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Complement activation is involved in idiopathic membranous nephropathy (IMN). We aimed to
investigate the relationship of serum complement cleavage factor Bb with IMN progression, and

to establish a model for early prediction of kidney outcomes. We measured serum factor Bbina
retrospective cohort of 449 IMN patients at the time of kidney biopsy. Cox regression analysis showed
that higher levels of serum factor Bb were independently associated with IMN progression event
defined as end-stage renal disease or > 40% decline in estimated glomerular filtration rate. Patients
in the middle and highest tertiles of serum factor Bb had respectively 2.1-, and 2.6-fold higher risk for
disease progression compared with those in the lowest tertile. We developed an optimized prognostic
nomogram model incorporating age, log serum anti-PLA2R antibody, log serum Bb, proteinuria

and tubular atrophy/interstitial fibrosis. The model demonstrated good predictive ability with a
concordance index of 0.77 (bootstrap-corrected of 0.76) for predicting 3-, and 5-year kidney survival.
Calibration curves and decision curve analysis confirmed the model’s good calibration and clinical
utility. Our findings suggest that serum factor Bb may serve as an essential prognostic indicator of
IMN. The novel nomogram model may offer important guidance on the management of this patient
population.

Idiopathic membranous nephropathy (IMN), an autoimmune-mediated glomerular disease, is a common
cause of nephrotic syndrome in adults' . It is characterized by the formation of subepithelial immune complex
deposits and subsequent thickening of glomerular basement membrane (GBM). M-type phospholipase A2
receptor (PLA2R) has been identified as the major target antigen on the podocyte®>. Although most of the IMN
patients with benign course may undergo spontaneous remission or show persistent proteinuria, approximately
30-50% of patients progress to end-stage renal disease (ESRD) within 5-15 years®’. Therefore, the identification
of risk factors associated with disease progression, especially those based on disease mechanisms, is essential for
patients with IMN.

Previous studies suggested that complement activation is involved in human IMN with predominance
of the classical pathway in the early stage of the disease. Notably, it is proposed that alternative pathway is
activated in later stages, which is backed up by the deposits of specific complement components including factor
B and properdin in glomeruli®. This hints that alternative pathway may play a role in the pathogenesis and
development of IMN. The activation of alternative pathway occurs through proteolytic cleavage of complement
factor B by factor D generating Bb and Ba fragments, leading to the formation of C3 convertase (C3bBb)'®!!. The
binding of a second C3b molecule to the C3 convertase generates a C5 convertase complex (C3bBb3b), which
in turn lead to the production of membrane attack complex (MAC). Hence, cleavage factor Bb is considered an
indicator of overall activation of alternative complement pathway.

The clinical features of proteinuria, reduced estimated glomerular filtration rate (eGFR) and persistent
increased anti-PLA2R antibody (PLA2R Ab) are well-established risk factors of progression toward ESRD among
patients with IMN'2. Recently, circulating complement activation products has gained considerable interest as
potential predictors of renal outcome subsequent from time of biopsy. Previous studies identified aberrant levels
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of circulating complement components in IMN, with some appearing to be associated with disease activity and
prognosis'>!. Yet, the clinical implication of factor Bb in serum has not been completely elucidated.

In the current study, we retrospectively enrolled 449 IMN patients and measured serum factor Bb levels at
the time of biopsy. We aimed to further clarify the role of factor Bb in predicting prognosis of IMN. Moreover,
we developed a nomogram model incorporating serum factor Bb and other traditional risk factors to assess the
possibility of disease progression more intuitively for IMN.

