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ABSTRACT

Objective: Glomerular basement membrane (GBM) thickening is a typical and essential histo-
pathological characteristic for the diagnosis of primary membranous nephropathy (PMN). The
present study aimed to explore the relationship between GBM thickness and treatment response
in PMN patients.

Methods: A total of 128 patients with nephrotic syndrome concurrent with PMN were studied.
The highest GBM thickness was measured from at least five glomerular capillary loops using an
electron microscope, and the mean value was obtained. Patients were categorized into three
groups according to the tertiles of GBM thickness as follows: Group 1 (GBM thickness
< 1100 nm, n=48), Group 2 (1100 nm < GBM thickness < 1300 nm, n =40), Group 3 (GBM thick-
ness >1300nm, n=40). Clinicopathological features and treatment response were compared
among the three groups. The associations of GBM thickness with complete remission (CR) were
assessed by Cox proportional hazard analyses and a cubic spline curve.

Results: During a median follow-up period of 25.80 months, 69 (53.9%) patients achieved CR.
Kaplan—-Meier analysis showed that the non-CR probability was significantly higher in the highest
tertile of GBM thickness (p<0.001). Univariate Cox proportional hazard analysis indicated that
GBM thickness was associated with CR (HR per SD 0.617, 95% Cl [0.471-0.809], p<0.001). After
adjusting for age, duration of PMN, estimated glomerular filtration rate (eGFR), urinary protein
excretion, grade of C3 deposition, and titer of serum anti-phospholipase A2 receptor (PLA2R)
antibody, GBM thickness remained an independent predictor of CR (HR per SD 0.580, 95% ClI
[0.436-0.772], p<0.001). Further multivariable-adjusted restricted cubic spline analysis confirmed
a significant reverse linear association between GBM thickness and CR (p for nonlinear = 0.1261).
Conclusions: GBM thickness is an independent risk factor of CR. PMN patients with an increased
level of GBM thickening at diagnosis have a lower probability of achieving CR.
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activation is responsible for the functional impairment
of the glomerular capillary wall, which results in
observed proteinuria [2,3]. Among patients with MN,
approximately 20% are classified as secondary MN,
which is associated with systemic disease, infection,
drug exposure, and malignancy [4]. The remaining 80%
of patients have primary membranous nephropathy
(PMN), which is characterized by a uniform and diffuse

Introduction

Membranous nephropathy (MN), a common cause of
nephrotic syndrome in adults, is histologically charac-
terized by thickening of the glomerular basement
membrane (GBM) on light microscopy, deposition of
anti-podocyte targeted immunoglobulin G (IgG) and
complement 3 (C3) on immunofluorescence, and

deposition of subepithelial electron-dense material on
electron microscopy [1]. The deposition of subepithelial
immune complexes and the subsequent complement

thickening of the wall of the glomerular capillaries [4,5].
The initial pathogenetic event is the binding of circulat-
ing autoantibodies to proteins or autoantigens in
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glomerular podocytes. This leads to the formation of
immune complexes in GBM [1,6-10]. The GBM-the cru-
cial component of the glomerular filtration barrier-con-
sists of type IV collagen, laminin, nidogen, and heparin
sulfate proteoglycans [11]. This membrane is also adja-
cent to glomerular endothelial cells and podocytes [12].
The diffuse thickening of GBM is not only a typical and
essential histopathological characteristic for the diagno-
sis of MN, but also the major basis for the current
understanding of the pathogenesis of MN [6,13]. GBM
has a “spike” to enfold the deposits. The immune com-
plex deposits encompass the in-situ antigens, with IgG
binding to antigens, and membrane attack complexes
(MACQ) formed by complement activation. MACs are the
traces left by the antibody-dependent immune
response [6,13]. Tremendous progress has been made
in understanding the components that cause the thick-
ening of GBM. However, it remains unclear whether
GBM thickness is associated with disease severity and
treatment response.

The natural course of PMN varies considerably.
Therefore, understanding the factors of the prognostic
assessment is crucial for treatment options and risk
stratification in patients with PMN [4,6,13]. The current
indicators applied to evaluate disease activity and pre-
dict the remission time of PMN patients mainly focus
on serum and urinary parameters that are easily
detected and readily available for wide clinical applica-
tion. The 24-h urinary protein and serum PLA2R titer
remains well-standardized and are widely used bio-
markers in clinical practice. Moreover, accumulating
data have been pointing to the important role of bio-
markers for evaluating immune status such as a prolifer-
ation-inducing ligand, serum complement 4,
Interleukin-35 levels [14-16], and for reflecting tubular
injury in PMN [19]. Besides, risk factors of metabolic
syndrome such as body mass index (BMI), total choles-
terol (TC), non-high-density lipoprotein cholesterol
(non-HDL-C), low-density lipoprotein cholesterol (LDL-
C), and triglycerides (TG) are also demonstrated to be
associated with renal outcomes in PMN [17,18].
However, the relationship between renal histological
features and renal prognosis is controversial to some
extent due to the lack of sufficient attention and data
support [20]. The advanced stage of glomerular lesions,
glomerulosclerosis or focal segmental glomerular scler-
osis, and chronic tubulointerstitial injury have been
linked to worse renal survival in some but not all stud-
ies [20-24]. The diffuse thickness of GBM, which
involves the formation of subepithelial immunocomplex
deposits, is the main pathological change in PMN.
Nevertheless, it remains largely unclear whether GBM

thickness could predict the likelihood of achieving com-
plete remission (CR) in PMN patients. Furthermore, fac-
tors associated with GBM thickness are unknown.

