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Abstract

Significant advances have led to a greater understanding of the role of the complement system
within nephrology. The success of the first clinically approved complement inhibitor has created
renewed appreciation of complement-targeting therapeutics. Several clinical trials are currently
underway to evaluate the therapeutic potential of complement inhibition in renal diseases and
kidney transplantation. Although, complement has been known to be activated during dialysis
for over four decades, this area of research has been neglected in recent years. Despite significant
progress in biocompatibility of hemodialysis membranes and peritoneal dialysis fluids, complement
activation remains an undesired effect and relevant issue. Short-term effects of complement
activation include promoting inflammation and coagulation. In addition, long-term complications
of dialysis such as infection, fibrosis and cardiovascular events are linked to the complement system.
These results suggest that interventions targeting the complement system in dialysis could improve
biocompatibility, dialysis efficacy and long-term outcome. Combined with the clinical availability to
safely target complement in patients, the question is not if we should inhibit complement in dialysis,
but when and how. The purpose of this review is to summarize previous findings and provide a
comprehensive overview of the role of the complement system in both hemodialysis and peritoneal
dialysis.
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Introduction

An estimated 2.6 million people are treated for end-stage kidney disease (ESKD) worldwide." The
majority of ESKD patients are dialysis-dependent. The choice between peritoneal dialysis (PD)
and hemodialysis (HD) involves various determinants. Nonetheless, there is no major difference
in mortality between HD and PD patients.? Although considerable progress has been made in
survival rates of dialysis patients, cardiovascular morbidity and mortality remains extremely high.?
Both traditional risk factors (such as hypertension, dyslipidemia, and diabetes), as well as non-
traditional risk factors (such as oxidative stress, endothelial dysfunction and chronic inflammation)
contribute to the high cardiovascular risk.* In order to lower the high morbidity and mortality rates
in dialysis patients, the chronic inflammation seen in these patients must be tackled. The systemic
inflammation in dialysis patients can be attributed to the (remaining) uremia, the underlying renal
disease, comorbidities and dialysis-related factors.> The latter represents an issue that has been
present in dialysis throughout history, and still remains unresolved, namely bioincompatibility.

Biocompatibility

The term ‘biocompatible’ refers to the “capacity of a material/solutions to exist in contact with
the human body without causing a (inappropriate) host response”® The biocompatibility of the
materials used in dialysis remains an important clinical challenge. In HD, the membrane provokes
an inflammatory response, as it is the site where blood has direct contact with a foreign surface.”
Additionally, PD fluids containing high glucose levels, hyperosmolarity and acidic pH are considered
biologically ‘unfriendly’ and this lack of compatibility causes peritoneal membrane damage.?®
Improving biocompatibility in HD and PD is a critical factor to ensure dialysis adequacy and enable
long-term treatment.”? The challenge of biocompatibility is not confined to dialysis but equally
important for other medical devices in contact with either tissue or blood. The incompatibility
reaction is complex and poorly understood, however platelets, leukocytes, the complement and
the coagulation system have been shown to be involved.'? In general, incompatibility will lead
to inflammation, thrombosis and fibrosis.'""* These events will negatively impact the clinical
performance and lead to adverse events. The complement system is an important mediator of
incompatibility because it can discriminate between self and non-self." In accordance, complement
has been shown to be activated during cardiopulmonary bypass,'> LDL apheresis,'® plasmapheresis'
and immunoadsorption.” Additionally, the complement system is also involved in biomaterial-
induced complications of medical devices that are not in direct contact with the circulation, such
as surgical meshes and prostheses.’? Yet, it should be emphasized that the trigger by which
complement is activated is different and depends on the properties of the biomaterial used.?’
Proposed mechanisms of indirect complement activation include: (1) IgG binding to the biomaterial
initiating the classical pathway (CP); (2) lectin pathway (LP) activation by carbohydrate structures
or acetylated compounds; or (3) activation of the alternative pathway (AP) by altered surfaces
e.g. plasma protein-coated biomaterials. In addition, complement initiators can also directly bind
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to the biomaterial, leading to complement activation.? Irrespective of the pathway, complement
activation always leads to the cleavage of C3, forming C3a and C3b (Figure 1). Increased levels of
C3b result in the generation of the C5-convertase, cleaving C5 in C5a, a powerful anaphylatoxin and
chemoattractant, and C5b. Next, C5b binds to the surface and interacts with C6-C9, forming the
membrane attack complex (MAC/C5b-9).'

Hemodialysis

HDisageneraltermincluding several techniques such aslow or high-flux HD (diffusion-based dialysis)
and online haemodiafiltration (combined convective and diffusive therapy). Overall, HD remains the
most-used form of renal replacement in adult ESKD patients.! The dialysis membrane can be divided
into two main groups, cellulose-based and synthetic membranes.”?' In the past, HD membranes
were based on cuprophane (a copper-substituted cellulose) because these were inexpensive and
thin-walled. The disadvantage of cellulose-based membranes was the immunoreactivity due to
the many free hydroxyl-groups. Subsequently, modified cellulosic membranes were developed
to improve biocompatibility by replacing the free hydroxyl-groups with different substitutions
(especially acetate). The following step was the development of ‘synthetic’ membranes, such as
polyacrylonitrile, acrylonitrile-sodium methallyl sulfonate, polysulfone, polycarbonate, polyamide,
and polymethylmethacrylate membranes. Nowadays, synthetic membranes are the most commonly
used in clinical practice.?’ The benefits of these membranes are the varying pore size and reduced
immunoreactivity. The complement system is critical in the bioincompatibility of extracorporeal
circulation procedures, because complement is abundantly present in blood. Moreover, innate
immune activation during HD is a neglected but potentially vital mechanism that contributes to the
high morbidity and mortality in these patients.*

