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Abstract

Introduction
Peritoneal dialysis (PD) is an established form of renal replacement therapy. However, long-term use 
is limited due to inherent complications such as peritonitis or fibrosis leading to membrane failure. 
The complement system has been proposed to be a mediator of PD-induced inflammation and 
damage of the peritoneal membrane. The aim of the current study was to evaluate the complement 
system in adult stable PD patients. 

Methods
Systemic complement activation was evaluated by sC5b-9 plasma levels in PD patients (n=47) and 
compared to HD patients (n=32), non-dialysis CKD (ND-CKD) patients (n=13) and healthy controls 
(n=5). Next, in depth pathway analysis was performed in PD patients by measuring plasma levels of 
C1q, MBL, properdin and factor D. Local complement activation was assessed by measuring sC5b-9, 
C1q, MBL, properdin and factor D in peritoneal dialysis fluid (PDF) in PD patients. In addition, the role 
of CD59 in PD was determined by measuring soluble CD59 (sCD59) in plasma and PDF. 

Results
PD patients have systemic higher levels of sC5b-9 compared to healthy controls as well as ND-CKD 
and HD patients. Systemically, in multivariate analysis only C1q levels were significantly associated 
with sC5b-9. Locally, sC5b-9 was detected in the PDF of all PD patients and levels were approximately 
33% of those in matched plasma. In the PDF, multivariate analysis showed that properdin levels were 
significantly associated with sC5b-9, but protein loss was not. Levels of sCD59 were detected in the 
plasma and in the PDF of all PD patients. However, in the PDF sCD59 was not associated with sC5b-9. 

Conclusions
PD induced systemic and local complement activation. Considering the involvement of different 
pathways, the data suggests that systemic and local complement activation in PD represent 
independent processes. In addition, the shedding of CD59 does not seem to be the chief mechanism 
in PD-induced complement activation. 
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Introduction

Peritoneal dialysis (PD) is a home-based modality of renal replacement therapy associated with 
comparable outcomes as hemodialysis (HD).1 In PD, the peritoneum of the abdominal cavity acts 
as a semi-permeable membrane that in presence of an instilled peritoneal dialysis fluid (PDF), 
allows the removal of waste material and excess fluid from the blood.1 Advantages of PD above HD 
include patient independency and flexibility in life-style, costs, and better preservation of residual 
renal function.2 Nevertheless, high technique failure rates of PD limit its long-term use.3 Causes for 
PD discontinuation include peritonitis and membrane failure due to tissue fibrosis.3,4 The constant 
exposure of the peritoneum to the dialysis solution leads to direct mesothelial cell damage, whereas 
the bioincompatible nature of these PD solutions causes activation of the immune system.5

 The complement system has been proposed to be an important mediator of the peritoneal 
membrane damage and inflammation by PD.6 However, in the context of PD, a limited number of 
studies have investigated the role of the complement system. As a major part of the innate immune 
system, the complement system consists of a complex network of proteins that can be activated 
through three distinct pathways: classical pathway (CP), lectin pathway (LP) and alternative 
pathway (AP). Independently of the activation route, all pathways converge at the level of C3 and 
ultimately lead to the formation of C5b-9, also known as the membrane attack complex (MAC).7 
The complement system is essential in the defense against pathogens. In accordance, complement 
deficiencies are associated with an increased risk of infections, in special Gram-negative bacteria such 
as Neisseria species. However, the system has an important role in maintaining tissue homeostasis 
since deregulation can lead to uncontrolled activation of the system inducing tissue damage such 
as in hemolytic uremic syndrome. 7

 Both local and systemic complement activation have been demonstrated in PD patients. 
Pediatric patients on PD have enhanced systemic complement activation in comparison with 
healthy controls.8 Nevertheless, levels were not significantly higher compared to children with non-
dialysis chronic kidney disease (CKD).8 A follow-up study by the authors demonstrated an elevated 
dialysate/serum ratio for activation products of C3, providing evidence for complement activation 
in the peritoneal cavity in children on PD.9 
 One of the proposed mechanisms of local complement activation in PD is the loss of 
complement regulators on the peritoneum.6 Mesothelial cells express several complement 
regulators, including CD59. The terminal complex regulator CD59 inhibits the formation of MAC, 
by preventing polymerization of C9. Peritoneal mesothelial cells express CD59 and thereby prevent 
MAC-mediated cell lysis.10 In addition, animal models also suggested an important role for CD59 
in local inflammation due to PD.11 Under physiological conditions CD59 is a receptor expressed on 
cell surfaces whereas in adverse conditions such as cell damage and activation, CD59 can be shed.12 
Shedding of CD59 means that it can detach from the cell surface and therefore exist in the soluble 
form, namely soluble sCD59. Previously, sCD59 has been detected in different body fluids such as 
plasma and cerebrospinal fluid, however the clinical relevance is still a matter of research.13 Whether 
shedding of CD59 also occurs in the context of PD has so far not been investigated. 
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The aim of this study was to investigate whether PD induces systemic and local complement activation 
in stable PD patients without peritonitis. Furthermore, we wanted to dissect the pathway(s) involved 
in PD-induced complement activation and to determine the contribution of shedding of CD59 in 
local complement activation during PD.