In the current study, we aimed to explore the associ-
ation of GBM thickness with clinicopathological features
and treatment response of PMN patients with nephrotic
syndrome, providing substantiated clinical guidance for
risk stratification and more optimal individualized
therapy.

Materials and methods
Subjects

A total of 178 patients with biopsy-proven MN with
nephrotic syndrome from the time period between
January 2017 to August 2019 were retrospectively
reviewed. The patients were diagnosed and followed
up at the Department of Nephrology, the First Affiliated
Hospital of Nanjing Medical University. Patients who ful-
filled the following criteria were included in this study:
(1) MN diagnosis based on renal biopsy, with concur-
rent nephrotic syndrome; (2) treatment-naive at the
time of renal biopsy, i.e. without a drug history of
immunosuppressive therapy or corticosteroids; (3) the
follow-up time since biopsy-proven diagnosis more
than 6 months; (4) age > 18 years. Patients with second-
ary MN, such as those with autoimmune diseases (e.g.
lupus nephritis and Sjogren syndrome), infection-
related MN resulting from hepatitis B and C virus infec-
tion, or MN related to malignancies, medications, or
heavy metal poisoning, were excluded. Patients with an
incomplete investigation, such as those without elec-
tron micrographs and anti-PLA2R antibody testing,
were also excluded from this study. In total, 128
patients were recruited (Figure 1). This study was
approved by the Ethics Committee of the First Affiliated
Hospital of Nanjing Medical University (approval num-
ber: No. 2018-SR-250).

Clinical data collection

Data from each patient’s record encompassed clinical
data such as age, gender, comorbidities, blood pres-
sure, BMI, and laboratory test results (urinary protein,
serum creatinine, serum albumin, immunoglobulin G,
and complement 3 (C3)). Serum samples collected from
each patient at the time of renal biopsy were stored at
—80°C and thawed simultaneously for the measure-
ment of anti-PLA2R antibodies. Serum level of anti-
PLA2R antibodies was determined using commercially
available ELISA kits (EUROIMMUN AG, Lubeck,
Germany). Briefly, PLA2R-coated microplates were
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Figure 1. Flowchart of study participants. MN, membranous nephropathy; PLA2R, phospholipase A2 receptor; PMN, primary
membranous nephropathy; PR, partial remission; CR, complete remission; NR, no remission.

incubated with human sera diluted 1:100 in sample buf-
fer for 30 min and were visualized after incubation with
anti-human-IgG HRP conjugate for 30 min. The optical
density was measured at 450nm using a microplate
absorbance reader (Model 550; BioRad, Hercules, CA,
USA). In accordance with the manufacturer’'s guidelines,
values > 20 RU/mL were considered positive. In add-
ition, clinical response to treatment, progression to
end-stage kidney disease (ESKD), and death were
recorded for each patient. The patients were followed
up for at least 6 months. The clinical data were col-
lected at the time of renal biopsy, and at the time
points of 3, 6, and 12 months after treatment. BMI was
calculated as the ratio of weight in kilograms divided
by the square of the height in meters. Estimated glom-
erular filtration rate (eGFR) was determined by the CKD-
EPI?°%° equation [25].

Renal biopsy

All of the patients underwent a renal biopsy before
treatment. Each biopsy specimen was evaluated by
light microscopy, direct immunofluorescence, and elec-
tron microscopy. Paraffin-embedded sections (3 um in
thickness) stained with Periodic acid-Schiff (PAS),
Periodic acid-silver metheramine (PASM), and Masson
were observed by light microscopy. The number of

sclerotic glomeruli and crescents was presented as the
percentage of the total number of glomeruli in the
biopsy specimen. The chronic tubulointerstitial injury
was graded as follows: grade 0 (none), grade 1 (below
25% of tubulointerstitial tissue affected), grade 2 (25%
to 50% of tubulointerstitial tissue affected), grade 3
(above 50% of tubulointerstitial tissue affected). In add-
ition, the acute tubulointerstitial injury was graded 0
(absent) or 1 (present). Glomerular lesions were
assigned one of four stages, from | to IV, in accordance
with Ehrenreich and Churg’s classification criteria [26].
Frozen sections (4 um in thickness) were used for direct
immunofluorescence to detect IgG, IgA, IgM, C3, Clq,
and PLA2R. The fluorescence intensity was described by
a semiquantitative method as follows: 0 (none), 1 (+),
2 (24), 3 (3+ to 4+). Transmission electron microscopy
was performed using ultrathin sections embedded in
resin and stained with lead citrate and uranium acetate
in order to observe the ultrastructure. In each measure-
ment, GBM thickness was defined by the length
between the endothelial cell and podocyte membrane.
This included intramembranous immune deposits. The
highest GBM thickness was routinely measured on at
least five glomerular capillary loops and reviewed, and
the mean value was obtained. Pathologists who meas-
ured GBM thickness were blinded to the patient’s clin-
ical data and outcome. lteratively, a review of any
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scoring differences between the two pathologists was
performed.