Complement activation in hemodialysis

In the 1970s, HD was already known to affect the complement system.?? Several studies have since
then looked at complement activation during HD, the complement pathway responsible and
additional mechanisms contributing to complement activation. In the past an important adverse
event in dialysis was the “first-use syndrome”, named after the fact that these reactions were most
severe with new dialyzers. This incompatibility reaction was the result of complement activation
by the membrane and closely resembles the pseudo-anaphylactic clinical picture that is nowadays
known as complement activation-related pseudoallergy (CARPA).2? Furthermore, these early studies
provided important information on the kinetics of complement activation. During HD, C3 activation,
resulting in the generation of C3a, peaks during the first 10 to 15 minutes, whereas terminal pathway
activation, resulting in C5a and C5b-9 formation occurs at a later stage of dialysis.*® Over the past
decades membranes have been developed with improved biocompatibility. Nonetheless, even
with modern ‘bio-compatible’ HD membranes significant complement activation still occurs.3%627
During a single HD session sC5b-9 levels and C3d/C3-ratios in the plasma increase up to 70%.%3% Yet,
this is most likely an underestimation of the amount of complement activation, since these values
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Figure 1 | The complement system. A schematic view of activation of the complement system and its

regulation. The classical pathway (CP) is initiated by C1q binding to immune complexes or other
molecules (e.g. CRP), thereby activating C1r and Cls resulting in the cleavage of C2 and C4 thereby
forming the C3-convertase (C4b2b). The lectin pathway (LP) is initiated by MBL, ficolins or collectin-11
binding to carbohydrates or other molecules (e.g. IgA), thereby activating MASP-1 and MASP-2, forming
the same C3-convertase as the CP. Subsequently, the C3-convertase cleavages C3 into C3a and C3b.
Activation of the alternative pathway (AP) occurs via properdin binding to certain cell surfaces (e.g. LPS)
or by spontaneous hydrolysis of C3 into C3(H,0). Next, binding of factor B creates the AP C3-convertase
(C3bBb). Increased levels of C3b results in the formation of the C5-convertases, which cleaves C5 in
C5a, a powerful anaphylatoxin, and C5b. Next, C5b binds to the surface and interactions with C6-C9,
generating the membrane attack complexes (MAC/C5b-9). Several complement regulators (either soluble
and membrane-bound) prevent or restrain complement activation. C1-Inhibitor (C1-INH) inhibits the
activation of early pathway activation of all three pathways, while C4b-binding protein (C4BP) control
activation at the C4 level of the CP and LP. Factor | and factor H regulate the C3 and C5-convertase.
Furthermore, the membrane-bound inhibitors include complement receptor 1 (CR1), membrane
cofactor protein (MCP) that acts as a co-factors for factor | and decay accelerating factor (DAF) which
accelerates the decay of C3-convertases. The membrane-bound regulator Clusterin and CD59 prevents
the generation of the C5b-9.



32 Chapter 3

represent fluid phase activation. Complement activation takes place in the plasma (the fluid phase),
but also on surfaces (the solid phase).™ Fittingly, in addition to fluid phase activation, complement
depositions have also been shown on the surface of the HD membranes.?®

Different studies have tried to dissect the pathway responsible for complement activation in HD.
Early evidence emerged from a study by Cheung et al., demonstrating AP activation by cellulose
membranes.? Initially, the involvement of the CP or LP was excluded, since it was reported that
plasma C4d concentrations remained unaffected during HD.>* However, others were able to show
C4 activation by cellulose membranes.3'*2 The increase in C4d levels correlated with the rise in C3d
levels, implying that the CP or LP is (at least partly) responsible for the complement activation seen
in HD.>2 More recently, a role for the LP was demonstrated in complement activation by polysulfone
membranes.®3* An elegant study by Mares et al., using mass spectrometry, showed a 26-fold change
in eluate-to-plasma ratio for ficolin-2 (previously called L-ficolin), suggesting preferential adsorption
by the membrane.® A follow-up study using proteomics analysis of dialyzer eluates revealed that
(3¢, ficolin-2, MBL and properdin were most enriched.?® In addition, plasma ficolin-2 levels decreased
by 41% during one HD session, corresponding with the excessive adsorption to the membrane.
The decrease in plasma ficolin-2 levels was associated with C5a production and leukopenia during
HD.?® The adsorption of properdin to the dialyzer, confirms earlier studies regarding AP activation
by HD.%2?° To summarize, the principal mechanism of complement activation in HD is the binding
of MBL and ficolin-2 to the membrane, resulting in LP activation; while, simultaneously, properdin
and/or C3b bind to the membrane resulting in AP activation (Figure 2). The latter is supported by the
evidence that in C4-deficient patients, systemic complement activation and C3b deposition on the
HD membrane are reduced during dialysis but not abolished.?’ These results show the importance
of the LP, while demonstrating the crucial contribution of the AP.

A second mechanism that could modulate complement activation during HD is the loss of
complement inhibitors via absorption to the membrane. In HD, polysulfone membranes were
shown to absorb factor H and clusterin.?®33 Factor H is an important inhibitor of C3, while clusterin
prevent terminal pathway activation thereby stopping the formation of C5a and C5b-9 (Figure 1)."
The loss of these inhibitors would cause dysregulation of the AP, leading to further complement
activation in the fluid phase (i.e., in the circulation) in HD patients.

Effector functions and clinical implications of complement activation
Complement activation will lead to the generation of effector molecules, which can result in a
variety of biological responses.™ In HD, the most important effector functions of complement
activation are the induction of inflammation, promoting coagulation and impaired host defense
due to accelerated consumption of complement proteins.2°3536

The generation of C3a and C5a during HD promotes recruitment and activation of leukocytes.3”3#
Leukocyte activation results in the oxidative burst and the release of pro-inflammatory cytokines and
chemokine’s such as IL-1B, IL-6, IL-8, TNF-a, MCP-1 and Interferon-y. More specifically, the activation
of PMNs by C5a leads to the release of granule enzymes such as MPO and elastase.3**! Furthermore,
complement activation in HD patients results in the upregulation of adhesion molecules on
leukocytes, especially complement receptor 3 (CR3). The C5a-activated leukocytes will then bind C3
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fragments (iC3b) deposited on the membrane via CR3, leading to leukopenia.®*?4* Likewise, CR3 on
PMNs is also important for the formation of platelet-PMN complexes, which can contribute to both
inflammatory and thrombotic processes.*? The crosstalk between activation of the complement and
coagulation system has correspondingly been described in HD. It has been demonstrated that C5a
generation during HD leads to the expression of tissue factor and granulocyte colony-stimulating
factor in PMNs, shifting HD patients to a pro-coagulative state.** In conformity, plasma C3 levels have
been shown to positively correlated with a denser clot structure in HD patients.”* On the other hand,
the coagulation system has also been shown to impact complement activation.*

