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Abstract

Background: Patients on maintenance hemodialysis (HD) exhibit a high risk of death, cardiovascular and cerebrovas-
cular diseases (CCDs). Previous studies indicated complement activation associated with the increased risk of cardio-
vascular diseases in HD patients. This study aimed to explore whether the critical complement factors were associated
with the adverse outcomes in HD patients.

Methods: A total of 108 HD patients were included and followed up for 52 months. The baseline clinical characteris-
tics and plasma C3c, C1q, CFH, CFB, C4, MAC, C5a, C3a and MBL were measured. The three endpoints were death, car-
diovascular and cerebrovascular events (CCEs) and the composition of them. Univariate and multivariate Cox regres-
sion identified factors associated with the three endpoints respectively. X-tile analyses determined the optimal cut-off
values for high risks. Restricted cubic spline plots illustrated the dose-response relationships. Correlations between
the complement factors and risk factors for CCDs were analyzed.

Results: Baseline plasma C4 was finally selected by univariate and multivariate Cox regression analyses for three
endpoints, including all-cause mortality, CCEs and the composition of them. When baseline plasma C4 exceeded
047 (P=0.001) or 0.44 (P=0.018) g/L respectively, the risks for death or achieving the composite endpoint enhanced
significantly. The relationships of C4 and HR for the three endpoints showed a positive linear trend. Plasma C4 had
prominent correlations with blood TG (r=0.62, P<0.001) and HDL (r=-0.38, P<0.001).

Conclusions: A higher baseline plasma C4 level was significantly associated with the future incidence of decease,
CCEs and either of them. Plasma C4 level correlated with blood TG and HDL.

Keywords: Hemodialysis, Complement factor 4, Complement activation, Cardiovascular and cerebrovascular
diseases, Prognosis, All-cause mortality

Introduction 2]. Despite tremendous progress in HD techniques, the

Hemodialysis (HD) has dominated the renal replace-
ment therapy for decades among more than 2,000,000
patients afflicted with end-stage renal disease (ESRD) [1,
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mortality and morbidity of complications (cardiovascular,
cerebrovascular and infection diseases especially) remain
extremely high [3]. Chronic kidney disease (CKD) is
proved as an independent risk factor for all-cause mortal-
ity as well as cardiovascular and cerebrovascular diseases
(CCDs) [4, 5]. Although maintenance HD contributes to
extending the patients’ life against kidney failure, it also
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poses vascular injury on the already compromised car-
dio-cerebrovascular system [6, 7].

Recent decades have witnessed a series of studies
about risk factors for mortality and complications in HD
patients [8]. Apart from traditional risk factors (such as
aging, comorbidities, obesity and dyslipidemia), more
emerging risk factors (such as oxidative stress, endothe-
lial dysfunction and chronic inflammation) [9] are identi-
fied to be substantially significant. Since the first report
about the influence of HD on complement system [10],
complement activation during HD has been thoroughly
investigated [11-14]. Previously, our cross-sectional
study also observed complement activation among 108
HD patients, representing a decreased level of plasma
C3c and complement factor B (CFB), and an elevated
level of plasma mannose-binding lectin (MBL), C3a
and C5a, compared with normal controls [15]. Further,
diverse complement proteins, including MBL [16-18],
C3 [19], Clg-adiponectin [2], membrane attack complex
(MAC) [19], complement factor H (CFH) [20] and com-
plement receptor 1 (CR1) [21] were confirmed as signifi-
cant predictors for the incidence of cardiovascular events
or death for HD patients. Besides, a body of large studies
targeting normal population also revealed plasma C3, C4
[22] and MBL [23, 24] level were risk factors for cardio-
vascular diseases.

In the present study, we took advantage of a prospec-
tive cohort to identify the pivotal components of com-
plement system associated with the outcomes of HD
patients. Other risk factors were also taken into consid-
eration to control confounding variables. Determination
of the optimal cut-off points for the identified factors is
of considerable reference value for the prediction of the
adverse events.

Materials and methods

Patients

A prospective study of 52 months (from October 2016 to
February 2021) was conducted in a cohort of 108 patients
on maintenance HD, recruited from a single center of
Peking University First Hospital. All experiments were
performed in accordance with relevant guidelines and
regulations. The protocol has been described previously
[15]. In brief, all patients were on a three times weekly
dialysis schedule and spKt/V > =1.2. Patients with a sig-
nificant inflammatory illness were excluded, defined as
hypersensitive C-reactive protein (hs-CRP) >50 mg/L.

Data collection and follow-up

The severity of baseline comorbidities was assessed
by the modified Charlson comorbidity index (mCCI),
which was reported as a strong predictor for mortality
in HD patients [25]. The mCCI is based on 19 certain
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comorbidities and excludes the subject’s age (Table S1)
and can serve as a prediction tool for 10-year survival
[25, 26].

