA2R antibody was analyzed as dichoto
2 plus the treat of immunosuppressive agents (monotherapy or combination therapy or no). Tes
of serum C4 as continuous variables.
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was associated with increased risk for progression of CKD and
all-cause mortality in patients with CKD (33). Hypertension and
complement are involved in the initiation of IMN, and kidney
injury can cause secondary elevated blood pressure that
participates in the progression of IMN. This means that serum
C4 is more likely to play a predictive role in IMN patients with
hypertension. Moreover, these findings also underscore that
TABLE 4 | Cox proportional hazards ratio model of a renal function progression eventa.

Hazard Ratio (95% Confidence Interval)

Unadjusted model Model 1 Model 2 Model 3

Serum C4b (per 1 unit greater) 3.52 (1.44-8.61) 3.90 (1.46-10.40) 4.21 (1.60-11.06) 4.76 (1.77-12.79)
Serum C4 tertiles
1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
2 2.43 (0.94-6.26) 2.33 (0.90-6.03) 2.55 (0.96-6.72) 2.72 (1.02-7.24)
3 3.24 (1.27-8.27) 3.10 (1.21-7.97) 3.49 (1.34-9.10) 3.65 (1.39-9.60)
P value for trend 0.013 0.018 0.010 0.008
a.

azard Ratio (95% Confiden

Model 1

4 (1.42-35.86)

00 (reference)
2 (0.46-11.70)
4 (0.91-20.67)

0.047

ts are not mutually exclusive. bSe
, age and mean arterial pressure
ntibody. Proteinuria was not nor
mous data (negative or positive o
t for trend in Cox regression mod
ce Interval)

Model 2

7.09 (1.42-35.47)

1.00 (reference)
2.59 (0.50-13.43)
4.89 (1.01-23.67)

0.035

rum C4 was not normally distributed
. Sex was analyzed as dichotomous
mally distributed, and the data was c
r unknown). Model 3 was adjusted for
els were calculated regarding the rank
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aRenal function progression event was defined as a 30% decline in eGFR or ESRD. The events are not mutually exclusive. bSerum C4 was not normally distributed, and the data was
converted to normal distribution by natural log transformation. Model 1 was adjusted for sex, age and mean arterial pressure. Sex was analyzed as dichotomous data. Model 2 was
adjusted for covariates in model 1 plus eGFR, proteinuria, albumin, and serum anti-PLA2R antibody. Proteinuria was not normally distributed, and the data was converted to normal
distribution by natural log transformation. Serum anti-PLA2R antibody was analyzed as dichotomous data (negative or positive or unknown). Model 3 was adjusted for covariates in model
2 plus the treat of immunosuppressive agents (monotherapy or combination therapy or no). Test for trend in Cox regression models were calculated regarding the rank classified variables
of serum C4 as continuous variables.
TABLE 5 | Cox proportional hazards ratio model of a renal function progression eventa in the Xijing hospital.

Hazard Ratio (95% Confidence Interval)

Unadjusted model Model 1 Model 2 Model 3

Serum C4b (per 1 unit greater) 3.73 (1.46-9.53) 4.32 (1.53-12.23) 4.53 (1.64-12.58) 6.24 (2.12-18.37)
Serum C4 tertiles
1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
2 3.30 (1.08-10.12) 3.19 (1.03-9.85) 3.51 (1.11-11.15) 4.32 (1.29-14.47)
3 4.21 (1.36-13.04) 4.01 (1.29-12.52) 4.68 (1.47-14.94) 6.37 (1.86-21.86)
P value for trend 0.011 0.016 0.008 0.003
aRenal function progression event was defined as a 30% decline in eGFR or ESRD. The events are not mutually exclusive. bSerum C4 was not normally distributed, and the data was
converted to normal distribution by natural log transformation. Model 1 was adjusted for sex, age and mean arterial pressure. Sex was analyzed as dichotomous data. Model 2 was
adjusted for covariates in model 1 plus eGFR, proteinuria, albumin, and serum anti-PLA2R antibody. Proteinuria was not normally distributed, and the data was converted to normal
distribution by natural log transformation. Serum anti-PLA2R antibody was analyzed as dichotomous data (negative or positive or unknown). Model 3 was adjusted for covariates in model
2 plus the treat of immunosuppressive agents (monotherapy or combination therapy or no). Test for trend in Cox regression models were calculated regarding the rank classified variables
of serum C4 as continuous variables.
Model 3

8.08 (1.59-41.05)

1.00 (reference)
2.81 (0.53-14.93)
5.33 (1.08-26.38)

0.028

, and the data was
data. Model 2 was
onverted to normal
covariates in model
classified variables
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more attention needs to be paid in the management and
prognostic assessment of IMN patients with hypertension.
Additional research is warranted to elucidate the relationship
between serum C4 and blood pressure of IMN patients and to
slow the progression of the disease of these patients.

The strengths of our study include the following: (1) our work
is the first study to explore the association of serum C4 and renal
function progression among patients with IMN, (2) the
multicenter design and sensitivity and subgroup analyses made
it possible to validate the robustness of our findings, (3) the
advantage of serum C4 lies in the ease of specimen collection, the
simplicity of measurement, and the timeliness of report.

The present study also had several limitations: (1) as a
retrospective study, we could not avoid its inherent limitations;
(2) although we used subgroup analyses to avoid confounding
factors, there might be some biases affecting the robustness of
our results. At the same time, we could not exclude the potential
residual confounders, such as serum anti-PLA2R levels after
therapy, and urinary excretion of b2 microglobulin; and (3) we
could not have a clear threshold for serum C4, so that the clinical
work was limited.

In summary, IMN patients with higher baseline serum C4 levels
are at a higher risk for kidney disease progression. Early diagnosis
and treatment are important to improve their renal prognosis.
However, further prospective studies are needed to verify our
findings and the mechanism of this clinical phenomenon remains
to be elucidated among patients with IMN.
Frontiers in Immunology | www.frontiersin.org 8
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