Materials and methods

Study design and population
A group of 47 adult patients (>18 years) undergoing chronic PD treatment at the Peritoneal Dialysis 
unit of Hospital São Teotónio, Viseu (Viseu, Portugal) were recruited for this study. We included 
29 males and 18 females. The age average was 57 ± 14 years old. Sample collection was performed 
at the same visit for both plasma and PDF retrieved from the night dwell. Exclusion criteria included 
acute inflammatory processes, acute liver disease, viral hepatitis, and significant allergic reactions. 
Futhermore, 13 ND-CKD patients, 32 HD patients and 5 healthy controls were included as control 
groups. Plasma and PDF samples were centrifuged within 30 min of collection at 3500 rpm for 
15 min. Next, the supernatant was stored at -80°C until the measurement. Prior to the assay, samples 
were thawed and cleared by centrifugation

Laboratory procedures
The complement components C1q, MBL, factor D, properdin and sC5b-9 were quantified by in-house 
sandwich ELISA as previously described.14,15 Complement regulator sCD59 was assessed by an ELISA 
kit (Hycult, Uden, The Netherlands).16 Protein loss was estimated from the protein concentrations at 
the end of the 4h-dwell from the peritoneal equilibration test (PET).

Statistics
Statistical analysis was performed using IBM SPSS 22.0 (IBM Corporation, Chicago, IL, USA). 
Laboratory measurements are shown as median with interquartile range. Comparisons between 
PD, HD and ND-CKD patients with healthy controls were made by Kruskal-Wallis test followed by 
post hoc test. Correlations were assessed using Spearman’s correlation coefficient (r). Univariate 
and multivariate logistic regression analyses were performed to determine the association between 
complement components and sC5b-9. P-values<0.05 were considered to be statistically significant.

Ethics
The study was approved by the local ethical committee and performed according to the principles 
of the declaration of Helsinki. All participants gave informed consent. 
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Results

Systemic complement activation in peritoneal dialysis patients
Plasma levels of sC5b-9 were significantly higher in PD patients compared to healthy controls, ND-
CKD patients and HD patients (Figure 1, P<0.001). In PD patients, the median plasma levels of sC5b-9 
were 194 ng/mL (IQR: 131–301), whereas healthy controls, ND-CKD patients and HD patients had 
levels of 42 ng/mL (IQR: 27–96), 38 ng/mL (IQR: 30–55) and 61 ng/mL (IQR: 56–103), respectively. 
In order to determine the pathway responsible for complement activation in PD, plasma levels of 
C1q, MBL, properdin and factor D were quantified (Figure 2). In PD patients, C1q and properdin 
levels significantly correlated with the plasma levels of sC5b-9, with C1q showing the strongest 
correlation (R=0.47, P=0.001, Figure 3). In accordance, univariate linear regression analysis showed 
similar results (Table 1). However, multivariate regression analysis demonstrated C1q as the only 
independent determinant of plasma sC5b-9 levels in PD patients (Table 1). Thus, PD induces systemic 
complement activation, which seems to be mediated via the CP. 

Figure 1 | PD patients have higher systemic complement activation than healthy controls, CKD patients and 
HD patients. Plasma levels of sC5b-9 were assessed in PD patients (n=47), HD patients (n=32), CKD patients 
(n=13) and healthy controls (n=5). The solid lines indicate the median values. A Kruskall Wallis test was performed 
when assessing the differences in multiple groups (P<0.001), followed by a Bonferroni post-hoc comparison test. 
P-values<0.05 were considered to be statistically significant. (**P<0.001, ***P<0.001) There was no significant 
difference between healthy, CKD and HD patients. 
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Figure 2 | Plasma levels of complement components in PD patients. Plasma levels of C1q (A), MBL (B), Properdin 
(C) and factor D (D) were measured in 47 PD patients. The solid lines indicate the median values. 