Hemodialysis membrane surface
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Figure 2 | Proposed model for complement activation in hemodialysis. The principal mechanism leading to
complement activation in hemodialysis (HD) is the binding of ficolin-2 to the membrane, resulting in LP activation.
Simultaneously, properdin and/or C3b bind to the membrane resulting in AP activation. Complement activation
will result in the formation of anaphylatoxins (C3a, C5a), opsonins (C3b, iC3b) and the membrane attack complex
(C5b-9). Firstly, complement activation leads to the upregulation of complement receptor 3 (CR3) allowing
leukocytes to bind C3 fragments deposited on the membrane, leading to leukopenia. Secondly, CR3 on neutrophils
is also important for the formation of platelet-neutrophil complexes, which contributes to thrombotic processes.
Furthermore, C5a generation during HD leads to the expression of tissue factor and granulocyte colony-stimulating
factor in neutrophils, shifting HD patients to a procoagulant state. Thirdly, complement activation also promotes
recruitment and activation of leukocytes resulting in the oxidative burst and the release of pro-inflammatory
cytokines and chemokines. More specifically, the activation of neutrophils by C5a leads to the release of granule
enzymes, e.g. myeloperoxidase (MPO).
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Inflammation and coagulation are principally involved in the pathogenesis of cardiovascular
disease. Accordingly, complement has been associated to the susceptibility to cardiovascular
disease in HD patients.?*?7#5%’ Plasma C3 levels, prior to a HD session, were found to be higher in
patients who develop a cardiovascular event (CV-event) than HD patients who remained event-
free. Moreover, an association was found between C3 levels and the development of CV-events.?”
A similar trend of higher C3 levels in HD patients who develop a CV-event was seen in our study.?
A possible explanation would be that higher C3 levels prior to HD might reflect the potential for
HD-evoked complement activation. Additionally, another association was found for baseline sC5b-
9 levels with the occurrence of CV-events as well as mortality. This association was complex and
showed an U-shaped relationship, indicating that both high and low sC5b-9 levels led to a higher
risk, whereas HD patients with mid-range values were protected.?” Furthermore, a common factor
H gene polymorphism was found to be an independent predictor of cardiovascular disease in HD
patients.*” Homozygous HD patients for the Y402H polymorphism had an odds ratio of 7.28 for the
development of CV-events compared to controls. This polymorphism affects the binding sites for
heparin and C-reactive protein and it has therefore been hypothesized that the reduced binding
of factor H to the patient’s endothelial cells would increase their risk of a CV-event. Alternatively,
the link between the factor H polymorphism and the cardiovascular risk in HD patients could be
mediated through C-reactive protein (CRP), since factor H binds CRP and thereby undermines its
pro-inflammatory activity.** The Y402H polymorphism of factor H results in inadequate binding to
CRP and thus leaves the pro-inflammatory activity of CRP unchecked. Furthermore, several studies
have demonstrated that CRP levels in HD patients are associated to cardiovascular mortality.>*->?
Buraczynska et al. revealed that in HD patients the CR1 gene polymorphism C5507Gis independently
associated with the susceptibility for cardiovascular disease.** Whether this effect is mediated via the
complement inhibitory capacity of CR1 or via the recently discovered function of CR1 in the binding
and clearance of native LDL remains to be elucidated.® Another study showed that low serum C1qg-
adiponectin/C1qratios were linked to cardiovascular disease in HD patients.* The mechanism behind
this connection is not understood but it has been demonstrated that adiponectin protects against
activation of C1g-induced inflammation.>* Thus, in HD patients increased complement activation, as
well as increased complement activity and the loss of complement inhibitors have all been linked
to a higher risk of cardiovascular disease (Table 1). Recently, our group showed that low MBL levels
are also associated with the occurrence of cardiovascular disease in HD patients.?*> The higher
risk in these patients was attributed to CV-events linked to atherosclerosis. In support of this, low
MBL levels have been linked to enhanced arterial stiffness in HD patients.*® Accordingly, Satomura
et al. demonstrated that low MBL levels were an independent predictor of all-cause mortality in
HD patients.”” We therefore postulate that in HD patients, low MBL levels promote cardiovascular
disease by enhancing atherosclerosis due to the inadequate removal of atherogenic particles.
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In HD patients little is known about the changes in complement components over time. The plasma
levels of C3 have been shown to decrease after 12 months compared to baseline.?” In this study,
the C3 levels also negatively correlated with the dialysis vintage. In addition, the ability to activate
complement has also been shown to be decreased in HD patients compared to healthy controls.”
In theory, these acquired deficiencies of complement proteins could explain the higher infection
and sepsis risk seen in HD patients. Conversely, there was no association between low MBL levels
and the risk of infection in HD patients.”® However, the authors concluded that this might be due
to a compensation mechanism of higher ficolin-2 and MASP-2 levels in MBL-deficient individuals.
Furthermore, another study found that long-term HD patients have decreased levels of clusterin,
factor B and factor H compared to short-term HD patients.>® Thus far, no study has analyzed the
link between HD-acquired complement deficiencies and infection risk. The clinical consequences
of the HD-induced ficolin-2 reduction would be the most interesting to examine.?®* It is highly
likely that this reduction would have a tremendous impact on HD patients’ health and outcome. A
genetic deficiency in ficolin-2 has not been reported to date, highlighting the essential function of
this component within host defense. In conformity, ficolin-2 has been shown to be involved in the
elimination of numerous pathogens.*°

Therapeutic options

Several types of interventions have been proposed or tested in HD patients to decrease inflammation
ortarget cardiovascular risk factors with mixed success. Hence, the clinical need for better therapeutic
options that limit the inflammation and decrease cardiovascular risk in HD patients is on-going. The
complement system is considered to be a promising target during HD to limit the inflammation
and decrease cardiovascular risk.5' Therapies modulating HD-induced complement activation have
focused on three treatment strategies; (1) reduction in the complement activating-capacity of
the HD membrane; (2) the use of non-specific complement inhibitors (e.g. anticoagulants with a
complement inhibitory property); and (3) specific complement-directed therapies.

Prevention is better than cure; therefore creating a truly biocompatible membrane would
therefore be ideal to prevent complement activation during HD. Much progress has been made
with the development of more biologically compatible membranes by surface modifications and
reducing protein retention. Today, the most common HD membranes contains sulfonyl-groups.” To
further improve biocompatibility, it's vital to understand the structures that initiate complement
activation as it has the potential to develop HD membranes with enhanced biocompatibility. In
modern HD membranes ficolin-2 seems to be an important mediator in HD-induced complement
activation.?®*® Ficolin-2 is unfortunately a highly promiscuous molecule with numerous binding
partners, several of which are acetylated compounds.©®

Anticoagulants have been used extensively to render biomaterial-blood incompatibility, through
inhibition of the coagulation, contact and complement system. The effect of citrate anticoagulation
on complement activation has widely been studied in HD. Citrate has calcium chelating properties
and thereby reduces complement activation.’?¢* During the initial phase of HD with cellulose
membranes, citrate anticoagulation reduced C3a levels by almost 50% compared to heparin.®
However, no complement inhibition was seen by citrate anticoagulation during HD in other studies
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with cellulose or synthetic membranes.®% Heparinoids are also known to prevent complement
activation, although this inhibition is strictly concentration dependent.®® Although heparin has
been tested extensively in HD, sadly none of these studies determined the effect on complement
activation.