Treatment methods and response

The enrolled patients received calcineurin inhibitors
including cyclosporine and tacrolimus, with or without
corticosteroids. The regimen choice was decided by
renal physicians, considering the patient’s preferences
and potential drug side effects.

The therapeutic responses were in compliance with
the KDIGO (Kidney Disease: Improving Global
Outcomes) guideline for glomerulonephritis [27].
Clinical outcome was evaluated based on proteinuria
levels at diagnosis compared with assessment after 3, 6,
and 12 months of follow-up. CR was defined as urinary
protein excretion < 0.3 g/day with a stable GFR. Partial
remission (PR) was defined as urinary protein excretion
< 3.5g/day and a reduction of at least 50% from base-
line values with a stable GFR. Relapse was defined as
urinary protein excretion > 3.5 g/day after reaching CR
or PR. Treatment failure was defined as the absence of
CR or PR during the follow-up period. ESKD was defined
as the initiation of maintenance dialysis or kidney trans-
plantation. The endpoints were defined as CR and a
composite of PR and CR. Outcomes of patients who did
not reach the endpoints were recorded using the infor-
mation from their last follow-up visit. Survival time was
calculated from the enrollment to the occurrence of the
end-point events or the last follow-up. The duration of
PMN was calculated from the occurrence of nephrop-
athy-related symptoms to treatment initiation.

Statistical analysis

Continuous variables were presented as either the
mean * standard deviation (SD) or the median and
interquartile range (IQR). Categorical variables were pre-
sented as counts (n) and percentages (%). We divided
the participants into tertiles according to the GBM
thickness. Comparisons between the groups were per-
formed using one-way analysis of variance (ANOVA),
Kruskal-Wallis test, or y? test, as appropriate. Spearman
correlation analysis was used to explore the relationship
between GBM thickness and laboratory parameters. The
Kaplan—-Meier curve was generated to assess the inci-
dence of non-CR among the different groups of GBM
thickness. Hazard ratios for the associations of GBM
thickness with CR and a composite of PR and CR were
estimated using Cox proportional hazards models with
follow-up time. The assumption of proportionality was
tested using Schoenfeld residuals and interaction terms

with time for each exposure variable and covariate.
Multiple covariates were adjusted for age, duration of
PMN, baseline eGFR, grade of C3 deposition, baseline
urinary protein excretion and the titer of serum anti-
PLA2R antibodies. A cubic spline curve was used to
explore the association between GBM thickness and CR
rate. The same multivariate model was applied to the
cubic spline curve. A two-tailed p-Value < 0.05 was con-
sidered statistically significant. All data were analyzed
using IBM SPSS v.20.0 and R v.4.1.0 software.

Results

Clinical and laboratory characteristics of the
enrolled patients

A total of 128 biopsy-proven PMN patients with neph-
rotic syndrome were recruited. The median follow-up
period was 25.80 months (IQR 14.32-42.21). During the
follow-up time, 122 (95.3%) patients achieved remis-
sion. The median time of achieving remission was
2.22 months. Among the patients with remission, 53
(43.4%) patients had PR, 69 (56.6%) patients achieved
CR, and 46 (37.7%) patients experienced a relapse after
achieving remission. In addition, one (0.8%) patient pro-
gressed to ESKD and two (1.6%) patients died. At base-
line, 90 (70.3%) patients were men, and the median age
was 52.7 £ 14.3 years. Hypertension and diabetes were
present in 53.1% and 10.9% of patients, respectively. In
the enrolled patients, the median GBM thickness was
1200 nm (IQR 1100-1400) with a median 55.78 RU/mL
(IQR 15.68-168.77) anti-PLA2R Abs level. Urinary protein
excretion was 7.25g/day (IQR 5.15-10.10), and eGFR
was 91.79 £ 20.16 mL/min/1.73 m? (Table 1).

Comparison of clinical and pathological features
according to the tertiles of GBM thickness

The enrolled patients were then categorized into three
groups according to the tertiles of GBM thickness:
Group 1 (GBM thickness < 1100 nm, n=48), Group 2
(GBM thickness between 1100 and 1300 nm, n=40),
and Group 3 (GBM thickness > 1300nm, n=40).
Representative electron microscopy images of the three
groups were presented in Figure 2. And the corre-
sponding figures representing the process of GBM sam-
pling were displayed in Supplementary Figure 1. As
displayed in Table 2, patients with the highest tertile of
GBM thickness had the most advanced Ehrenreich and
Churg’s stages (p=0.003), and the most severe C3 and
PLA2R antigen deposition (p =0.048, p =0.036, respect-
ively), along with the lowest hemoglobin levels
(p=0.032). Moreover, patients with the lowest tertile of
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Table 1. General clinical parameters of patients with PMN.