During the study period, data on death and cardio-
vascular or cerebrovascular events (CCEs), considered
as two endpoints respectively, were collected prospec-
tively according to the medical records. Cardiovascular
events were defined as the occurrence of ischemic heart
disease [unstable angina pectoris, myocardial infarction,
coronary artery bypass grafting (CABG) and/ or percu-
taneous coronary intervention (PCI)], sudden cardiac
death and congestive heart failure (diagnosed according
to the Modified Framingham clinical criteria) [17, 27].
Cerebrovascular events were defined as stroke (con-
firmed by neuroimaging), transient ischemic attack (TIA)
(according to the AHA/ASA scientific statement of TIA
in 2009) [28], or newly diagnosed >70% stenosis of the
extracranial carotid artery [17]. The composite endpoint,
“decease or CCEs’, was also assessed. Besides, censoring
events were considered as renal transplantation, transfers
to other HD centers or achieving the end of the study,
and the date was recorded as the final follow-up date.

Clinical and laboratory measurements

Baseline clinical characteristics of the cohort have been
published previously, as well as other laboratory meas-
urements [15]. In summary, baseline demographic infor-
mation was acquired from medical records, and baseline
blood samples were obtained before the start of a regular
4-h HD session for regular laboratory tests and the quan-
tification of complement components. Plasma C3a, C5a,
MBL and MAC (sC5b-9) levels were detected by com-
mercial ELISA kits from Quidel Corporation (San Diego,
CA) [15]. We applied immunity transmission turbidity
kits (Shanghai Beijia Biochemistry Reagents Co., Ltd) to
quantify plasma C3c, CFB, CFH, Clq and C4 levels [15].
All the experiments were performed in accordance with
the manufacturer’s instructions.

Sample size

We calculated the sample size based on the previ-
ous reports stating the mortality rate of HD patients as
around 0.15 [16, 29]. PASS software 15 (NCSS LLC., Kay-
sville, U.T., USA) was used for sample size calculation.
Based on the statistical experience, a standard deviation
as 1.50 of the log hazard ratio on a covariate was deter-
mined in the Cox regression. To achieve 80% power at
a 0.05 significance level with two sides, a sample of 97
observations was recommended with a regression coef-
ficient equal to 0.55. The sample size was adjusted since a
multiple regression of the variable of interest on the other
covariates in the Cox regression was expected to have an
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R-Squared of 0.20. Considering a 10% loss of follow-up
rate, 108 observations were included in the study.

Statistical analyses

Statistical evaluation was conducted with SPSS 25.0
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism
v.8 (La Jolla, CA, USA). Continuous parameters were
presented as mean=standard deviation or median
(interquartile range), while categorical variables as pro-
portions. In between-group comparisons were done
using chi-square tests, t-test or Mann—Whitney U test.
Survival analyses were performed by using the uni-
variate and multivariate Cox regression for three end-
points respectively. Considering the event number [30],
two confounders (with the lowest p value and reported
important [31]) were applied to adjust in the multivari-
ate Cox regression. We calculated the variance inflation
factor (VIF) values and tolerance to evaluate collinear-
ity between variables, with VIF>10 and tolerance<0.1
considered indicative of collinearity. False discovery rate
(FDR) was applied to do multiple testing by using an FDR
calculator (at http://www.rowett.ac.uk/Bgwh/fdr.html4).
X-tile 3.6.1 software (Yale University, New Haven, CT,
USA) [32] was exploited to determine the optimal cut-off
value for plasma C4 level in our HD cohort. R 4.1.0 (The
R Foundation, Vienna, Austria) was applied to visualize
restricted cubic spline models (with 4 knots at 5th, 35th,
65th, 95th percentiles of C4 by RMS package) and cor-
relation map (with Spearman’s correlation coefficients
by corrplot package). P<0.05 and FDR<0.1 were consid-
ered statistically significant. All confidence intervals (CIs)
were stated at a 95% confidence level.

Results

Patient characteristics and outcomes

A total of 108 patients with maintenance HD were
enrolled according to the inclusion and exclusion criteria.
The characteristics of the patient population have been
reported previously [15]. In brief, there were 62 males
and 46 females aged 56+ 12, undergoing HD therapy for
60 (29,122) months at baseline. Other general charac-
teristics probably correlated with prognosis and plasma
complement factors (C3c, Clq, CFH, CFB, C4, MAC,
Cb5a, C3a and MBL) are shown in Table 1, stratified by
death or alive.

During 52 months follow-up period, 17 patients died.
Sixteen survived patients received renal transplanta-
tion or were transferred to other dialysis centers, and
the other 75 maintained HD in our center (Fig. 1). The
primary cause of death of the 17 patients was cardiovas-
cular (=7, 41.2%) and cerebrovascular (n=2, 11.8%)
events (CCEs). Infection (n=5, 29.4%) took up the sec-
ondary place. Moreover, other six cases attacked by
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cardiovascular (n=4) or cerebrovascular (n=2) events,
survived and maintained HD until the end of the study.
In total, 23 patients achieved the composite endpoint
(Fig. 2).