In the past decade, numerous complement inhibitors have been developed; two are currently
used in the clinics and others are now undergoing clinical trials. Purified C1-inhibitor (C1-INH)
is a protease that is clinically used to treat hereditary angioedema. Eculizumab, a C5 antibody is
used for the treatment of paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic
syndrome.™%° In HD, specific complement-directed therapies have predominantly been evaluated
in experimental settings, still valuable information has been uncovered and shown that the use of
complement inhibitors are a promising tool to reduce the inflammatory response and subsequent
consequences in these patients.’ The potential of complement inhibition in HD is further
underlined by the successful use of complement inhibitors for biomaterial-induced complement
activation in cardiopulmonary bypass systems.” In patients undergoing cardiopulmonary bypass
surgery, treatment with soluble CR1 (sCR1/TP30), an inhibitor of C3, lead to a decrease in mortality
and morbidity as well as a reduced need for intra-aortic balloon pump support.”® Consequently,
soluble complement inhibitors may be equally effective in HD, since there is the recurrent need
of complement inhibition for short periods. Specifically, the short half-life of SCR1 matches the
need for restricted complement inhibition in HD, which is only needed during dialysis, after which
complement activity should be reestablished between sessions. This approach would also prevent
complications of long-term immunosuppression. In a pre-clinical monkey model of HD, another
C3-inhibitor (compstatin) was used to attenuate HD-induced complement activation.”’ Despite the
use of HD membranes with high biocompatibility and standard heparin treatment in their study,
severe complement activation still occurred in monkeys. In this study, animals received a bolus
injection prior to the HD and a continuous infusion of compstatin during the 4h HD procedure.
Treatment completely blocked complement activation and C3 activation products stayed at basal
levels throughout the HD session. Strikingly, a second treatment regimen with only a bolus injection
of compstatin at the start of the session was also sufficient to abolished complement activation
throughout the procedure. Furthermore, complement inhibition lead to the increase of IL-10, an anti-
inflammatory cytokine. Unfortunately, the effect of complement inhibition on other inflammatory
markers could not be assessed, since one HD session was insufficient to induce substantial levels
of pro-inflammatory cytokines. Next to inhibition of the central component C3, blockage of early
complement components may be equally successful. C1-INH forms a therapeutic option, since
HD leads to LP activation and C1-INH could attenuate this.?® Additionally, C1-INH also affects the
coagulation and contact system, which could add to the success of this therapeutic approach. Given
the strong involvement of complement activation effector molecules in HD, more specifically C5a,
another attractive option would be the inhibition of C5 or C5a-receptor antagonists (C5aRA).>> This
could be either done by the anti-C5 antibody or by C5a-receptor (C5aR) antagonists. Eculizumab
blocks the generation of C5a and C5b-9 and could thus be more effective than C5aRA. However,
the long half-life and the high costs form important disadvantages. In contrast, C5aRA tends to be
more cost-effective.”? These drugs could significantly reduce activation of leukocytes and thereby
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inflammation in HD. Currently, the most likely candidate to be used in HD is PMX-53, a C5aRA, since
this compound is currently tested in different clinical trials.”> Another promising approach is coating
biomaterials with complement inhibitors.?’ One of these molecules, the 5C6 peptide is a molecule
that has strong binding affinity towards factor H without modifying its inhibitory activity. More
importantly, polystyrene surfaces coated with 5C6 were shown to bind factor H and thereby prevent
complement activation when exposed to human plasma, thus enhancing biocompatibility.”*
However, it is unknown whether the reduction of systemic factor H levels by 5C6 during HD could
have undesirable consequences, such as seen in factor H-deficient individuals. Finally, the cost of
the different complement inhibitors should be taken into account, considering the high frequency
of treatments required in HD patients.

Peritoneal Dialysis

PD is the most common used dialysis technique at home and is equally effective as HD for the
treatment of CKD.”> Nevertheless, the advantages of PD include; better preservation of residual
renal function, lower infectious risk and higher satisfaction rates. Despite the good results seen
with PD, this dialysis technique remains underused.! In PD, unlike in HD, no synthetic membrane is
used. In contrast, the peritoneum in the abdominal cavity of the patients acts as a semi-permeable
membrane allowing diffusion between the dialysis fluid and the circulation. The osmotic gradient
during PD is based on high glucose levels in the dialysate. However, glucose acts as a double edge
sword, since it serves as an osmotic agent but it is also responsible for the incompatibility reaction.
The peritoneal membrane is made up of an inner mesothelial layer and these cells are therefore
directly in contact with the dialysis fluid. Long-term exposure to dialysate leads to tissue remodeling
of this layer resulting in peritoneal fibrosis.”® This progressive fibrosis forms a major limitation for
chronic PD treatment. Another common complication in PD is peritonitis.”” Patients who develop
peritonitis can have irreversible peritoneum damage, PD failure and significant morbidity or even
mortality. For this reason, avoiding PD failure due to peritonitis or fibrosis remains a challenge for
nephrologists.”®

Complement activation in peritoneal dialysis

The link between the complement system and PD seems less obvious, because there is no direct
contact with blood. However, mesothelial cells produce and secrete different complement factors,
including C4, C3 and C5 till C9.7%%° In accordance, different studies have found the presence of
complement in the peritoneal dialysate. Additionally, the amount of C3 in the PD fluid does not
depend on the serum concentration, suggesting that the C3 originates from local production.®
The study by Oliveira et al. found strong protein abundance of Factor D in six adult PD patients.??
Whereas a similar approach in 76 PD patients by Wen et al. found significant protein expression of
C4 and C3 only.® Altogether, proteomic analyses of the dialysate of healthy PD patients has revealed
the presence of C4, C3, Factor B, Factor D, Factor H, Factor | and C9.%>% Proteomic profiling in the
peritoneal fluid of children identified a total number of 189 proteins, of which 18 complement
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components.® The discrepancies between the various proteomic studies could be explained
by differences in the underlying cause of renal failure, since diabetic patients on PD have been
shown to have lower levels of C4 in the dialysate compared to controls.®* Obviously, other patient’s
characteristics such as ethnicity and differences in the accuracy and sensitive of the analysis have
to be taken into account as well. Complement production by mesothelial cells has been shown to
be increased in uremic patients and it can be further stimulated upon exposure to PD solutions
containing glucose.”®® Next to complement production; mesothelial cells also express important
complement regulators; e.g. CD46, CD55 and CD59.8%%1