Figure 3 | Correlation between C1q and sC5b-9 levels in plasma from PD patients. In 47 PD patients, plasma 
C1q levels were correlated with plasma sC5b-9 levels. Correlations were evaluated by Spearman Rank correlation 
coefficient (r). P-values<0.05 were considered to be statistically significant.
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Table 1 | Associations of complement components with sC5b-9 in plasma of PD patients

Correlation Univariate analysis Multivariate analysis

R P-value St. Beta P-value St. Beta P-value

C1q 0.47 0.001 0.40 0.006 0.37 0.02

MBL 0.02 0.86 0.28 0.06

Properdin 0.33 0.027 0.33 0.03 0.19 0.21

Factor D 0.28 0.12 0.13 0.48

Spearman Rank correlation (r) was determined and the according P-value was shown. Univariate linear regression was used to identify the 
determinants of sC5b-9 in plasma from PD patients. Multivariate analysis model using the significant complement components from the 
univariate analysis were created using backward selection. P-values<0.05 were considered to be statistically significant. Significant data 
is highlighted.

Local complement activation in peritoneal dialysis patients
The presence of sC5b-9 was detected in the PDF of all patients and levels were approximately 33% of 
those in matched plasma (Figure 4). Considering the high molecular weight of sC5b-9 (>1,000 kDa), 
the levels detected in the dialysate therefore indicate local generation. In conformity, plasma levels 
of sC5b-9 did not correlate with sC5b-9 levels in the PDF (r=-0.06, P=0.67, Table 2). Furthermore, 
C1q, MBL, properdin and factor D were also detected in PD-fluid, although in low levels (Figure 
5). The ratios between PDF/plasma levels were around 1% whereas factor D shows a ratio of 13% 
(Figure 5). All complement components correlated significantly with protein loss, but not with 
their respective plasma levels, with the exception of MBL (r=0.64, P<0.001, Table 2). Therefore, the 
presence of complement components in the PDF is most likely due to protein leakage and not by 
local production. Furthermore, all the complement components significantly correlated with sC5b-9 
levels in the PD fluid (Table 3), with properdin showing the strongest correlation (r=0.62, P<0.001, 
Figure 6). In univariate linear regression analysis, C1q, factor D, properdin and protein loss were 
shown to be significantly associated with sC5b-9 levels. However, in the multivariate regression 
analysis only properdin was an independent determinant of sC5b-9 levels in PD fluid (Table 3). In 
conclusion, PD results in the leakage of complement components to the PDF, which subsequently 
leads to local complement activation via the AP. 

Shedding of CD59 is not the primary cause of local complement activation in PD
Levels of sCD59 were detected in PDF and in plasma of all PD patients (Figure 7). In plasma, median 
levels were 225 ng/mL [IQR: 136–284], whereas in PDF median sCD59 levels were 37 ng/mL 
[IQR: 26–44]. Levels of sCD59 in the PDF corresponded to 17% of matched plasma levels (Figure 7). 
Protein loss was not correlated with sCD59 levels in PDF (P=0.06, Table 2), whereas levels of sCD59 in 
the plasma and the PDF were weakly correlated with each other (r=0.29, P=0.04, Table 2). In addition, 
in a univariate analysis plasma sCD59 levels and protein loss were not associated with sCD59 levels 
in the PDF (P=0.20 and P=0.92). Therefore, leakage of sCD59 from the circulation to the PDF is not 
the main determinant of sCD59 levels in PDF. Subsequently, we evaluated the role of sCD59 in local 
complement activation in the PDF. However, in the PDF sCD59 and sC5b-9 were not significantly 
correlation (r=0.24, P=0.10) and not significantly associated in univariate analysis (P=0.18). In 
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summary, the shedding of CD59 in the peritoneum does not seem to be the chief mechanism in 
PD-induced local complement activation.

Figure 4 | Local complement activation in PD patients. In 47 PD patients, local complement activation was 
assessed by sC5b-9 levels in the PDF (A) and PDF/plasma ratio’s of sC5b-9 (B). The solid lines indicate the median 
values.

Table 2 | Correlation between complement components from PDF with correspondent plasma levels and with 
protein loss

PD-fluid Correlation with plasma levels Correlation with protein loss

 r P-value r P-value

C1q  0.18 0.23 0.60 <0.001

MBL  0.64 <0.001 0.42 0.01

Properdin -0.03 0.85 0.56 <0.001

Factor D  0.10 0.58 0.69 <0.001

sC5b-9 -0.06 0.67 0.43 0.006

sCD59  0.29 0.04 0.30 0.06

Spearman Rank correlation (r) was determined and the according P-value was shown. P-values<0.05 were considered to be statistically 
significant. Significant data is highlighted. 
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Figure 5 | Complement components in PDF and PDF/plasma ratio of PD patients. In 47 PD patients, levels of C1q 
(A), MBL (C), Properdin (E) and factor D (G). In addition, the PDF/plasma ratio was calculated for C1q (B), MBL (D), 
properdin (F) and factor D (H). The solid lines indicate the median values.