Clinical parameters and plasma complement factors
associated with the prognosis by univariate Cox regression
analysis

To identify the correlation between clinical parameters
and the prognosis of HD patients, we collected multi-
ple possible indexes reported previously [8] to conduct
univariate Cox regression for three endpoints, including
death, CCEs and the composite endpoint (Table 2). Seven
factors have been identified to be significantly associ-
ated with all-cause mortality, one with the incidence of
CCEs and four with the composite endpoint. Remark-
ably, a high level of plasma C4 was significantly associ-
ated with all of the three endpoints (HR, 5.039; 95%ClI,
1.337-18.998; P=0.017 for all-cause mortality, HR,
4.497; 95%CI, 1.117-18.104; P=0.034 for CCEs, HR,
3.927; 95%CI, 1.120-13.769; P=0.033 for the composite
endpoint). Besides, only the FDR of C4 for the all-cause
mortality was calculated<0.1 (equal to 0.051) among 9
complement factors. To further visualize the distribution
of plasma C4 levels, histograms were plotted (Figure S1).
Aging was associated both with an increased all-cause
mortality (HR, 1.059; 95%CI, 1.012-1.108; P=0.013)
and incidence of composite endpoint (HR, 1.054; 95%CI,
1.015-1.094; P=0.006), and mCCI score showed a simi-
lar trend (HR, 1.295; 95%CI, 1.034-1.622; P=0.024
for all-cause mortality, HR, 1.245; 95%CI, 1.025-1.512;
P=0.027 for the composite endpoint). An elevated blood
platelet count was associated both with reduced risk of
all-cause mortality (HR, 0.987; 95%CI, 0.978-0.997;
P=0.009) and incidence of the composite endpoint (HR,
0.991; 95%Cl, 0.983-0.999; P=0.032).

Clinical parameters and plasma complement factors
associated with the prognosis by multivariate Cox
regression analysis

For further exploration, we then performed multivariate
Cox regression analyses to control confounding variables
(Table 3). Model I was constructed to adjust for age and
PLT because of their low p values and clinical importance
reported before [31]. Furthermore, there was no collin-
earity among the independent variables as their VIF<10
and tolerance > 0.1 (Table S3).

According to the model above, increased plasma C4
showed a significant association with the incidence of
all three adverse endpoints, while blood platelet count
showed the opposite effect. Specifically, a higher base-
line plasma C4 was associated with a worse prognosis,
including an increased risk of death (HR, 46.70; 95%ClI,
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Table 1 Baseline characteristics of the HD cohort stratified by outcome
All patients (N=108) Died (N=17) Alive 3(N=91) P
Clinical characteristics
Age(years) 56(46,65) 64(52,77) 54(44,64) 0.010"
Gender(male/female) 62(57.4%) / 46(42.6%) 9(52.9%) / 8(47.1%) 53(58.2%) / 38(41.8%) 0.685
HD duration(months) 60(29,122) 74(34,155) 58(27,113) 0.299
Follow-up time(months) 52(39,52) 37(16,41) 52(52,52) <0.001"
mCCl 324) 5(2,5) 3(24) 0.060
SBP(mm Hg) 152+£22 142 £26 154420 0.037"
DBP(mm Hg) 7715 72+£18 79+ 14 0.080
MAP(mm Hg) 101+£18 95£19 104+13 0.097
PP(mm Hg) 74 +21 70£18 75£21 0.367
Hemoglobin(g/L) 112.80(105.35,118.00) 107.39(102.55,119.95) 113.00(106.67,117.6) 0.236
WBC(x 1079/L) 6.16(5.18,7.74) 6.87(4.33,8.18) 6.12(5.22,7.58) 0.565
PLT(x 10A9/L) 164.38+53.48 131.77 £50.35 169.62+52.36 0.013"
Glucose(mmol/L) 6.12(5.22,7.92) 6.87(4.33,8.18) 6.03(5.20,7.41) 0.176
Albumin(g/L) 40.75(38.35,42.45) 37.76£3.86 40.683.52 0.003"
Hs-CRP(mg/L) 1.89(0.57,4.82) 4.42(2.28,10.40) 1.72(0.47,4.38) 0.045"
SF(ug/L) 296.994165.25 299.37 £140.31 296.59 4+ 169.85 0.956
eGFR(ml/min-1.73m?) 15.26(12.61,1831) 15.78(14.03,20.50) 15.16(12.57,17.80) 0.788
SpKe/V 1.53£0.29 1434035 154+£0.28 0.168
Phosphate(mmol/L) 1.67(1.40,2.13) 1.71(1.55,2.01) 1.66(1.40,2.14) 0.745
Calcium(mmol/L) 233+0.28 226+0.23 2354+0.28 0.258
PTH(pg/ml) 328.89(169.80,487.40) 287.43(121.31,419.14) 348.46(172.24,525.92) 0.216
Complement factors
C3c(g/b) 0.92+£0.17 0.98+0.21 091+0.16 0.154
Clg(mg/L) 201.84+41.43 209.344+39.79 20044+£41.79 0419
CFH(ug/mL) 361.77+57.63 388.64+7532 361.21+57.06 0.169
CFB(mg/L) 346.15(299.93,388.20) 355.5(288.55,430.70) 346.10(302.40,387.20) 0.358
C4(g/L) 0.31(0.25,0.38) 0.33(0.28,0.49) 0.31(0.24,0.38) 0.205
MAC (ng/mL) 482.26(307.59,783.75) 401.80(325.65,981.94) 484.32(294.83,758.05) 0.440
C5a(ng/mL) 31.03£10.80 28.134£9.70 31.57+£1097 0.230
C3a(ng/mL) 238.72(190.12,318.95) 280.29(224.61,346.60) 229.03(182.10,294.49) 0339
MBL(ng/mL) 4346.38(1415.73,8979.95) 4096.73(923.94,8756.41) 4807.28(1466.52,9043.82) 0471
Primary cause of ESRD 0415
Primary glomerulopathy 37(34.3%) 5(29.4%) 32(35.2%)
Diabetes 14(13.0%) 2(11.8%) 12(13.2%)
Hypertension 14(13.0%) 4(23.5%) 10(11.0%)
ADTKD 10(9.3%) 0 10(11.0%)
Tubulointerstitial nephropathy  17(15.7%) 2(11.8%) 15(16.5%)
Other or unknown 16(14.8%) 4(23.5%) 12(13.2%)
Comorbidity
CCDs 39(36.1%) 9(52.9%) 30(33.0%) 0.116
Hypertension 77(71.3%) 8(47.1%) 69(75.8%) 0.034
Diabetes 12(11.1%) 2(11.8%) 10(11.0%) 1.000