Results

Characteristics of IMN patients

The characteristics of IMN patients and measurements of serum factor Bb at the time of biopsy were summarized
in Table 1. This cohort included 252 (56.1%) men and 197 (43.9%) women with a median age of 49 (interquartile
range [IQR] 39-59) years. At the time of biopsy, patients had a median eGFR of 105 (IQR 95-114) mL/
min/1.73 m?, proteinuria of 4.55 (IQR 2.52-8.22) g/24 h, serum albumin of 25.0 (IQR 21.5-31.0) g/L, and a
mean arterial pressure (MAP) of 100 (IQR 94-109) mmHg. The median serum PLA2R Ab level was 103.5 (IQR
25.3-236.4) RU/mL, and 346 (77%) patients tested positive for PLA2R Ab as determined by ELISA, with a cutoff
value of 14 RU/mL. Based on pathological findings on kidney biopsy, a total of 226 (50.3%) patients presented
with MN-I, 132 (29.4%) presented with MN-II, and 91 (20.3%) presented with MN-IIIL Tubular atrophy and
interstitial fibrosis (TA/IF) were graded as scores 0-1 in 216 (48.1%) patients, score 2 in 127 (28.3%) patients
and score 3 in 106 (23.6%) patients.

The median follow-up time was 46 (IQR 29-63) months. Patients had a median time of 7 (IQR 5-9) months
from biopsy to initial treatment with immunosuppressive agents; when these patients were divided into
subgroups by factor Bb levels, the median time was 8 (IQR 6-9) months, 6 (IQR 5-9) months and 6 (IQR 5-8)
months in patients of the lowest, middle, and highest tertiles, respectively. Overall, 305 (67.9%) patients received
immunosuppressive agents. Specifically, 120 (26.7%) patients received CNI, 78 (17.4%) received CTX, and 107
(23.8%) received others. There were 139 (31.0%) patients reaching the composite disease progression event,
including 17 (3.8%) ESRD events.

Clinical and histological features of IMN patients stratified by factor Bb levels

The whole patients were divided into three groups based on the tertiles of factor Bb distribution (Table 1).
Patients categorized by the lowest to the highest tertile of serum factor Bb presented with increasing serum
PLA2R AD level, urinary protein excretion, and proportion of TA/IF score 3 (P<0.001). The serum albumin
levels, eGFR and proportion of TA/IF scores 0-1 were significantly lower in patients of the highest tertile of
serum factor Bb compared with those in the lower 2 tertiles (P <0.05). The proportion of MN-I was higher in
patients of the lowest tertile than in the middle tertile (P<0.05). When compared with patients of the highest
tertile, the proportion of MN-II was lower in patients of the lowest tertile (P<0.05). No significant differences
were observed among the three groups with respect to MAP, the proportion of TA/IF score 2, and the proportion
of MN-IIL

Serum factor Bb and kidney outcomes

We observed that the proportion of composite disease progression event was increased gradually in patients
from the lowest tertile to the highest tertile of serum factor Bb (P<0.001; Table 1). Kaplan-Meier survival
analysis showed that the worse renal outcome was significantly associated with the higher tertile of serum factor
Bb (P <0.05; Fig. 1). Univariate Cox regression analysis found that age, serum PLA2R Ab level, albumin level,
eGFR, proteinuria, intensity of TA/IF, immunosuppressive agents and serum factor Bb level were associated with
kidney outcomes in IMN patients (Supplementary Table S1). After adjusting for potential confounders, patients
in the highest and middle tertile of serum factor Bb had a higher risk for disease progression compared with
those in the lowest tertile (the highest tertile: hazard ratio [HR] 2.592, 95% confidence interval [CI] 1.374-4.891,
P=0.003; the middle tertile: HR 2.054, 95%CI 1.076-3.920, P=0.029; Table 2 and Supplementary Table S1).
When expressed as a continuous variable, log serum factor Bb was identified as an independent predictor for
IMN progression (HR 1.974, 95% CI 1.227-3.176, P=0.005; Table 2).

We also did a sensitivity analysis in IMN patients with serum albumin level <30 g/L or >30 g/L, which
found no significant interaction between levels of serum factor Bb and albumin on IMN progression (P for
interaction > 0.05; Supplementary Table S2). Similarly, no significant interaction was observed between serum
factor Bb and immunosuppressive therapy (P for interaction > 0.05; Supplementary Table S3).