Systemically, PD patients have lower MBL levels compared to HD patients and healthy controls,
even after adjusting for the effect of mutations.?” This could indicate loss of systemic MBL via
the peritoneal route, independent of the reduced renal function. However, MBL has so far not
been assessed in peritoneal dialysates. Furthermore, serum levels of C1q, C4, C3d, factor D, and
properdin were shown to be higher in pediatric PD patients compared to healthy controls, however
not in comparison to patients with ESKD.® Overall, the higher plasma levels of the complement
components are likely caused by increased synthesis by the liver due to the pro-inflammatory
state in ESKD patients. Moreover, the increased levels of C3d in PD patients are believed to be the
consequence of reduced elimination of factor D by the kidney, creating enhanced AP activation.
However, while systemic complement activation (the fluid phase) is similar between PD patients and
patients with ESKD, higher intravascular complement depositions (solid phase) have been shown in
children with PD compared to non-PD children with ESKD. Omental and parietal arterioles from PD
patients demonstrated a higher presence of C1q, C3d and C5b-9.%°

Evidence has also been provided for complement activation in the peritoneal cavity in PD
patients.8*° Previously, it was demonstrated that the dialysate/serum-ratios of factor D and C3d
were elevated in PD, whereas the dialysate/serum ratios of C3, C4, and properdin were decreased.*
The high dialysate levels of C3d demonstrate local complement activation, while the comparatively
low dialysate/serum ratios of complement components are likely caused by intraperitoneal
complement consumption. In accordance, the presence of sC5b-9 in the peritoneal dialysate has
also been shown. In the dialysate of PD patients, sC5b-9 levels up to 200pg per ug of total protein
level have been reported.t’ Considering the high molecular weight of sC5b-9 (>1000 kDa), it is very
likely that the sC5b-9 in the dialysate is produced in the peritoneal cavity and does not originate
from the circulation.

One of the proposed mechanisms of complement activation in PD patients is that PD therapy
modifies the expression of complement regulators on the peritoneal mesothelium, leading to
local complement activation (Figure 3). In accordance, CD55 expression is lower on mesothelial
cells from PD patients than non-CKD patients and the reduced expression of CD55 is accompanied
by higher peritoneal levels of sC5b-9.2! Likewise, complement regulators were also shown to be
downregulated in arterioles of PD patients. Furthermore, the C5b-9 deposition seen in the arterioles
of PD patients correlated with the level of dialytic glucose exposure.®? However, this is probably not
the only mechanism responsible for complement activation in PD patients. Hypothetically, cellular
debris as a result of direct peritoneal damage by bioincompatible PD fluids as well as antibodies
against microorganisms could contribute to local complement activation during PD. Unfortunately,
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most of the reviewed studies are relatively old and there is therefore a need for novel studies to
assess the effect of newer PD solutions on complement production and activation.

Pkerltineal m‘esothehal cells C%S 359 \ / / )
Complement * Complement
production activation [

1 Reduced |y Inflammation: $

@ ‘ expression of CR's - Influx of leukocytes

Coagula‘tion:<‘>®

- Thrombin/
antithrombin complexes
- Fibrin exudation

3 Apoptosis / necrosis —— —»  Tissue injury

Figure 3 | Proposed model for complement activation in peritoneal dialysis. In peritoneal dialysis (PD)
patients, mesothelial cells produce and secrete different complement factors. One of the proposed mechanisms
of complement activation in PD patients is that PD therapy decreases the expression of complement regulators
such as CD55 and CD59 on the peritoneal mesothelium, leading to local complement activation. In addition,
cellular debris as a result of direct peritoneal damage by bioincompatible PD fluids as well as antibodies against
microorganisms could contribute to local complement activation during PD. Complement activation will result
in the formation of anaphylatoxins (C3a, C5a), opsonins (C3b, iC3b) and the membrane attack complex (C56-9).
Firstly, complement activation leads to the influx of leukocytes, predominantly neutrophils. Secondly, complement
activation increased the production of thrombin anti-thrombin complexes and fibrin exudation on the surface
of the injured peritoneum. Altogether these events indicate the activation of the coagulation system. Thirdly,
complement activation during PD leads to direct damage of the peritoneum. Moreover, recent evidence suggests
that complement activation promotes the progression to fibrosis after tissue injury. In PD, complement activation
could stimulate mesothelial cells to undergo epithelial-to-mesenchymal transition, resulting in the accumulation
of myofibroblasts and consequently peritoneal fibrosis.
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Effector functions and clinical implications of complement activation

During PD, complement activation occurs locally within the peritoneal cavity and leads to the
generation of opsonins, anaphylatoxins and the membrane attack complex. The effects of
complement activation during PD include the induction of tissue injury, inflammation, coagulation
and fibrosis. However, complement activation in PD patients has also been linked to long-term
effects such as cardiovascular risk.®° In different experimental models, complement activation during
PD leads to direct damage of the peritoneum. The complement-induced peritoneal damage seems
to be mediated via activation of the terminal pathway, specifically C5a and C5b-9.°"%* Additionally,
complement activation leads to inflammation. In a rat model of peritoneal fluid infusion, the
numbers of neutrophils increased significantly over time and this process was largely dependent on
C5 activation. In conformity, intraperitoneal injections with C3a and C5a in mice leads to the influx
of leukocytes, predominantly neutrophils.®* The effect of C5a is mediated via C5aR1, while the effect
of C3a is presumably mediated via the C3aR. The crosstalk between activation of the complement
and coagulation system has also been described in PD. Thrombin anti-thrombin (TAT) complexes
increased significantly in experimental models of PD and this process was partly dependent on
C5 activation.”® Mizuno et al. showed that intraperitoneal complement activation leads to fibrin
exudation on the surface of the injured peritoneum.” Altogether these findings indicate that
activation of the coagulation system by the PD therapy is at least (partly) complement dependent.
The fibrin exudate can also be a sign of PD-associated fibrosis.