Data are shown as mean = SD or median (interquartile range) for continuous variables and proportions for categorical variables. P < 0.05 are marked with "

2 The alive refers to patients who weren't dead until the end of their censoring time (N=91), including those undergoing maintenance hemodialysis (N=75) and
receiving renal transplantation or transferring to other hospitals (N = 16) during the follow-up

HD duration, hemodialysis duration; mCCl, modified Charlson comorbidity index, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial blood
pressure, PP pulse pressure, WBC white blood cell, PLT blood platelet, Hs-CRP high-sensitivity C-reactive protein, SF serum ferritin, eGFR estimated glomerular filtration
rate, PTH parathyroid hormone, CFH complement factor H, CFB complement factor B, MAC membrane attack complex, complement C5b-9; MBL mannose-binding

lectin
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University First Hospital

spKt/V >=1.2

Maintenance hemodialysis patients in Peking

on a three times weekly dialysis schedule

Exclusion critieria
had a significant inflammatory iliness
(hsCRP>50 mg/l)

Patients enrolled (N=108)
» acquired baseline blood samples and clinical characteristics
followed up from October 2016 to February 2021

Died Renal transplatation Alive and followed up
(N=17) or transferred to other hospitals until the end of study
(N=16) (N=75)

Fig. 1 Flow diagram of study design, patient recruitment and outcomes

Causes of death
N=17

Other Cardiovascular

3 events
17.6% Cardiovascular

events 4

7
41.2%

0
29.4% 2 Cerebrovascular

11.8% events
Cerebrovascular 2
events

Died Alive

N=15

CCEs
Fig. 2 Causes of death and cardiovascular and cerebrovascular
events (CCEs) in HD patients. Among the 108 HD patients, 17 deaths
and 15 CCEs were recorded during the follow-up time. Cardiovascular
and cerebrovascular events were the primary cause of death,
accounting for 41.2% as seven and 11.8% as two respectively. Five
patients died of infection, and three of the other causes including
cancer, gastrointestinal hemorrhage and acute pancreatitis. In those
15 cases attacked by CCEs, six survived and were alive until the end of
follow-up. In total, 23 patients achieved the composite endpoint

6.80-320.67; P<0.001 in model I), incidence of CCEs
(HR, 6.40; 95%CI, 1.49-27.44; P=0.013 in model I) or
achieving the composite endpoint (HR, 14.66; 95%CI,
3.00-71.69; P=0.001 in model I). The patients with
higher blood platelet count seemed to have reduced risk

of death (HR, 0.98; 95%CI, 0.97-0.99; P=0.002 in model
I) or achieving the composite endpoint (HR, 0.99; 95%CI,
0.98-0.99; P=0.015 in model I).

Outcome-based cut-point optimization of complement
factor 4 by X-tile analysis

Since the baseline plasma C4 level may predict the prog-
nosis of the cohort, X-tile analyses were performed
(Fig. 3). We tried to determine the optimal cut-off val-
ues for plasma C4 to identify patients with a high risk
for adverse outcomes. X-tile plots of the HD cohort dis-
played the optimal cut-off values. Histogram analyses of
plasma C4 level showed a continuous distribution and
were separated by the values in two colors. These divi-
sions were applied to chart Kaplan—Meier plots and
calculate the corresponding Log Rank (Mantel-Cox)
chi-square and P values. In total, X-tile analyses revealed
that once plasma C4 was higher than 0.47 (X*>=11.386,
P=0.001) or 0.44 (X*=5.616, P=0.018) g/L respectively,
the risk of death (Fig. 3a) or suffering either death or
being attacked by CCEs (Fig. 3c) increased significantly.
The optimal cut-off value for CCEs was 0.39 g/L (Fig. 3b),
but with no statistical significance (X*=3.615, P=0.057).