Parameter

n=128

Follow-up time (months)

Duration of PMN (months)
Gender (male/female)

Age (years)

Body mass index (kg/m2)

SBP (mmHg)

DBP (mmHg)

Hypertension (%)

RAAS inhibitor receivers (%)
Diabetes (%)

Level of anti-PLA2R Abs (RU/mL)
Positive rate of anti-PLA2R Abs (%)
Urinary protein (g/d)

eGFR (ml/min/1.73 m?)

Serum albumin (g/L)

Scr (umol/L)

Hemoglobin (g/L)

Pathological characteristics

GBM thickness (nm)

Churg’s stages (I/1I/111/1V)

Grade of IgG deposition (0/1/2/3)
Grade of C3 deposition (0/1/2/3)
Grade of PLA2R antigen deposition (0/1/2/3)
Global sclerosis (%)

Crescent (%)

Chronic tubulointerstitial injury (0/1/2/3)
Acute tubulointerstitial injury (0/1)
Remission and progression
Complete remission (%)

Partial remission (%)

No remission (%)

Relapse (%)

ESKD (%)

Death (%)

Time to remission (months)

Time to CR (months)

Time to relapse (months)

25.80(14.32, 42.21)
2.00(0.62, 6.00)
90/38
52.73+14.30
25.51+3.72
136.95+17.34
85.55+12.08
68(53.1)
103(80.5)
14(10.9)
55.78(15.68, 168.77)
92(71.9)
7.25(5.15, 10.10)
91.79+20.16
20.10(17.23, 24.15)
76.10(62.80, 90.33)
134.00(120.00, 146.00)

1200.00(1100.00, 1400.00)
18/83/26/1
0/2/22/104
17/69/20/22
17/44/38/29

5.64(0.00, 14.29)
0.00(0.00, 7.87)
46/35/41/6
48/80

69(53.9)
53(41.4)
6(4.7)
46/122(37.7)
1(0.8)
2(1.6)
2.22(1.178, 4.87)
10.65(6.90, 18.67)
13.40(8.78, 22.22)

PMN primary membranous nephropathy; GBM glomerular basement membrane; PLA2R phospholipase A2 receptor; SBP
systolic blood pressure; DBP diastolic blood pressure; eGFR estimated glomerular filtration rate; Scr serum creatinine; IgG
immunoglobulin G; C3 complement 3; RAAS renin-angiotensin-aldosterone system; ESKD end stage kidney disease. Data
were presented as the mean + standard, the median with interquartile range or counts and percentages.

GBM thickness had the lowest level of anti-PLA2R Abs
and the lowest grade of C3 and PLA2R antigen depos-
ition, along with the highest hemoglobin level (all
p < 0.05). With respect to renal function (urinary pro-
tein, eGFR, serum creatinine, etc.) and remaining patho-
logical features (such as global sclerosis, chronic
tubulointerstitial injury, acute tubulointerstitial injury,
and grade of IgG deposition), there were no differences
among the three groups (all p > 0.05). During the fol-
low-up, CR was the highest in the first tertile and the
lowest in the third tertile, but the significance level was
not achieved (p = 0.055). The incidence rates of relapse
of proteinuria, ESKD, and death were comparable
between the three groups (all p > 0.05, Table 2).

Correlations between GBM thickness and
laboratory parameters

As shown in Table 3, GBM thickness positively corre-
lated with the level of anti-PLA2R Abs (rs=0.240,
p=0.006), Churg’s stages (rs=0.222, p=0.012), grade

of IgG deposition (rs=0.186, p=0.035), grade of C3
deposition (rs=0.190, p=0.032), and grade of PLA2R
antigen deposition (rs =0.271, p =0.002). However, the
correlations of GBM thickness with age, duration of
PMN, baseline eGFR, urinary protein excretion, and
serum IgG were not significant (all p > 0.05).

Relationships of GBM thickness with remission
rate

As shown in Figure 3, Kaplan-Meier analysis showed
that the non-CR probability was significantly higher in
the highest tertile of GBM thickness than in the middle
and lowest tertiles (p<0.001). The risk for CR in PMN
patients was determined by Cox proportional hazards
model (Table 4). The univariate analyses identified that
GBM thickness (HR per standard deviation (SD) 0.617,
95% Cl [0.471-0.809], p<0.001) was significantly associ-
ated with CR. In the multivariate analysis, after adjust-
ing for important clinicopathological factors including
age, duration of PMN, baseline eGFR, grade of C3
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A

Figure 2. Representative examples according to the tertiles of GBM thickness in PMN patients. A. Electron microscopy of a
patient in Group 1 (GBM thickness < 1100 nm). B. Electron microscopy of a patient in Group 2 (GBM thickness 1100-1300 nm).
C. Electron microscopy of a patient in Group 3 (GBM thickness > 1300 nm) (original print magnifications x8000. Scale bar =
1.0 um). D. Representative image of measuring the GBM thickness (Scale bar = 1.0 um).

deposition, baseline urinary protein excretion, and the
titer of serum anti-PLA2R Abs, the GBM thickness was
still independently associated with CR (HR per SD 0.580,
95% Cl [0.436-0.772], p<0.001). Likewise, the multivari-
ate-adjusted restricted cubic spline analyses indicated
a significant reverse linear association between
GBM thickness and CR rate (p for nonlinear = 0.1261,
Figure 4). Additionally, age was also independently
associated with CR (HR 1.028, 95% Cl [1.005-1.051],
p=0.018, Table 4).