The link between fibrosis and complement is relatively new, nevertheless recent evidence
suggests that complement activation promotes the progression to fibrosis after tissue injury.? In
PD, high peritoneal transport is associated with progression of peritoneal fibrosis.”” Proteomics
analysis of PD fluid showed enhanced expression of C3 in patients with high transporter status,
while expression of C4 is lower in low transporters.® Furthermore, in PD mesothelial cells
undergo epithelial-to-mesenchymal transition, resulting in the accumulation of myofibroblasts
and consequently peritoneal fibrosis.?” In other disease models, complement has been shown to
induce epithelial-to-mesenchymal transition.'® This effect is mediated via the C5aR1, since in rodent
models of infection-induced peritoneal fibrosis C5aR1” mice were protected against fibrosis.'” The
C5aR1 is also involved in the production of pro-fibrotic and inflammatory mediators by peritoneal
leukocytes.'" In addition, Bartosova et al. reported that in the peritoneal arterioles of PD patient’s,
high abundance of complement deposition was found to correlate with TGF-b signaling.?> More
specifically, C1g and C5b-9 deposition were associated with an increased phosphorylation of
SMAD?2/3, and enhanced vasculopathy. Interestingly, the TGF-b—-SMAD pathway has also been
recently linked to cardiovascular disease.'® Encapsulating peritoneal sclerosis is another long-term
complication of PD, which is the result of abnormal thickening and fibrosis of the peritoneum,
leading to a fibrous cocoon thereby encapsulating the intestines causing obstruction.’® The
exact cause of this rare complication is unknown, but it is linked to the bioincompatibility of the
glucose-based PD solutions.'* The bioincompatibility of these solutions presumably promotes the
expression TGF-{3 thereby stimulating the transition of mesothelial cells to myofibroblasts. Recently,
a prospective proteomics study identified complement components as a possible biomarker of
encapsulating peritoneal sclerosis.® Factors B and factor | were elevated in the PD fluid of patients
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up to five years prior to developing encapsulating peritoneal sclerosis. In patients with stable
membrane function, factor | was present in the PD fluid in lower amounts and decreased over time,
while factor B was barely detectable in the PD fluid of controls. However, whether the elevated levels
of these complement factors are merely an acute phase response or involved in the pathogenesis
remains to be investigated. Yet, based on the current literature, complement activation is likely to
play a role in the mechanisms of peritoneal fibrosis. Nevertheless, additional studies are needed to
further elucidate the specific role of the complement system in this process.

Peritonitisisanothercommon complicationwith significantmorbidityand mortality. Complement
has been proposed to be involved in the risk of PD patients for peritonitis. Firstly, a variation in the
FCN2 gene was shown to be more prevalent in PD patients with a history of peritonitis.'® In addition,
local activation will lead to a further decline of already low levels of complement components in PD
fluid and may thereby additionally impair host defense. Complement activation products have also
been suggested as a biomarker during peritonitis. Mizuno et al. showed that C4, C3 and sC5b-9 levels
in the peritoneal fluid are significantly higher in PD patients with poor prognosis after peritonitis.'®
Complement markers in peritoneal fluid have therefore the potential to serve as a biomarker for the
prediction of the prognosis of PD-related peritonitis. Finally, the risk of peritonitis could form a major
Achilles heel for complement inhibition in PD.

Therapeutic options

Treatment aimed at attenuating or blocking complement activation in PD has mostly focused on
the terminal pathway. The advantage of this approach is the elimination effector functions of C5a
and/or C5b-9, while proximal complement functions stay intact. In vitro, inhibition of the C5aR1
on peritoneal leukocytes, isolated from PD fluid, reduced bacteria-induced profibrotic (TGF-p) and
inflammatory (IL-6 and IL-8) mediator production.” In addition, the systemic administration of a
C5aR1 antagonist in a rat model of PD prevented influx of inflammatory cells and reduced tissue
damage of the peritoneal cavity.? Furthermore, blockage of C5 in PD improved ultrafiltration and
additionally reduced activation of the blood clotting system.?® Other studies have confirmed these
results; showing that C5 blockade significantly increased the ultrafiltration volume via reduced
peritoneal glucose transport, most likely by preventing C5a-induced vasodilatation.'”” In contrast,
C3 inhibition through complement depletion by cobra venom factor, also led to diminished chemo-
attractant release, neutrophil recruitment and enhanced ultrafiltration.'”” Anticoagulants have also
been tested for the treatment of the inflammatory reaction to PD fluids.'”'% The addition of low-
molecular-weight heparin to the PD fluid not only prevented thrombin formation but also inhibited
the complement activation, neutrophil recruitment, and improved ultrafiltration.’®® In brief, results
about complement inhibition in PD look promising, but many hurdles remain to be solved.
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Conclusion

In conclusion, biocompatibility remains an important clinical challenge within dialysis. Due to
bioincompatibility, complement is systemically activated during HD, while PD leads to local
complement activation. Moreover, important effector functions of complement activation include
promoting inflammation and coagulation. In addition, long-term complications of dialysis such as
infection, fibrosis and cardiovascular events are linked to the complement system. These results
indicate the possibility for complement interventions in dialysis to improve biocompatibility, dialysis
efficacy and long-term outcome.



44 Chapter 3

References

20.

21.

Robinson BM, Akizawa T, Jager KJ, Kerr PG, Saran R, Pisoni RL: Factors affecting outcomes in patients reaching
end-stage kidney disease worldwide: differences in access to renal replacement therapy, modality use, and
haemodialysis practices. Lancet 388: 294-306, 2016

Yeates K, Zhu N, Vonesh E, Trpeski L, Blake P, Fenton S: Hemodialysis and peritoneal dialysis are associated with
similar outcomes for end-stage renal disease treatment in Canada. Nephrol. Dial. Transplant. 27: 3568-3575,
2012

Weiner DE, Tighiouart H, Amin MG, Stark PC, MacLeod B, Griffith JL, Salem DN, Levey AS, Sarnak MJ: Chronic
kidney disease as a risk factor for cardiovascular disease and all-cause mortality: a pooled analysis of
community-based studies. J. Am. Soc. Nephrol. 15: 1307-15, 2004

Ekdahl KN, Soveri |, Hilborn J, Fellstrom B, Nilsson B: Cardiovascular disease in haemodialysis: role of the
intravascular innate immune system. Nat. Rev. Nephrol. 13: 285-296, 2017

Jofré R, Rodriguez-Benitez P, L6 Pez-Gé Mez JM, Pérez-Garcia R: Inflammatory Syndrome in Patients on
Hemodialysis. J Am Soc Nephrol 17: 274-280, 2006

Williams DF: On the mechanisms of biocompatibility. Biomaterials 29: 2941-2953, 2008

Kokubo K, Kurihara Y, Kobayashi K, Tsukao H, Kobayashi H: Evaluation of the Biocompatibility of Dialysis
Membranes. Blood Purif. 40: 293-297, 2015

Cho'Y, Johnson DW, Craig JC, Strippoli GF, Badve S V, Wiggins KJ: Biocompatible dialysis fluids for peritoneal
dialysis. In: Cochrane Database of Systematic Reviews, edited by Cho Y, p CD007554, 2014