Nomogram and its validation
We developed a nomogram for predicting the 3-, and 5-year prognosis of IMN patients using multivariate Cox
regression analysis by including age, log serum PLA2R Ab, log serum factor Bb, proteinuria, and TA/IF (Fig. 2).
The point of each predictive factor was read out by drawing a line straight upward from the predictor to the point
axis. A total point, calculated by summing each point, was then converted to kidney survival probability. The
overall performance of the nomogram was assessed using bootstrap validation for internal validation. Survival
analysis yielded an unadjusted concordance index (C-index) of 0.77 (95% CI 0.73-0.80) and a bootstrap-
corrected C-index of 0.76, indicating adequate discriminative ability. The calibration curves showed that the
nomogram-predicted progression probabilities were close to the actual progression probabilities (Fig. 3),
confirming a reliable calibration ability. Decision curve analysis (DCA) indicated a positive net benefit for 5-year
kidney survival over a wide range of threshold probabilities (between 0.1 and 0.9), supporting the clinical utility
of the nomogram (Fig. 4).

Besides, we developed a nomogram to predict IMN progression within 5 years in patients who were followed
up for more than 5 years (Supplementary Fig. S1-S2). The receiver operating characteristic (ROC) curve showed

Scientific Reports |

(2024) 14:27266 | https://doi.org/10.1038/s41598-024-78325-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

*$3]119] 359y STy pue Spprur 9samo] 3y Jo sdnoid Suowre suostreduwod

wouy sanfea-g ay) syuasardar uumoo jsef ay7, 'sdnoid Suoure sanfea oy axedwod oy paridde sem 1sa) axenbs-1yd 10 1593 stpre -[exsny “(duadIad Yig/-amuadiad 67) uerpaur 1o (Juadiad) raquinu se pajuasaid axam sanfen aseastp [euar aels pus (IS SISOIqY [erNsIUT
/Aydoxye remqm {1/v1, ‘9181 uoneny reniswos parewnss YIH9 Apoqnue 10ydasa1 gy ssedijoydsoyd ad1-14 ‘qy Mz y'1d mssaad [errarre ueaw Jy A ‘Aypedorydau snoueiquiaw sryredorpr ‘NIAT Asdorq 1e sa[n9) qq 1030wy wnias 4q syusned NIAT JO sonstaoetey) ‘I Aqel,