Dose-response analysis of plasma C4 level with prognosis
by restricted cubic spline model

A restricted cubic spline model with 4 knots at 5th, 35th,
65th, 95th percentiles of C4 (Fig. 4) was employed to
simulate the relationship between plasma C4 level and
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Table 2 Univariate Cox regression analyses for 3 endpoints
All-cause mortality CCEs Composite endpoint HR(95%CI)
HR(95%CI) P HR(95%CI) P HR(95%CI) P ? T 27—
Clinical characteristics
Age(years) 1.059(1.012-1.108)  0.013* 1.033(0.991-1.078)  0.129  1.054(1.015-1.094)  0.006* =
Gender(male/female) ~ 0.919(0.354-2.381)  0.861  1.255(0.447-3.527)  0.667  0.908(0.400-2.058)  0.816
HD duration(months)  1.004(0.995-1.012)  0.388  1.004(0.995-1.012)  0.391  1.004(0.997-1.011)  0.257
mCCl 1.295(1.034-1.622)  0.024* 1213(0.956-1.540) 0.112  1.245(1.025-1.512)  0.027*
SBP(mm Hg) 0.976(0.953-0.999)  0.042* 1.003(0.978-1.028)  0.877  0.990(0.970-1.010)  0.328 3
DBP(mm Hg) 0.969(0.935-1.005)  0.090  0.987(0.952-1.024)  0.479  0.973(0.943-1.003)  0.074 3
MAP(mm Hg) 0.954(0.916-0.994)  0.025*  0.992(0.955-1.031)  0.687  0.970(0.938-1.004)  0.079 =
PP(mm Hg) 0.990(0.967-1.013)  0.381  1.009(0.987-1.034)  0.485  1.003(0.983-1.023)  0.771 ’:
Hemoglobin(g/L) 0.975(0.923-1.030)  0.361  0.983(0.931-1.037)  0.526  0.974(0.929-1.021) ~ 0.278 =
WBC(x10"9/L) 0.925(0.733-1.165)  0.507  0.960(0.793-1.162)  0.672  0.908(0.738-1.117)  0.360 —
PLT(x10"9/L) 0.987(0.978-0.997)  0.009* 0.995(0.985-1.004)  0.282  0.991(0.983-0.999)  0.032* H
Glucose(mmol/L) 1.059(0.958-1.170)  0.260  1.049(0.943-1.167)  0.377  1.031(0.932-1.141)  0.551 ==
Albumin(g/L) 0.874(0.800-0.954)  0.003*  0.957(0.845-1.084)  0.490  0.918(0.839-1.004)  0.060 =
Hs-CRP(mg/L) 1.049(0.994-1.107)  0.083  0.987(0.893-1.090)  0.792  1.039(0.988-1.092)  0.138 =
SF(ug/L) 1.000(0.997-1.003)  0.935  1.000(0.996-1.003)  0.794  1.000(0.998-1.003)  0.880
spKt/V 0.159(0.025-0.997)  0.050  0.272(0.041-1.797)  0.177  0.394(0.082-1.891)  0.245
Phosphate(mmol/L) ~ 0.992(0.372-2.641)  0.987  1.223(0.457-3.277)  0.689  0.819(0.363-1.847)  0.630
Calcium(mmol/L) 0.385(0.077-1.930)  0.246  2.032(0.350-11.808) 0.430  1.278(0.295-5.531)  0.743
PTH(pg/ml) 0.999(0.997-1.001)  0.269  0.999(0.998-1.001) ~ 0.512  0.999(0.997-1.001)  0.224
Complement factors

C3c(g/L) 6.101(0.375-99.144)  0.204  1.188(0.058-24.483) 0.911  5.153(0.486-54.657) 0.174 -—
Clg(mg/L) 1.003(0.992-1.015)  0.573  1.004(0.993-1.016)  0.479  1.004(0.994-1.013)  0.450 :
CFH(ug/mL) 1.007(0.999-1.015)  0.081  1.002(0.994-1.011)  0.583  1.005(0.999-1.012)  0.114
CFB(mg/L) 1.002(0.999-1.005)  0.112  1.002(1.000-1.005) ~ 0.103  1.002(0.999-1.005)  0.133
C4(g/L) 5.039(1.337-18.998)  0.017* 4.497(1.117-18.104) 0.034* 3.927(1.120-13.769)  0.033* —
MAC (ng/mL) 1.000(1.000-1.001) ~ 0.585  1.000(1.000-1.001) ~ 0.681  1.000(1.000-1.001)  0.161 :
C5a(ng/mL) 0.971(0.928-1.016)  0.199  0.986(0.942-1.034)  0.567  0.977(0.941-1.015)  0.237 -
C3a(ng/mL) 1.001(0.999-1.003)  0.430  1.001(0.998-1.004)  0.624  1.001(0.999-1.003)  0.414
MBL(ng/mL) 1.000(1.000-1.000) ~ 0.442  1.000(1.000-1.000)  0.833  1.000(1.000-1.000)  0.941