Chaudhary K, Khanna R: Biocompatible peritoneal dialysis solutions: do we have one? Clin. J. Am. Soc. Nephrol.
5:723-32,2010

Helmus MN, Gibbons DF, Cebon D: Biocompatibility: Meeting a Key Functional Requirement of Next-
Generation Medical Devices. Toxicol. Pathol. 36: 70-80, 2008

Christo SN, Diener KR, Bachhuka A, Vasilev K, Hayball JD: Innate Immunity and Biomaterials at the Nexus:
Friends or Foes. Biomed Res. Int. 2015: 342304, 2015

Gorbet MB, Sefton M V.: Biomaterial-associated thrombosis: roles of coagulation factors, complement,
platelets and leukocytes. Biomaterials 25: 5681-5703, 2004

Love RJ, Jones KS: Biomaterials, fibrosis, and the use of drug delivery systems in future antifibrotic strategies.
Crit. Rev. Biomed. Eng. 37: 259-81, 2009

Ricklin D, Hajishengallis G, Yang K, Lambris JD: Complement: a key system for immune surveillance and
homeostasis. Nat. Immunol. [Internet] 11: 785-97, 2010 Available from: http://www.ncbi.nlm.nih.gov/
pubmed/20720586 [cited 2017 Jul 24]

Hein E, Munthe-Fog L, Thiara AS, Fiane AE, Mollnes TE, Garred P: Heparin-coated cardiopulmonary bypass
circuits selectively deplete the pattern recognition molecule ficolin-2 of the lectin complement pathway in
vivo. Clin. Exp. Immunol. 179: 294-299, 2015

Lappegard KT, Enebakk T, Thunhaug H, Ludviksen JK, Mollnes TE, Hovland A: LDL apheresis activates the
complement system and the cytokine network, whereas PCSK9 inhibition with evolocumab induces no
inflammatory response. J. Clin. Lipidol. 10: 1481-1487, 2016

Burnouf T, Eber M, Kientz D, Cazenave J-P, Burkhardt T: Assessment of complement activation during
membrane-based plasmapheresis procedures. J. Clin. Apher. 19: 142-147, 2004

Eskandary F, Wahrmann M, Biesenbach P, Sandurkov C, Konig F, Schwaiger E, Perkmann T, Kunig S, Derfler K,
Zlabinger GJ, Bohmig GA: ABO antibody and complement depletion by immunoadsorption combined with
membrane filtration — a randomized, controlled, cross-over trial. Nephrol. Dial. Transplant. 29: 706-714, 2014

Kourtzelis |, Rafail S, DeAngelis RA, Foukas PG, Ricklin D, Lambris JD: Inhibition of biomaterial-induced
complement activation attenuates the inflammatory host response to implantation. FASEB J. 27: 2768-76,
2013

Nilsson B, Ekdahl KN, Mollnes TE, Lambris JD: The role of complement in biomaterial-induced inflammation.
Mol. Immunol. 44: 82-94, 2007

Kerr PG, Huang L: Review: membranes for haemodialysis. Nephrology (Carlton). 15: 381-5,2010



The Complement System in Dialysis: A Forgotten Story? 45

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

Craddock PR, Fehr J, Brigham KL, Kronenberg RS, Jacob HS: Complement and Leukocyte-Mediated Pulmonary
Dysfunction in Hemodialysis. N. Engl. J. Med. 296: 769-774, 1977

Hempel JCJC, Poppelaars F, Gaya Da Costa M, Franssen CFMCFM, De Vlaam TPGTPG, Daha MRMR, Berger SPSP,
Seelen MAJMAJ, Gaillard CAJMCAJM: Distinct in vitro Complement Activation by Various Intravenous Iron
Preparations. Am. J. Nephrol. 45: 49-59, 2017

Szebeni J: Complement activation-related pseudoallergy: A stress reaction in blood triggered by
nanomedicines and biologicals. Mol. Immunol. [Internet] 61: 163-173, 2014 Available from: http://www.ncbi.
nim.nih.gov/pubmed/25124145 [cited 2018 Jun 30]

Chenoweth DE, Cheung AK, Henderson LW: Anaphylatoxin formation during hemodialysis: effects of different
dialyzer membranes. Kidney Int. 24: 764-9, 1983

Poppelaars F, Gaya da Costa M, Berger SP, Assa S, Meter-Arkema AH, Daha MR, van Son WJ, Franssen CFM,
Seelen MAJ: Strong predictive value of mannose-binding lectin levels for cardiovascular risk of hemodialysis
patients. J. Transl. Med. [Internet] 14: 236, 2016 Available from: http://translational-medicine.biomedcentral.
com/articles/10.1186/512967-016-0995-5 [cited 2017 Jul 24]

Lines SW, Richardson VR, Thomas B, Dunn EJ, Wright MJ, Carter AM: Complement and Cardiovascular Disease
- The Missing Link in Haemodialysis Patients. Nephron [Internet] 132: 5-14, 2016 Available from: http://www.
ncbi.nim.nih.gov/pubmed/26695077 [cited 2017 Aug 11]

Mares J, Richtrova P, Hricinova A, Tuma Z, Moravec J, Lysak D, Matejovic M: Proteomic profiling of blood-dialyzer
interactome reveals involvement of lectin complement pathway in hemodialysis-induced inflammatory
response. Proteomics. Clin. Appl. [Internet] 4: 829-38, 2010 Available from: http://doi.wiley.com/10.1002/
prca.201000031 [cited 2017 Jul 24]

Cheung AK, Parker CJ, Wilcox L, Janatova J: Activation of the alternative pathway of complement by cellulosic
hemodialysis membranes. Kidney Int. 36: 257-65, 1989

Hauser AC, Derfler K, Stockenhuber F, Janata O, Balcke P: Generation of the membrane attack complex during
haemodialysis: impact of classical and alternative pathway components. Clin. Sci. (Lond). 79: 471-6, 1990

Lhotta K, Wiirzner R, Kronenberg F, Oppermann M, Kénig P: Rapid activation of the complement system by
cuprophane depends on complement component C4. Kidney Int. 53: 1044-1051, 1998

Innes A, Farrell AM, Burden RP, Morgan AG, Powell RJ: Complement activation by cellulosic dialysis membranes.
J. Clin. Pathol. [Internet] 47: 155-8, 1994 Available from: http://www.ncbi.nIm.nih.gov/pubmed/8132830
[cited 2017 Aug 28]