L10°0 (€211 Lov (K4 (8°€) L1 (%) u‘qysd
100°0> (€19) LL (0'ze) 8% (7'6) 71 (0'1€) 6€T1 (%) u yutod pus aysodwro)
wooamQO
100°0> (£8¢€) 85 (e€1) 0C ('61) 6T (8°€7) L01 SO
$L0°0 (LTo) ¥e (£91) ST (81) 61 (L) 8L XI1D
8€0°0 (€'12) T¢€ (07¢) 15 (8'%7) L€ (£92) 021 IND
100°0> (€°L1) 9T (0'9€) ¥S 0°¢p) 79 (T'2€) 791 ON
100°0> (L) ver (0'79) 96 (0'£8) <8 (6'£9) S0 (%) u ‘syuale arssarddnsounwrt yym pajeaiy,
1500 899 65)9 698 6°S) L (sypuowr) [eAzUL EEuE aatssarddnsounuurr renrut o) Asdorg
9€0°0 (19 ‘87) S¥ (29 ‘L) €% (99 “1€) ¥S (€9 ‘67) 9% (sypuow) [eArayur dn-mofjog
dn-morog
100°0> (0°0%) 09 (€10) T€ ¥6) ¥1 (9°€7) 901 (%) u ‘€ 31003
8¥L°0 (€60) ¥¥ (0'92) 6¢ (5'60) ¥¥ (€'80) LT1 (%) u g 31035
100°0> (L°0€) 9% (LTs) 6L (1'19) 16 (1'8%) 91C (%) u ‘10 521039
d1/V130 Ansusjur 3y,
7500 (0'91) ¥ (£'92) 0% (1'81) LT (€°02) 16 (%) U “TII-NIN
0%0°0 (€'6¢) €5 (£0¢) 9% (1'22) €€ (7'62) T€1 (%) U TI-NIN
1100 (L'8¥) €L (L'T9) ¥9 (£'65) 68 (€05) 97T (%) U T-NIN
sadeys sSmyp
100°0> (296 ‘01T'%) €€°9 (198 °86'T) €% (TS5 ‘68'T) ¥E'E (TT8 TS0 SS°F (4 ¥z/3) ermujorg
9100 (TT1 ¥6) 701 (€11 ‘96) 901 (811 96) 0T (P11 ‘56) SOT (gL T/uru/ Tur) Y45
100°0> (rLz roe) ree (81€6'17) L'ST (STe 1€ ¥'8¢C (0'1€°5'17) 0°ST (1/8) urumqry
100°0> (§°€€€ “T'£8) 0°00T (F1STLET) L'86 (011 0'8) 709 (79T ‘€'57) §'€01 (Tw/y) qV 4ev'1d
7790 (601 “c6) 66 (£0T %6) 001 (60T “€6) 00T (601 ¥6) 001 (BHww) VN
8€0°0 (€'¢9) s6 (L8¥) €L (7'95) ¥8 (199) TSt (% ‘uawr) Xag
16£0 (LS ‘0%) 87 (09 ‘0%) 6% (65 ‘s€) 67 (65 6€) 67 (sxeak) 33y
100°0> (£8'6°LTP) TS'S (IreTL1) 1€T (60 ‘5€°0) €7°0 (0£% 6L°0) TET (Tw/3u (O1) SPAd] qg 10108
0ST 0sT 6¥1 44 siuaned jo ‘oN
mcszam
d 89'€< 89°€-IT'T > eIAQ So[qerIep
3143} 35y ST 313193 J[PPIN J[1}13) 3SIMOT

(98uex “Tui/Su ,01) qg 1030e] WINIG

nature portfolio

| https://doi.org/10.1038/s41598-024-78325-2

(2024) 14:27266

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Number at risk

Lowest tertile
Middle tertile
Highest tertile

Kidney cumulative survival

1.0-
0.8-
0.6-
0.4-
0.2-

Lowest tertile —-
— - = Middle tertile :
--------- Highest tertile

Log-rank test P < 0.001

0.0-

0 20 40 60
Follow-up month (s)

136 93 65 0
127 81 44 0
136 90 39 0

149
150
150

Fig. 1. Kaplan-Meier kidney survival curves of IMN patients by serum factor Bb tertiles. IMN patients were
stratified into three groups based on the tertiles of serum factor Bb levels: lowest tertile < 1.21(10°ng/mL),
middle tertile 1.21-3.68 (10°ng/mL), and highest tertile > 3.68(10°ng/mL). IMN, idiopathic membranous

nephropathy.

Unadjusted Adjusted HR (95%CI) and P value
HR (95%CI) and P value | Model 1 Model 2 Model 3 Model 4

Logw (Bb, ng/ | 4.659 (3.046-7.127) 4.528 (2.981-6.879) | 2.122(1.343-3.353) | 1.997 (1.244-3.206) | 1.974 (1.227-3.176)

mL)* <0.001 <0.001 0.001 0.004 0.005

Factor Bb tertiles

Lowest tertile | Reference Reference Reference Reference Reference

Middle tertile 4.122 (2.271-7.483) 3.997 (2.201-7.259) | 2.373 (1.264-4.453) | 2.055 (1.077-3.923) | 2.054 (1.076-3.920)
<0.001 <0.001 0.007 0.029 0.029