P <0.05 are marked with *. Forest plot of hazard ratios and 95% confidence interval are shown in the right panels, colored black for all-cause mortality, red for CCEs and grey for the

composite endpoint.

HR, hazard ratio; CL, confidence interval; CCEs, cardiovascular and cerebrovascular events; HD duration, hemodialysis duration; mCCI, modified Charlson comorbidity index; SBP,
systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure; PP, pulse pressure; WBC, white blood cell; PLT, blood platelet; HsCRP, high-sensitivity
C-reactive protein; SF, serum ferritin; PTH, parathyroid hormone; CFH, complement factor H; CFB, complement factor B; MAC, membrane attack complex, complement C5b-9;

MBL, mannose-binding lectin.

P<0.05 are marked with ", Forest plot of hazard ratios and 95% confidence interval are shown in the right panels, colored black for all-cause mortality, red for CCEs and
grey for the composite endpoint. Only the FDR of C4 for the all-cause mortality was calculated <0.1 (equal to 0.051) among 9 complement factors

HR hazard ratio, C/ confidence interval, CCEs cardiovascular and cerebrovascular events, HD duration hemodialysis duration, mCCl modified Charlson comorbidity
index, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial blood pressure, PP pulse pressure, WBC white blood cell, PLT blood platelet, HsCRP
high-sensitivity C-reactive protein, SF serum ferritin, PTH parathyroid hormone, CFH complement factor H, CFB complement factor B, MAC membrane attack complex,

complement C5b-9, MBL mannose-binding lectin, FDR false discovery rate

the risk for three endpoints. The model was adjusted
with age and PLT. The relationships between plasma C4
level and HR for death (P for nonlinear trend =0.9098,
for linear trend =0.0017, Fig. 4a), the incidence of CCEs
(P for nonlinear trend =0.5913, for linear trend = 0.0465,
Fig. 4b) and the composite endpoint (P for nonlinear
trend =0.7162, for linear trend =0.0131, Fig. 4c) were all
observed as a linear tendency.

Correlations between complement factors

and the traditional risk factors for CCDs at baseline

To further investigate possible mechanisms for the rela-
tionship between complement C4 and the prognosis,
we assessed the correlations between complement fac-
tors and the traditional risk factors for CCDs at baseline.

Apart from age, gender, blood pressure and diabetes
mellitus or not, we detected the baseline blood lipids,
containing triglyceride (TG), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL) and high-density
lipoprotein cholesterol (HDL) among 78 of the 108 HD
patients. No significant difference in baseline character-
istics between the 78 patients and the whole (Table S2).
Spearman’s correlation analyses (Fig. 5) indicated the
strong positive correlations between C4, CFB, CFH and
C3c, especially between CFB and C4 (r=0.82, P<0.001),
CFH (r=0.86, P<0.001) and C3c (r=0.82, P<0.001).
Moreover, C4 exhibited a prominent correlation with
blood lipids, primarily with TG (r=0.62, P<0.001) and
HDL (r=-0.38, P<0.001) (Figure S2). Conversely, in our
HD cohort, no significant correlations were revealed
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Table 3 Multivariate Cox regression analyses for 3 endpoints
All-cause mortality CCEs Composite endpoint
Non-adjusted Model | Non-adjusted Model | Non-adjusted Model |
P<0.001 P=0.008 P<0.001
C4(g/L) 5.04 (1.34-19.00) 46.70 (6.80-320.67)  4.50(1.12-18.10) 6.40 (1.49-27.44) 3.93(1.12-13.77) 14.66 (3.00-71.69)
P=0.017 P<0.001 P=0.034 P=0.013 P=0.033 P=0.001
Age(years) 1.06 (1.01-1.11) 1.09 (1.03-1.15) 1.03 (0.99-1.08) 1.05 (1.00-1.10) 1.05 (1.02-1.09) 1.07 (1.02-1.11)
P=0.013 P=0.003 P=0.129 P=0.048 P=0.006 P=0.003
PLT(x 10A9/L)  0.99 (0.98-0.99) 0.98 (0.97-0.99) 1.00 (0.99-1.00) 0.99 (0.98-0.99) 0.99 (0.98-0.99)
P=0.009 P=0.002 P=0.282 P=0.167 P=0.032 P=0.015

between C4 and age (r=-0.05, P=0.941), SBP (r=-0.08,
P=0.069), DBP (r=-0.01, P=0.956) and diabetes melli-
tus (r=0.11, P=0.668).