As shown in Table 5, the risk for a composite of PR
and CR in PMN patients was also determined by a Cox
proportional hazards model. The univariate analyses
revealed that GBM thickness was not a significant risk
factor for predicting the composite remission of PMN.
In the multivariate analysis, the GBM thickness
remained not significantly associated with the compos-
ite remission of PMN patients (HR per SD 0.895, 95% Cl
[0.730-1.098], p =0.288).

Discussion

In the present study, we compared clinical and patho-
logical features among PMN patients with different
thicknesses of GBM, which is an essential diagnostic
pathological feature of MN. In addition, the relationship

between GBM thickness and CR rate in PMN patients
was assessed. By stratifying the enrolled patients into
three groups according to the tertiles of GBM thickness,
we found that serum levels of anti-PLA2R Abs and
grades of C3 and PLA2R antigen deposition were sig-
nificantly elevated. Meanwhile, hemoglobin levels sig-
nificantly decreased with the increasing tertile of GBM
thickness. Most importantly, the multivariate Cox
regression analysis suggested that GBM thickness was
an independent risk factor of CR after adjusting for
other risk factors. In addition, further multivariate-
adjusted restricted cubic spline analyses showed a sig-
nificant reverse linear association between GBM thick-
ness and CR rate.

MN is one of the major glomerular diseases in adults,
accounting for 20-30% of glomerulopathies [13,28].
Although it is associated with significant morbidity and
mortality [29,30], the course of the renal function
impairment in patients with PMN typically worsens over
several years. For patients who do not reach a reduc-
tion of proteinuria to a subnephrotic range, the risk of
progression to ESKD is about 25% over 8years and
about 50% over 10 to 15 years [31]. Due to the relatively
slow rate of disease development, it is necessary to use
a surrogate endpoint in clinical practice to complete
clinical trials for drug licensing within a realistic time
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Table 2. Clinical and pathological features of patients with PMN according to tertiles of GBM thickness.

Tertiles of GBM thickness

Parameter T1(<1100) (n =48) T2(1100-1300) (n =40) T3(>1300) (n=40) p-Value
Demographic characteristics
Age (years) 53.75+13.25 50.38+£15.16 53.88+14.72 0.456
Gender (male/female) 35/13 28/12 27/13 0.857
Comorbid disease
Hypertension (%) 24(50.0) 23(57.5) 21(52.5) 0.778
Diabetes (%) 5(10.4) 4(10.0) 5(12.5) 1.000
Cardiovascular diseases (%) 2(4.2) 5(12.5) 5(12.5) 0.256
Clinical characteristics
Body mass index (kg/mz) 25.51+3.66 25.61+3.64 2541+3.94 0.973
SBP (mmHg) 135.92+19.23 135.18+14.84 139.95+17.29 0.412
DBP (mmHg) 84.58+12.20 86.08 +11.87 86.18 +12.37 0.785
Duration of PMN (months) 2.00(0.62, 6.00) 2.00(0.50, 6.00) 2.00(1.00, 9.00) 0.533
Follow up time (months) 22.99(13.31, 35.15) 25.92(14.40, 39.25) 31.33(16.48, 48.65) 0.139
Laboratory characteristics
Urinary protein (g/d) 7.49(4.85, 10.22) 7.46(5.30, 10.08) 6.40(5.19, 9.69) 0.790
eGFR (ml/min/1.73 mz) 89.70+17.87 95.17 £21.56 90.93+21.35 0.428
BUN (mmol/L) 5.07(3.95, 6.95) 5.12(4.00, 5.98) 5.10(3.84, 6.68) 0.823
Scr (umol/L) 75.35(62.18, 93.00) 76.70(63.50, 85.18) 77.70(60.35, 93.20) 0.929
Uric acid(mmol/L) 394.46+112.22 381.63 +85.31 384.39+76.59 0.794
Serum albumin (g/L) 21.24+£5.56 20.26 £4.07 20.89+5.04 0.654
Level of anti-PLA2R Abs (RU/mL) 23.62(1.71, 81.18) 87.77(31.89, 209.65) 71.14(20.89, 249.19) 0.001
Triglyceride (mmol/L) 2.52(1.66, 3.66) 2.06(1.46, 2.84) 2.43(1.74, 3.53) 0.156
Total cholesterol (mmol/L) 8.16 £2.69 8.25+2.59 8.06 £2.38 0.948
LDL-C (mmol/L) 4.80(3.79, 6.52) 5.26(3.99, 6.64) 5.06(4.18, 5.94) 0.654
HDL-C (mmol/L) 1.28(1.09, 1.81) 1.38(1.09, 1.75) 1.31(1.16, 1.49) 0.844
Hemoglobin(g/L) 138.94+19.38 13438+ 18.43 128.13+19.09 0.032
IgA(g/L) 1.99(1.62, 2.84) 2.09(1.76, 2.71) 1.99(1.34, 2.60) 0.555
19G(g/L) 5.83(3.83, 7.71) 5.26(3.83, 6.52) 5.22(3.13, 6.56) 0.282
C3(g/L) 1.07(0.93, 1.24) 1.09(0.92, 1.23) 1.04(0.90, 1.18) 0.670
C4(g/L) 0.29(0.23, 0.34) 0.27(0.22, 0.34) 0.29(0.23, 0.34) 0.966
Pathological characteristics
GBM thickness (nm) 1000.00(900.00, 1100.00) 1200.00(1200.00, 1300.00) 1500.00(1400.00, 1600.00) <0.001
Churg's stages (I/1I/11I/IV) 8/32/7/1 8/28/4/0 2/23/15/0 0.003
Grade of 1gG deposition (0/1/2/3) 0/1/12/35 0/1/6/33 0/0/4/36 0.120
Grade of C3 deposition (0/1/2/3) 10/26/6/6 5/23/5/7 2/20/9/9 0.048
Grade of PLA2R antigen deposition (0/1/2/3) 9/18/17/4 4/14/12/10 4/12/9/15 0.036
Global sclerosis (%) 6.07(0.00, 12.01) 4.19(0.00, 12.50) 6.19(0.00, 17.91) 0.563
Crescent (%)
Chronic tubulointerstitial injury (0/1/2/3) 14/13/18/3 19/7/14/0 13/15/9/3 0.267
Acute tubulointerstitial injury (0/1) 14/34 16/24 18/22 0.291
Remission and progression
Complete remission (%) 31(64.6) 23(57.5) 15(37.5) 0.055
Partial remission (%) 14(29.2) 16(40.0) 23(57.5)
No remission (%) 3(6.3) 1(2.5) 2(5.0)
Relapse (%) 15/45(33.3) 13/39(33.3) 18/38(47.4) 0.334
ESKD (%) 1(2.1) 0(0.0) 0(0.0) 1.000
Death (%) 0(0.0) 0(0.0) 2(5.0) 0.192