Highest tertile 6.188 (3.500-10.943) 6.523 (3.679-11.564) | 2.996 (1.621-5.536) | 2.616 (1.389-4.927) | 2.592 (1.374-4.891)

& <0.001 <0.001 <0.001 0.003 0.003
P for trend <0.001 <0.001 0.001 0.006 0.007

Table 2. Associations of serum factor Bb level with progression of IMN patients. IMN, idiopathic
membranous nephropathy; IQR, interquartile range; HR, hazard ratio; CI, confidence interval. Model 1
adjusted for age and sex (female and male, analyzed as dichotomous data). Model 2 adjusted for covariates in
model 1 plus estimated glomerular filtration rate, proteinuria, PLA2R Ab, albumin and mean arterial pressure.
Model 3 adjusted for covariates in model 2 plus Churg’s stages and TA/IF. Model 4 adjusted for covariates in
model 3 plus immunosuppressants agents (yes or no, analyzed as dichotomous data). The disease progression
event was defined as end-stage renal disease or >40% decline in estimated glomerular filtration rate. *Factor
Bb was logarithmically transformed when treated as continuous trait. P values for trends were calculated by
entering the median value of each tertile of factor Bb level as a continuous variable.
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Fig. 2. Nomogram predicting probabilities of 3-, and 5-year kidney survival. Each independent predictive
factor corresponded to a point by drawing a line straight upward to the point axis. The sum of the points
located in the total points axis showing the probabilities of 3-, and 5-year kidney survival. PLA2R Ab, M-type
phospholipase A2 receptor antibody; TA/IF, tubular atrophy/interstitial fibrosis.
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Fig. 3. Calibration curves of the nomogram: (a) for 3-year kidney survival; (b) for 5-year kidney survival. The
diagonal gray line represents an ideal prediction, and the black line represents the predictive accuracy. A closer
fit of the black line to the gray line indicates a better prediction.

area under the curve (AUC) of 0.83 (95% CI 0.78-0.88), suggesting a good distinguishing ability. In addition,
the calibration curves showed a high degree of agreement between actual observed results and predictions by
the nomogram. The clinical utility of the nomogram assessed by DCA was largely in accord with our findings
by survival analysis. We also calculated the risk reclassification statistics for IMN progression at 5-year. The
addition of serum factor Bb to the reference model (including age, log serum PLA2R Ab, proteinuria and TA/IF)
resulted in significantly improved risk reclassification as assessed by the integrated discrimination index (IDI,

Scientific Reports|  (2024) 14:27266

| https://doi.org/10.1038/s41598-024-78325-2

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a

o | .. N
-4 — None s — None
S} Al 0 | N Al
---- Nomogram g . el ---- Nomogram
‘\‘ ~‘s‘
lo ‘\ ‘\
{,GE) S \---“. &= \“
o K O w y
o) S
. N .
m * m ©
-— \ S
2 @ 3
o ‘-'~‘ o \\
S e < 5 o
o - O - .
o S Pty
Ne .
\--~.
To)
3 3
S =k
[

0.10 0.15 0.20 0.25 0.30 0.35 0.40
Threshold Probability (3-year)

0.2 0.4 0.6 0.8
Threshold Probability (5-year)

Fig. 4. Decision curve analysis of the nomogram: (a) for 3-year kidney survival; (b) for 5-year kidney survival.
The gray solid line assumes all cases will reach disease progression event, while the black solid line assumes

no cases will reach disease progression event. The dotted line represents the clinical net benefits based on the
threshold probabilities.

0.03 [95% CI 0.01-0.05]). However, no significant improvement was observed in the net reclassification index
(NRI, 0.11 [95% CI —0.03 to 0.26]).