Discussion
The present study showed an association between the
baseline plasma C4 level and the adverse outcomes,
including all-cause mortality and CCEs, among patients
receiving maintenance HD. Both in the unadjusted and
adjusted models, plasma C4 level substantially showed
a predictive value. Patients whose baseline plasma
C4>0.47 g/L or 0.44 g/L in our cohort exhibited higher
all-cause mortality or incidence of CCEs. Meanwhile, the
level of plasma C4 manifested a positive linear trend with
HR for death, CCEs and either of them. In our cohort,
baseline plasma C4 levels had correlations with blood
lipids, which were widely acknowledged as risk factors for
the development of cardiovascular diseases. These find-
ings suggested that C4 may participate in the pathologi-
cal processes in patients with maintenance HD and excess
plasma C4 predicted a worse prognosis for HD patients.
A body of evidence indicated that multiple complement
components related to outcomes of HD patients, cover-
ing MBL [16-18], C3 [19], Clqg-adiponectin [2], MAC
[19], CFH [20] and CR1 [21]. A higher level of plasma
C3 before an HD session, was reported to be associated
with a higher probability of cardiovascular events [19].
Baseline sC5b-9 levels was predicted to be correlated
with cardiovascular events and mortality. A lower level
of serum Clg-adiponectin/Clq ratios were also identi-
fied as a prognostic marker of cardiovascular diseases
[2]. Thus, a possible explanation would be that both an
elevated complement activation and an intensified com-
plement activity have been the risk factors for cardiovas-
cular diseases. Additionally, Satomura et al. revealed that
a lower MBL level could independently predict all-cause
mortality in HD patients [16], which was also proposed

to be linked with the morbidity of cardiovascular diseases
in HD patients [17] and linked to accelerating arterial
stiffness in HD patients [33].

Significantly, the diversity of the above conclusions
mainly resulted from the heterogeneity of the patients.
The patients’ characteristics varied among different HD
centers, particularly such as, age, ethnicity, HD duration,
the primary cause of ESRD and comorbidities. These dif-
ferences profoundly influenced the distribution of the
plasma complement levels among patients. Specifically,
patients in Satomura’s study (9.054+5.115 pg/ml) had
a higher level of MBL than ours [4.346(1.415, 8.979)ug/
ml] likely because of heterogeneity. Although a lower
level of MBL wasn’t regarded as a significant risk factor
in the current study, we indeed found a slight tendency
likewise in our cohort. There was a considerable amount
of the death whose MBL level was lower than 2.5 pg/ml
[as 7 of 17 patients (41.2%)] (Figure S3). According to the
above, conclusions in this field should be restricted to the
certain population for higher accuracy. Furthermore, HD
patients with any suspicious risk values should be care-
fully monitored and cared to decrease mortality and the
incidence of CCEs.

Our previous cross-sectional study in the same cohort,
found that the complement system was activated in
patients on hemodialysis and a higher plasma C3a
level prior a dialysis session was associated with severe
abdominal aortic calcification [15]. Thus, we included
all measured plasma complement factors to identify the
critical components associated with the outcomes. As
a consequence, an elevated level of plasma C4 was pro-
posed to be the risk factor that significantly increased
all-cause mortality and incidence of CCEs, independent
of other risk factors reported previously [8]. Although
plasma C4 level among hemodialysis patients (0.312 g/L
(0.25 g/L,0.38 g/L)) wasn’t prominently higher (P=0.10)
than the normal (0.285 g/L (0.22 g/L,0.39 g/L)) [15], an
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cut-off value for the composite endpoint was 0.44 (X>=5.616, P=0.018)
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Fig. 3 X-tile analyses: determination of optimal cut-off values of plasma C4 for 3 endpoints. X-tile plots of 108 HD patients are shown in the first
panels. The optimal cut-off values highlighted by the black circles in the first panels are detailed in the second panels, which are histograms
revealing a continuous distribution based on plasma C4. Kaplan-Meier plots are displayed in third panels, with P values of the corresponding
optimal cut-off value. The fourth panels demonstrate relative risk plots and the cut-off points are marked by yellow vertical bars. a The optimal
cut-off value for all-cause death was 0.47 (X*=11.386, P=0.001). b The optimal cut-off value for CCEs was 0.39 (X*=3.615, P=0.057). ¢ The optimal

increased level of plasma C4 could discriminate patients
with adverse outcomes.