Table 3 | Associations of complement components and protein loss with sC5b-9 in the PDF from PD patients

Correlation Univariate analysis Multivariate analysis

r P-value St. Beta P-value St. Beta P-value

C1q 0.47 0.001 0.50 0.001 0.09 0.58

MBL 0.52 0.001 0.15 0.37

Properdin 0.62 <0.001 0.58 <0.001 0.76 <0.001

Factor D 0.54 0.002 0.57 0.001 0.27 0.08

Protein Loss 0.44 0.006 0.48 0.002 0.24 0.16

Spearman Rank correlation (r) was determined and the according P-value was shown. Univariate linear regression was used to identify the 
determinants of sC5b-9 in PDF from PD patients. Multivariate analysis model using the significant components from the univariate analysis 
were created using backward selection. P-values<0.05 were considered to be statistically significant. Significant data is highlighted. 
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Figure 6 | Correlation between properdin and sC5b-9 levels in PDF from PD patients. In 47 PD patients, 
properdin levels in PDF were correlated with sC5b-9 levels in PDF. Correlations were evaluated by Spearman Rank 
correlation coefficient (r). P values<0.05 were considered to be statistically significant.

Figure 7 | Systemic and local levels of sCD59 in PD patients. In 47 PD patients, levels of sCD59 were assessed in 
plasma (A), PDF (B) and in addition the PDF/plasma ratio of sCD59 was determined (C). The solid lines indicate the 
median values.