PMN: primary membranous nephropathy; GBM: glomerular basement membrane; ESRKD: end stage kidney disease; SBP: systolic blood pressure; DBP: dia-
stolic blood pressure; eGFR: estimated glomerular filtration rate; BUN: blood urea nitrogen; Scr: serum creatinine; PLA2R: phospholipase A2 receptor; LDL-
C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; IgA: immunoglobulin A; IgG: immunoglobulin G; C3: complement 3; C4:

complement 4.

Data were presented as the mean + standard, the median with interquartile range or counts and percentages. A two-tailed p < 0.05 was considered statis-

tically significant.

frame. Also, it would be helpful to promote risk stratifi-
cation and more appropriate risk-based treatments in
clinical practice. CR has already been considered valu-
able and suitable for clinical use as a disease activity
monitor and surrogate endpoint [32]. Previous studies
have demonstrated that achieving CR of proteinuria indi-
cates an excellent long-term prognosis in PMN patients
[32-35]. The key finding of our study is that GBM thick-
ness is independently associated with CR. The finding
persists in the multivariable-adjusted restricted cubic

spline analyses which suggest a significant reverse linear
association between GBM thickness and CR. However,
one previous study indicated that GBM thickness could
be used as an additional method for risk stratification but
not independently associated with renal failure or death
in PMN patients [36]. Our results that GBM thickness did
not correlate with baseline proteinuria may at least par-
tially explain the observation suggested by Horvatic et al.
On the other hand, 623% of the enrolled patients
achieved remission without relapse in our study, which is
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higher than the percentage of patients reported by
Horvatic et al. [36] and should be taken into account
when considering long-term impact.

Another important finding is that the patients with
severe GBM thickening had higher titers of anti-PLA2R
antibodies and severe PLA2R antigen deposition, which
reinforces the evidence that autoimmune disorders play
a crucial role in the pathogenesis of PMN [37,38].
PLA2R, a major target antigen located on podocytes, is
taken up by antigen-presenting cells. Then, it is pre-
sented to helper T cells, which ultimately stimulate B
cells to generate IgG anti-PLA2R antibodies [3,6,39].
Early evidence hints that IgG anti-PLA2R antibodies not
only can combine with specific antigen and form
immune complexes that are deposited in the

Table 3. Correlations between GBM thickness and laboratory
parameters in PMN.

GBM thickness (nm)

rs p-Value
Age (years) -0.008 0.929
Duration of PMN (months) 0.099 0.267
Baseline eGFR (ml/min/1.73 m?) 0.028 0.752
urinary protein excretion (g/d) -0.092 0.302
Level of anti-PLA2R Abs (RU/mL) 0.240 0.006
19G(g/L) -0.117 0.189
Churg's stages (I/1I/1I/1V) 0.222 0.012
Grade of IgG deposition (0/1/2/3) 0.186 0.035
Grade of C3 deposition (0/1/2/3) 0.190 0.032
Grade of PLA2R antigen deposition (0/1/2/3) 0.271 0.002

PMN: primary membranous nephropathy; GBM: glomerular basement
membrane; PLA2R: phospholipase A2 receptor; IgG: immunoglobulin G;
eGFR: estimated glomerular filtration rate; C3: complement 3. A two-tailed
p < 0.05 was considered statistically significant.