Discussion

In this cohort study with 449 IMN patients, we found that higher serum factor Bb values at diagnosis were
associated with worse renal outcomes. Specifically, the serum factor Bb levels were positively and independently
associated with IMN progression after adjusting for usual factors, including age, sex, MAP, serum PLA2R Ab,
serum albumin, eGFR, proteinuria, pathological grading and immunosuppressant therapy. Importantly, we
established a validated model and nomogram based on multivariate Cox regression analysis. This model, which
included age, log serum PLA2R Ab, log serum factor Bb, proteinuria, and TA/IE, is of considerable significance
for early prediction of renal outcomes.

Complement activation is strongly presumed to play a major role in kidney tissue injury and proteinuria
in MN"!5, Previous studies in the Heymann nephritis animal models of MN demonstrated that C3 and MAC
colocalized with the immune deposits, and that podocyte injury by insertion of MAC produced proteinuria'®1”.
Deposition of complement factor B and complement factor H were detected in glomeruli from patients with
PLA2R-associated MN, suggesting that alternative pathway activation occurs in MN®18, Factor Bb, a cleavage
product of complement factor B, is critical for the formation of C3 convertase. A marked elevation of plasma
Bb has been observed in MN patients compared with healthy controls, which was also linked to urinary protein
excretion'®.

In current study, increased serum PLA2R Ab levels and urinary protein excretion correlated with ascending
tertiles of serum factor Bb in patients, while decreased serum albumin levels and eGFR correlated with the
ascending tertiles. This indicates that accelerated alternative pathway activation is associated with increasing
disease activity. Future experimental studies should shed light on the exact underlying mechanism of disease
severity with increased levels of serum factor Bb in MN. Furthermore, the proportion of MN-I and MN-II
across different groups vary. Similar findings were observed for the proportion of TA/IF scores 0-1 and score
3. These findings suggest that activation of alternative pathway may contribute to both glomerular damage and
tubulointerstitial injury. Based on these observations, complement factor B may represent a potential therapeutic
target for treating IMN, and further studies with respect to targeted intervention to modulate factor B function
are needed. The inhibitor of complement factor B LNP023 has been shown to prevent proteinuria, attenuate
glomerulopathy and prevent tubular degeneration in an experimental model of MN in rats'®. Accordingly,
measurement of serum factor Bb may serve as a useful biomarker for disease monitoring, and for assessing
response to the potential therapy using factor B inhibitor in patients with IMN.

Although accumulating studies have examined a variety of complement components within IMN patients,
few studies have focused on the prognostic impact of serum cleavage factor Bb on kidney outcome. In this
study, we observed that the higher tertile of serum factor Bb was associated with a higher proportion of disease
progression events in IMN. Consistently, Kaplan-Meier survival curves revealed that the renal outcome worsened
with the ascending tertiles of serum factor Bb levels in IMN. Importantly, serum factor Bb level was identified as
a strong and independent risk factor for IMN progression after adjusting for potential confounding factors. This
association was further supported by the sensitive analysis in the subgroup stratified by baseline serum albumin
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level or the use of immunosuppressants after biopsy. Together, these findings demonstrate the prognostic
significance of serum factor Bb in IMN. Clinicians could regard factor Bb as a routine clinical indicator to better
predict disease progression and make more informed treatment decisions.

We also established a prognostic model based on multivariate Cox regression analysis, which included five
variables: age, serum PLA2R Ab, serum factor Bb, proteinuria, and intensity of TA/IF. While decreased eGFR
has been recommended to be a risk factor for disease progression“’, the indicator of eGFR was not included in
the prognostic model established in our cohort or any other studies*?°. This may be partly due to the relatively
lower presence of reduced eGFR in this cohort of IMN patients at baseline (a median eGFR of 105 [IQR 95-
114] mL/min/1.73 m?). Thus, our findings may facilitate early prediction of renal outcome for the patients with
relatively normal eGFR, and offer important guidance for managing these patients before progressive loss of
renal function. To our knowledge, the standardized prognostic models of MN has not yet been determined. This
optimized model displayed a good level of discrimination and an increased IDI value when serum factor Bb
was added into the reference model, which included age, PLA2R Ab, proteinuria and TA/IE Additionally, it was
shown to have good clinical utility assessed by DCA when applied to predict the probability of 5-year kidney
survival. Thus, the nomogram is simple and widely applicable, which could be incorporated into the current
clinical practice for management of IMN. It could contribute to identifying high-risk patients and tailoring their
treatment plans more effectively. However, the benefit for clinical decision-making using this model needs to be
validated in a future prospective controlled trail.