Discussion

More than twenty years ago Young et al. already showed that PD patients had higher systemic 
levels of sC5b-9 compared to healthy controls.17 However, it was unknown whether the systemic 
complement activation in these PD patients was due to CKD or by the PD procedure itself. We 
therefore compared complement activation in PD patients to systemic levels in ND-CKD and HD 
patients as well as healthy controls. Since plasma sC5b-9 levels in PD patients were significantly 
higher than levels in ND-CKD patients and healthy controls, we believe that PD itself induces 
systemic complement activation. Moreover, the systemic levels of sC5b-9 in PD patients were even 
higher than those of HD patients. Previously, Reddingius et al. compared complement activation 
in a pediatric population by measuring systemic levels of C3d in PD patients, ND-CKD patients 
and healthy controls.8 While significant complement activation was seen in PD patients compared 
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to healthy controls, no significant differences were observed between PD and ND-CKD patients. 
However, the discrepancies between these results could be explained by the fact that Reddingus 
et al. studied pediatric patients whereas our study was performed in an adult population. In 
accordance, age was previously shown to influence the complement activity and levels.18 However, 
other patient characteristics besides age and differences in PD procedure could also be of vital 
importance. Secondly, Reddingus et al. measured C3d whereas we determined sC5b-9 levels. Most 
likely, these different complement activation products will have distinct kinetics. Lastly, CKD stage of 
the patients could influence the results, since Reddingus et al. only included pediatric patients with 
an advanced CKD stage whereas in our study a broader range of CKD patients were included. Thus, 
our CKD population might be less severely ill and therefore showed less systemic sC5b-9 levels. 
Nevertheless, we found higher levels when compared to HD patients, showing a possible PD specific 
technique contribution to complement activation besides advanced CKD .
 In the current study, PD-induced systemic complement activation seems to be mediated via 
the CP. Previously, systemic complement activation was assumed to occur via AP, since systemic Bb 
levels were higher.17 However, considering the role of AP as an amplification route in CP-induced 
complement activation, this conclusion seems preliminary.19 Later studies suggested a role of for the 
CP since PD patients had significantly higher levels of C1q, C4 and C3d compared to healthy controls.9 
Recently, Bartosova et al. showed C1q, C3d and C5b-9 deposition in the peritoneal arterioles of PD 
patients.20 Moreover, the deposition of C1q and C5b-9 correlated significantly, confirming a possible 
role for the CP. The involvement of CP in PD-induced complement activation could be due to the 
presence of immune complexes. However, previous studies demonstrated decreased levels of IgG in 
a pediatric PD population.21 A possible explanation could be the loss of IgG through the PDF or IgG 
consumption.
 Locally, we found that complement activation in the PDF is mediated via the AP. In conformity 
with our results, Young et al. also showed that complement activation in PDF corresponds to 
approximately 30% of systemic levels. Furthermore, AP activation was also suggested by the 
authors. One could argue that complement components found in the PDF are the result of vascular 
leakage through the peritoneal membrane. Indeed, levels of complement components correlated 
with protein loss and generally, corresponded to 1% of plasma levels, which is compatible with 
vascular leakage.17 However, considering the high molecular weight of sC5b-9, it is unlikely that 
the sC5b-9 in the PDF originates from the circulation and thus must result from local activation. 
We also found high PDF/plasma ratio of Factor D. Similarly, Reddingus et al., also encountered high 
levels of factor D in the PDF, suggesting intraperitoneal production of factor D.9 Furthermore, high 
levels of factor D in the PDF were also reported in a proteomic analysis of PDF.22 Since factor D is 
considered the rate-limiting step in AP activation, intraperitoneal abundance of factor D might lead 
to a favorable environment for complement activation. In addition, complement activation was 
previously suggested to further enhance protein loss.23 Taken together, complement activation in 
stable PD patients could be the trigger of a vicious cycle of peritoneal damage. 
 Altered complement regulation on mesothelial cells was hypothesized to be involved in PD-
induced complement activation.24 Based on the role of sCD59 as biomarker in other disease models, 
we speculated that shedding of CD59 from mesothelial cells could contribute in local complement 
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activation.25 However, this seems unlikely since sCD59 and sC5b-9 levels in the PDF were not 
associated or correlated with each other. Previously, it has been shown that inactivation of CD59 
can also occur due to glycation of CD59.26 Considering that the composition of PDF is based on high 
sugar levels, it is likely that exposition of mesothelial cells to PDF could lead to glycation and loss of 
function of CD59, which could then result in local complement activation. Yet, this theory has not 
been investigated. Mesothelial cells also express CD55 and CD46. Reduced expression of CD55 has 
earlier been associated with higher levels of sC5b-9 in the PDF. In addition, Kitterer et al. showed that 
expression of CD55 is reduced in PD patients considered fast transporters.27 Assessing soluble CD55 
in PDF would therefore be interesting for future studies. Furthermore, it is possible that complement 
regulators do not have an independent effect on complement activation but do have an effect in 
combination with other complement regulators. In conformity, in a rat model of PD it was shown 
that complement regulators CD59 and Crry in combination could prevent complement activation in 
PD, but not separately.11 
 The clinical implications of complement activation in stable PD patients are not yet 
established. Previously, inflammation induced by PD has been linked to mortality rates. Lambie et 
al. demonstrated that systemic and local inflammation are independent processes and results in 
different clinical effects.28 Systemically, inflammation is associated with patient survival while locally; 
inflammation predicts the peritoneal solute transport rate but not survival. Taking into account the 
differences between systemic and local complement activation found in this study, we speculate 
that likewise inflammation, systemic complement activation could result in systemic effects, such as 
cardiovascular disease whereas local complement activation could result in peritoneal membrane 
failure due to fibrosis. Recently, Bartosova et al. showed that PD-induced complement activation 
correlated with the severity of vascular damage.20 Furthermore, complement activation in the vessels 
was associated with the degree of vasculopathy in these PD patients.20 Locally, the continuous 
complement activation in PDF could contribute to an impaired host defense and to tissue damage. 
In conformity, sC5b-9 could be detected in PDF of patients with peritonitis and high levels were 
associated with poorer outcome.29 In encapsulating peritoneal sclerosis, a severe PD complication, 
complement factors of the AP were identified as early biomarkers of the disease.30 Furthermore, 
proteomics analysis showed enhanced expression of C3 in the PDF of fast transporters. Interestingly, 
fast transporters status in PD patients is associated with a higher mortality and membrane failure 
risk.31 
 We acknowledge that the current study has limitations. There was no clinical follow-up of the PD 
patients and there was a lack of detailed patient characteristics. In addition, the control groups had 
a small number of patients and age and sex were not matched. All the results are based on a single 
measurement of each patient and protein loss was not assessed by the amount of proteins in the 
PDF sample but by its quantification from the effluent retrieved in the PET. Our strengths include the 
number of complement components measured, the measures in systemic and local levels and the 
size of our cohort. 
 In conclusion, despite significant improvements in biocompatibility of the PDF during recent years, 
the current study demonstrates that PD induces both systemic and local complement activation. 
However, distinct pathways mediate complement activation in the plasma and peritoneum of PD 
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patients, suggesting that these processes are independent from each other. Systemic complement 
activation is mediated via CP whereas local complement activation is mediated via the AP. In 
addition, we detected sCD59 locally in the PDF. However, shedding of CD59 does not seem to be the 
primary cause of local PD-induced complement activation. 
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