subepithelial layer, but can also bind mannan-binding
lectin to activate the lectin complement pathway and
thus participate in both innate and adaptive immunity
[3,39-42]. C5b-9, the final step of complement activa-
tion, increases the extracellular matrix by promoting
the production of TGF-f by podocytes, which may also
contribute to GBM thickening [43]. In addition, Dettmar
et al. reported that intracellular autoantibodies, circulat-
ing anti-SOD2, and anti-aENO autoantibodies were
independently associated with poor outcomes in terms
of PR and CR of proteinuria, and eGFR. These antibodies
have an added value over anti-PLA2R for refinement of
association with clinical outcome [44]. Furthermore,
except for cytoplasmic antigen binding its circulating
autoantibodies as the first podocyte-targeted antigen-
antibody system found in adult PMN, inflammation,
PM2.5, and oxidative microenvironments may alter the
microenvironment of PLA2R1-expressing cells [45,46].
Consequently, anti-PLA2R1 antibodies exogenous to
glomeruli induce subepithelial immune complex depos-
ition into the space between podocytes and GBM [45].
This also suggests that GBM thickening is likely caused
by different pathogenic mechanisms. The formation
and pathogenesis of GBM thickening involving various
antigen deposition will be the subject of future studies
by mass spectrometric analysis.

Many studies have focused on the prognostic signifi-
cance of C3 deposition for PMN, but a large diversity
has been found. A study by Oto et al. showed that C3
deposition was the predictor of ESKD in PMN patients

1.00 1 — oy group1
é L \ 1‘*‘ — ~+ group2
.g j ~+ group3
2 0.751
: L,
8 -
o 0.50 1 ﬁ
z L
=
S 9% Pp<oo01 [
é 1
@ 0001
0 10 20 30 40 50
Follow up time(months)
Number at risk
48 22 9 1 1 0
up21 40 21 4 0 0 0
40 24 14 7 5 1
0 10 20 30 40 50

Follow up time(months)

Figure 3. Kaplan-Meier curves of non-CR probability in PMN patients with different GBM thickness. Comparison of non-CR prob-
ability between patients in Group 1 (GBM thickness < 1100 nm), Group 2 (GBM thickness 1100-1300 nm), and Group 3 (GBM

thickness > 1300 nm); CR, complete remission.
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Table 4. Risk factors of CR in PMN determined by univariate and multivariate Cox regression.

Univariate Multivariate
Variables HR (95%Cl) p-Value HR (95%Cl) p-Value
Age (years) 1.016(0.999, 1.034) 0.065 1.028(1.005, 1.051) 0.018
Duration of PMN (months) 0.997(0.976, 1.018) 0.745 0.994(0.974, 1.015) 0.596
Baseline eGFR (ml/min/1.73 m?) 1.001(0.989, 1.013) 0.875 1.010(0.993, 1.027) 0.235
Baseline urinary protein excretion (g/d) 0.965(0.917, 1.015) 0.171 0.946(0.892, 1.002) 0.060
Level of anti-PLA2R Abs (RU/mL) 1.000(0.999, 1.001) 0.452 1.000(0.999, 1.000) 0.549
Grade of C3 deposition (0/1/2/3) 0.807(0.616, 1.057) 0.119 0.840(0.639, 1.103) 0.209
GBM thickness (per SD nm) 0.617(0.471, 0.809) <0.001 0.580(0.436, 0.772) <0.001

PMN: primary membranous nephropathy; GBM: glomerular basement membrane; eGFR: estimated glomerular filtration rate; PLA2R:
phospholipase A2 receptor; CR: complete remission; C3 complement 3.
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Figure 4. Association of GBM thickness with HR of complete remission rate by restricted cubic splines. Restricted cubic splines
were plotted using three default knots. Hazard ratios were adjusted for age, duration of PMN, baseline eGFR, baseline urinary
protein excretion, and level of anti-PLA2R Abs. p value for nonlinear association was 0.1261. HR, hazard ratio; PMN, primary mem-
branous nephropathy; eGFR, estimated glomerular filtration rate; PLA2R, phospholipase A2 receptor.

Table 5. Risk factors of a composite of PR and CR in PMN determined by univariate and multivariate Cox

regression.
Univariate Multivariate

Variables HR (95%Cl) p-Value HR (95%Cl) p-Value
Age (years) 1.006(0.994, 1.019) 0.328 1.015 (0.999, 1.032) 0.068

Duration of PMN (months) 0.993(0.975, 1.012) 0.483 0.989(0.969, 1.011) 0.327

Baseline eGFR (ml/min/1.73 m?) 1.004(0.996, 1.013) 0.330 1.009 (0.998, 1.019) 0.119

Baseline urinary protein excretion (g/d) 0.968(0.931, 1.007) 0.102 0.973(0.936, 1.012) 0.172

Level of anti-PLA2R Abs (RU/mL) 1.000(1.000, 1.000) 0.465 1.000 (1.000, 1.000) 0.521

Grade of C3 deposition (0/1/2/3) 1.040 (0.856, 1.264) 0.692 1.038 (0.851, 1.265) 0.714
GBM thickness (per SD nm) 0.934(0.769, 1.135) 0.490 0.895(0.730, 1.098) 0.288