The present study showed that TA/IF significantly contributed to the prediction of renal outcome for IMN.
We speculate that IMN progression is more closely related to the degree of chronic tubulointerstitial injury
rather than glomerular damage. Our findings were in agreement with previous studies that have reported tubular
injury as a risk factor for IMN progression®2!. The proportion of patients experiencing disease progression
(139/449) was relatively high in our study, which may be partly due to severe chronic tubulointerstitial injury
at baseline, unresponsive nephrotic syndrome or frequent relapse occurring in them (analyzed with additional
data from our cohort)!*?2. Moreover, some of the patients may be involved in another superimposed pathologic
process associated with acceleration of the rate of eGFR decline.

There are several limitations in our study. First, the patients were recruited from a single center and external
validation studies from other population are needed. Second, repeated measurements of serum factor Bb were
unavailable during follow-up. Nevertheless, our study highlights for the first time the potential prognostic value
of serum factor Bb for IMN. We then propose a novel nomogram model, consisting of serum factor Bb and other
established risk factors, for the prediction of disease progression among IMN patients.

In conclusion, IMN patients with higher baseline serum factor Bb levels are at a higher risk for kidney
progression. The developed nomogram model, which includes serum factor Bb as one of the risk factors, may
help in providing clinical implications for the management of individual IMN patients. Therefore, the serum
factor Bb levels warrant more attention, and future studies are needed to verify our findings.

Materials and methods

Patients and samples

This is a retrospective cohort study of 539 patients with MN confirmed by kidney biopsy at the First Affiliated
Hospital of Zhengzhou University between March 2014 and April 2022. We excluded patients with missing
baseline clinical data, follow-up data, or treatment regimens (Fig. 5). Patients with secondary MN were excluded,
including malignancy, systemic lupus erythematosus and hepatitis B-related MN. All recruited patients had
additional serum specimens for this research, and were followed up for at least 12 months. Ultimately, a total of
449 patients with IMN were finally included in this study.

Early morning fasting blood for assessment of factor Bb were collected from all included patients on the
morning of kidney biopsy. The blood samples were centrifuged at 2000 g for 10 min and the sediment was
discarded; the supernatant was stored at -80°C until use.

This study was conducted in compliance of the Declaration of Helsinki and approved by the ethics committee
of the First Affiliated Hospital of Zhengzhou University, China (Approval No: 2019-KY-361). Informed consent
was obtained from all participants prior to their inclusion in this study.

Clinical and histological manifestations

The baseline clinical data were collected at the time of kidney biopsy, including age, sex, MAP, serum PLA2R Ab,
serum albumin, serum creatinine and 24-h urinary protein. The use of steroids and immunosuppressive agents
were in compliance with the existing KDIGO (Kidney Disease: Improving Global Outcomes) guidelines'*?2.
Accordingly, the patients were stratified into four groups: NO, were not treated with any immunosuppressive
agents; CNI, treated with tacrolimus or cyclosporine with/without steroids; CTX, treated with cyclophosphamide
with steroids; Others, treated with multiple immunosuppressive agents or immunosuppressants other than the
above. The eGFR was calculated using the CKD-epidemiology Collaboration formula®*.