In the complement cascades, C4 contributes to the
formation of C3 convertase in the classical and lec-
tin pathway. Circulating C4 and C3 mainly derive from
hepatocytes [34] and are also related to adipose tissue
variables [35] and involved in the development of vis-
ceral adiposity [36]. In healthy individuals, the polymor-
phism of C4 genes, including the variation of the gene
copy number, the gene size and the C4 isotypes (C4A and
C4B), largely determines the plasma levels and functions
of C4 [37]. An elevated level of plasma C4, as well as C3,
are reported as strong inflammatory indicators of meta-
bolic syndrome [38, 39], cardiovascular diseases [22],
thrombotic diseases [40] and allergic diseases [41]. Dur-
ing the pathological process, C4 and C4a may play pivotal
roles in chronic inflammation and tissue injury, rather
than defending against pathogens and cleaning immune
complex and cells [42]. The elevated systemic C4 and C3

levels were probably correlated with metabolic syndrome
[38, 39, 42], which is proved to raise the risk of cardio-
vascular disease, diabetes and all-cause mortality among
general population [43]. Although our study confirmed
the critical impact of plasma C4, plasma C3 level wasn't
measured in the analyses. As we mentioned above, in
those studies reported the correlation between C3 and
prognosis, the plasma C4 levels were not measured. Fur-
ther investigations are also needed to answer the rela-
tionship between C3 and C4, and their predictive value
for prognosis in patients with maintenance HD.

Apart from the well-known conjunction in comple-
ment pathways, C4 may have distinct effects on metab-
olism and chronic inflammation [38]. Studies of human
populations have shown that C3 and C4 are associated
with the incidence of myocardial infarction and stroke
[22], as well as with their risk factors, such as obesity,
hypertension, hyperlipemia and diabetes [28—31]. Analo-
gous associations were sighted in our HD cohort between
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Fig. 4 Association of plasma C4 level with the 3 endpointsin a
restricted cubic spline model. Analyses were adjusted for age and PLT
with 4 knots at 5th, 35th, 65th, 95th percentiles of C4. Multivariable
adjusted hazard ratios (HRs; red line) with 95% Cl (pink area)
demonstrated the linear association of plasma C4 level with all-cause
mortality a, CCEs b and the composite endpoint ¢

plasma C4 and the incidence of CCEs and hyperlipemia.
Cytokines stimulating the hepatic production of C4 may
also induce hyperlipemia and undermine insulin sen-
sitivity. C4 binding protein (C4BP) inhibits the classical
and lectin pathway by binding to C4b and is reported
as a protective factor for desired blood pressure, fasting
blood glucose and cell function [44, 45]. Furthermore,
C4a, the product of C4 activation, may participate in
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cardiac remodeling and inflammation [46] by binding to
protease-activated receptor I (PAR1) [47]. Other com-
ponents participating in the C4 activation, for example,
platelets and endothelial cells [38], are receiving increas-
ing attention due to their crosstalk in inflammation and
vascular injury [48, 49]. In our study, plasma C4 showed
strong correlations with CFH, CFB, Clq and C3c. Thus,
the impact of C4 on the prognosis in HD patients is likely
to exert through the classic and alternative pathways.

Other baseline variables in our study, including
demographic characteristics and laboratory measure-
ments, were also included in the analyses as confound-
ing factors. According to the univariate Cox regression,
age, albumin, blood pressure, mCCI and comorbidity
conditions were associated with prognosis, in consist-
ent with previous studies [8, 25, 50-55]. Besides, a low
level of blood platelet count was identified as a risk fac-
tor in our study. However, previous studies revealed
that those with a high platelet count (>300 x 1079/L)
exhibited higher cardiovascular mortality [56]. Given
the fact above, therapies targeting or affecting plate-
let need to be individualized and refined among HD
patients. The dialyzer is considered to exert remark-
able impacts on the count, morphology and function
of platelet [57, 58], worsening the already undesired
platelet dysfunction (thrombosis and bleeding diathe-
sis) in patients with ESRD [56]. Considerable activation
of platelet can occur during HD session, owing to the
exposure to dialysis membrane [57]. Whether the plate-
let activation by dialyzer contributes to the elevated all-
cause mortality and incidence of CCEs in HD patients
remains inconclusive.

Nevertheless, there are some limitations in our study.
The case volume of the prospective analyses was rela-
tively low, so limited endpoint events were observed.
These defects might weaken the power of tests, especially
the multivariate Cox regression. Owing to the potential
possibility of overfitting, the multivariate Cox regression
models could only reveal the significance of plasma C4
levels rather than be applied as the predict tools for HD
patients. Patients enrolled in our study were used as the
training population to determine the hazard thresholds
of plasma C4 level, thus a validation population is needed
to further confirm the optimal value. C4 is cleaved by Cls
[59] and mannan-binding lectin-associated serine pro-
tease 2(MASP2) [60] to release C4a and C4b to produce
C3 convertase subsequently. Thus, whether the down-
stream fragments of C4 activation, such as C4a and C4d,
have the correlations with the prognosis in HD patients is
further to be excavated.

In conclusion, a high level of baseline plasma C4 was
confirmed to be associated with all-cause mortality and
the incidence of CCEs. Consequently, plasma C4 level is
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recommended as an innovative clinical predictor for HD
patients, together with other risk-related variables, such
as age, blood pressure, albumin, blood platelet count,
etc. Further studies are required to thoroughly elucidate
the significance and mechanisms of plasma C4 in HD
patients.
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