PMN: primary membranous nephropathy; GBM: glomerular basement membrane; eGFR: estimated glomerular filtration rate; PLA2R:
phospholipase A2 receptor; PR: partial remission; CR: complete remission; C3 complement 3.
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[47]. However, the intensity of C3 deposition was not a
risk factor for ESKD or kidney dysfunction in a retro-
spective study of 371 Chinese PMN patients and a pro-
spective study of 60 Caucasian PMN patients [20,36].
The current study demonstrated that patients with the
highest tertile of GBM thickness had the highest grade
of C3 deposition, and a significant but weak association
between them was observed in correlation analysis
(rs =0.190, p = 0.032, Table 3). Nevertheless, C3 deposition
was not a significant predictor of CR or a composite of
CR and PR in either univariate or multivariate analysis.
Troyanov et al. explained the possible reason for the dis-
crepancy the amount of C3 deposition did not predict
renal survival but did correlate with progression rate [24].
Moreover, animal studies of the typical pathological lesion
of MN have indicated that the glomerular subepithelial
deposition of C3 can only occur after immunization with a
cationized antigen [48,49]. Consistent with this, injection
of preimmune IgG or anti-THSD7A IgG in mice induced
proteinuria within 3 days, but C3 deposits were not seen
in the initial heterologous phase [50]. Combined with our
results, it seems that the complement activation may not
be essential for the initiation of GBM thickening, which
may result from a complex multifactorial process. The
underlying mechanism of GBM thickening beyond the
complement activation needs to be further explored.
Moreover, our results indicated that GBM thickness
was independently associated with CR; however, it was
not significantly associated with the composite remis-
sion outcome (CR and PR). One of the possible explana-
tions for the potential mechanism may rely on the
differences in circulating serum PLA2R Abs and PLA2R
antigen deposition. Luo et al. found that among those
who received immunosuppressive treatment, patients
with positive serum PLA2R Abs concurrent with nega-
tive PLA2R antigen deposition had a lower probability
of remission than those with both positive circulating
Abs and antigen deposits (57% vs 92.7% at 12 months
after treatment) [51]. In the current study, patients in
the second but not the third tertile of GBM thickness
had the highest level of sero-PLA2R Abs. Meanwhile,
10% of patients in the third tertile had no PLA2R stain-
ing on kidney biopsy. And correlation analysis indicated
a weak but significant association between GBM thick-
ness and anti-PLAR Ab levels. These findings may indi-
cate that different antigen-antibody constituents in the
in-situ formation of nephritogenic immune complexes
may play diverse roles in disease severity and treatment
response. When GBM thickness is higher than 1300 nm,
especially in patients with circulating PLA2R autoanti-
bodies but without detected PLA2R antigen in glomeru-
lar deposits, there may be a more urgent need for the

fine details of autoepitope expression, recognition, and
autoantibody formation, and therefore more optimized
individual treatments. However, the GBM thickening
was likely caused by different pathogenic mechanisms
on the basis of the result that GBM thickness was asso-
ciated with MN stages, grade of IgG, C3, PLA2R depos-
ition in the correlation analysis. It implied that GBM
thickness may not only be the result of “Ab burden”
but also of “long-term immune process,” and both of
them are bad and portend poorer outcomes in PMN.
Based on this hypothesis, to achieve a high probability
of composite remission outcome, a more sustained or
combined initial immunosuppressive treatment, for
example, calcineurin inhibitor (CNIs) with RTX (recom-
mended for high-risk cases by 2021 KDIGO guidelines)
[27], should receive attention in patients with thicker GBM.
Further large, randomized controlled, prospective studies
are still needed to ascertain the short- and long-term
effects of GBM thickening on prognosis of PMN patients.

GBM thickening is a unique and classic pathological
feature in PMN. On this basis, our results provide evi-
dence for its wider clinical use to predict CR rate.
However, this study has several limitations. First, it has
all the limitations of observational, single-center stud-
ies. The follow-up period was short given that only
three patients progressed to ESKD or death in this
study. Further multicenter, long-term follow-up and
controlled prospective studies on large groups of
patients are needed. Second, the simultaneous meas-
urement of other membrane-bound antigens such as
THSD7A, or the new extracellular autoantigens, in par-
ticular, NELL-1, or intracellular autoantibodies such as
anti-SOD2 and anti-aENO autoantibodies was missing.
These may be potentially important confounders to the
renal prognosis. Third, there were scarce previous data
on glomerular IgG subtypes (especially IgGland IgG4),
filtrated slit length density per glomerulus and number
of podocytes per glomerulus, and foot process width to
analyze their associations with GBM thickness. Fourth,
to minimize the effect of different therapeutic strategies
on treatment response, patients who received treat-
ment of CNI+ glucocorticoids were selected in the cur-
rent study. Continuing research with a more extensive
study population receiving different immunosuppres-
sive agents is still warranted in the future.

Conclusions

GBM thickness is an independent risk factor of CR. PMN
patients with an increased level of GBM thickening at
diagnosis have a relatively unfavourable therapeutic
response and a lower probability of achieving CR.
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