The histopathological lesions in the renal biopsy were assessed by two independent pathologists who
were blinded to patients’ clinical data. Glomerular MN lesions were classified into four stages based on the
Ehrenreich and Churgs criteria?. Accordingly, the patients were stratified into three groups: MN-I (n=226),
MN-II (n=132), MN-III (n=91), while no patients belonged to the group of stage IV. TA/IF were graded semi-
quantitatively on a scale from 0 to 3: 0, normal; 1 (mild), <25% of interstitial tissue affected; 2 (moderate), 25%-
50% and 3 (severe), > 50%.

Outcomes
An ESRD event was defined as eGFR< 15 mL/min/1.73 m? or need for renal replacement therapy?>?°. The
composite disease progression event was defined as a permanent reduction in eGFR>40% from baseline or
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539 MN patients confirmed by kidney biopsy and with
additional serum specimen available for research

27 patients did not meet inclusion criteria

e age <18 years (n=3)

—» ¢ secondary MN (n=8)

¢ incomplete clinical data at baseline
(n=16)

A

512 patients with idiopathic MN met inclusion criteria

63 patients were excluded

e < 12 months of follow-up (n=19)

¢ no follow-up data (n=32)

e treatment regimensunavailable (n=12)

Yy

449 patients included in the final analysis

l

l

l

1sttertile of factor
Bb (10°ng/mL)
<1.21

(n=149)

2nd tertile of factor
Bb (10°ng/mL)
1.21-3.68

(n=150)

3rd tertile of factor
Bb (10°ng/mL)
>3.68

(n=150)

Fig. 5. Flow chart of inclusion and exclusion. MN, membranous nephropathy.

ESRD, whichever occurred first. Those two indicated renal outcomes were confirmed by a second evaluation at
least 4 weeks later.

Serum factor Bb

Serum factor Bb levels were measured by commercially available enzyme-linked immunosorbent assay kits
(Quidel, San Diego, CA, USA) according to the manufacturer’ procedure. Each sample was performed in 2-3
replicates with low intra-assay and inter-assay coefficient of variations (%CV < 10-15).

Statistical analysis

The quantitative data were presented as median with IQR and compared using the Kruskal-Wallis test.
Categorical data were presented as frequencies and percentages compared by chi-square test. The Kaplan-Meier
analysis was conducted to derive cumulative kidney survival curves, with differences between curves analyzed
with a log-rank test. Unadjusted and multivariable-adjusted Cox proportional hazards models were performed
to analyze the impact of serum factor Bb on risk for disease progression in IMN. In these models, serum factor
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Bb levels were treated as either 3-level categorical variables (lowest, middle, and highest tertiles), or a continuous
variable. Skewed distributed serum factor Bb and serum PLA2R Ab levels were log-transformed to approximate
normality. The results were presented as HR and 95% CI. P values for trends in the Cox proportional hazards
models were calculated by entering the median value of each tertile of serum factor Bb levels as a continuous
variable. Interaction terms were performed to test the interaction of serum factor Bb with serum albumin level
and with use of immunosuppression on IMN progression.

Furthermore, we developed a nomogram based on the independent prognostic factors identified from the
multivariate Cox regression analysis to predict the probability of kidney survival at 3-, and 5- year in individual
IMN patients. The model’s discriminative ability was assessed using the C-index with bootstrap resampling
for internal validation. A receiver operating characteristic (ROC) curve was plotted, and AUC was analyzed
to evaluate the model’s ability to predict IMN progression at 5 years. Calibration curve was constructed to
evaluate the calibration of this model. DCA was applied to assess the clinical utility of this prediction model at
different threshold probabilities by quantifying the net benefit. Moreover, NRI and IDI were calculated to assess
the incremental prognostic value of serum factor Bb for 5-year kidney survival outcome after biopsy beyond
traditional risk factors?”-28. All statistical analysis was performed with the SPSS software (version 19.0; IBM
Corp., Armonk, NY, USA) and R version 4.0.2 (http://www.Rproject.org/). A P-value <0.05 was considered
statistically significant.

Data availability

All data are available from the corresponding author upon reasonable request.
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