Mares J, Thongboonkerd V, Tuma Z, Moravec J, Matejovic M: Specific adsorption of some complement
activation proteins to polysulfone dialysis membranes during hemodialysis. Kidney Int. 76: 404-413, 2009

Inoshita H, Ohsawa I, Onda K, Tamano M, Horikoshi S, Ohi H, Tomino Y: An analysis of functional activity via the
three complement pathways during hemodialysis sessions: a new insight into the association between the
lectin pathway and C5 activation. Clin. Kidney J. 5: 401-404, 2012

Kourtzelis |, Markiewski MM, Doumas M, Rafail S, Kambas K, Mitroulis I, Panagoutsos S, Passadakis P,
Vargemezis V, Magotti P, Qu H, Mollnes TE, Ritis K, Lambris JD: Complement anaphylatoxin C5a contributes to
hemodialysis-associated thrombosis. Blood 116: 631-639, 2010

Sharif MR, Chitsazian Z, Moosavian M, Raygan F, Nikoueinejad H, Sharif AR, Einollahi B: Immune disorders in
hemodialysis patients. Iran. J. Kidney Dis. 9: 84-96, 2015

Johnson RJ, Burhop KE, Van Epps DE: Infusion of ovine C5a into sheep mimics the inflammatory response of
hemodialysis. J. Lab. Clin. Med. 127: 456-69, 1996

RousseauY, Carreno MP, Poignet JL, Kazatchkine MD, Haeffner-Cavaillon N: Dissociation between complement
activation, integrin expression and neutropenia during hemodialysis. Biomaterials 20: 1959-67, 1999
Bergseth G, Lambris JD, Mollnes TE, Lappegard KT: Artificial surface-induced inflammation relies on
complement factor 5: proof from a deficient person. Ann. Thorac. Surg. [Internet] 91: 527-33, 2011 Available
from: http://www.ncbi.nlm.nih.gov/pubmed/21256307 [cited 2018 May 31]

Lin YF, Chang DM, Shaio MF, Lu KC, Chyr SH, Li BL, Sheih SD: Cytokine production during hemodialysis: effects
of dialytic membrane and complement activation. Am. J. Nephrol. 16: 293-9, 1996



46 Chapter 3

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lappegard KT, Christiansen D, Pharo A, Thorgersen EB, Hellerud BC, Lindstad J, Nielsen EW, Bergseth G,
Fadnes D, Abrahamsen TG, Hoiby EA, Schejbel L, Garred P, Lambris JD, Harboe M, Mollnes TE: Human genetic
deficiencies reveal the roles of complement in the inflammatory network: Lessons from nature. Proc. Natl.
Acad. Sci. 106: 15861-15866, 2009

Hamad OA, Mitroulis |, Fromell K, Kozarcanin H, Chavakis T, Ricklin D, Lambris JD, Ekdahl KN, Nilsson B: Contact
activation of C3 enables tethering between activated platelets and polymorphonuclear leukocytes via
CD11b/CD18. Thromb. Haemost. 114: 1207-17, 2015

Schuett K, Savvaidis A, Maxeiner S, Lysaja K, Jankowski V, Schirmer SH, Dimkovic N, Boor P, Kaesler N, Dekker
FW, Floege J, Marx N, Schlieper G: Clot Structure: A Potent Mortality Risk Factor in Patients on Hemodialysis.
J. Am. Soc. Nephrol. [Internet] 28: 1622-1630, 2017 Available from: http://www.ncbi.nlm.nih.gov/pubmed/
28057772 [cited 2017 Aug 28]

Wiegner R, Chakraborty S, Huber-Lang M: Complement-coagulation crosstalk on cellular and artificial
surfaces. Immunobiology 221: 1073-1079, 2016

Kishida K, Kishida N, Arima M, Nakatsuji H, Kobayashi H, Funahashi T, Shimomura I: Serum C1g- binding
adiponectin in maintenance hemodialysis patients. BMC Nephrol. 14: 50,2013

Buraczynska M, Ksiazek P, Wacinski P, Zukowski P, Dragan M, Bednarek-Skublewska A: Complement receptor 1
gene polymorphism and cardiovascular disease in dialyzed end-stage renal disease patients. Hum. Immunol.
71:878-882,2010

Buraczynska M, Ksiazek P, Zukowski P, Benedyk-Lorens E, Orlowska-Kowalik G: Complement factor H gene
polymorphism and risk of cardiovascular disease in end-stage renal disease patients. Clin. Immunol. 132:
285-90, 2009

Okemefuna Al, Nan R, Miller A, Gor J, Perkins SJ: Complement factor H binds at two independent sites to
C-reactive protein in acute phase concentrations. J. Biol. Chem. 285: 1053-65, 2010

Molins B, Fuentes-Prior P, Adan A, Anton R, Arostegui JI, Yagle J, Dick AD: Complement factor H binding
of monomeric C-reactive protein downregulates proinflammatory activity and is impaired with at risk
polymorphic CFH variants. Sci. Rep. 6: 22889, 2016

Zimmermann J, Herrlinger S, Pruy A, Metzger T, Wanner C: Inflammation enhances cardiovascular risk and
mortality in hemodialysis patients. Kidney Int. [Internet] 55: 648-658, 1999 Available from: http://www.ncbi.
nlm.nih.gov/pubmed/9987089 [cited 2017 Aug 28]

Yeun JY, Levine RA, Mantadilok V, Kaysen GA: C-Reactive protein predicts all-cause and cardiovascular
mortality in hemodialysis patients. Am. J. Kidney Dis. 35: 469-76, 2000

Wanner C, Zimmermann J, Schwedler S, Metzger T: Inflammation and cardiovascular risk in dialysis patients.
Kidney Int. 61: $99-5102, 2002

Klop B, van der Pol P, van Bruggen R, Wang Y, de Vries MA, van Santen S, O'Flynn J, van de Geijn G-JM, Njo
TL, Janssen HW, de Man P, Jukema JW, Rabelink TJ, Rensen PCN, van Kooten C, Cabezas MC: Differential
Complement Activation Pathways Promote C3b Deposition on Native and Acetylated LDL thereby Inducing
Lipoprotein Binding to the Complement Receptor 1. J. Biol. Chem. 289: 35421-35430, 2014

Ebina K, Oshima K, Matsuda M, Fukuhara A, Maeda K, Kihara S, Hashimoto J, Ochi T, Banda NK, Yoshikawa H,
Shimomura I: Adenovirus-mediated gene transfer of adiponectin reduces the severity of collagen-induced
arthritis in mice. Biochem. Biophys. Res. Commun. 378: 186-191, 2009

Poppelaars F, Gaya da Costa M, Berger SP, Assa S, Meter-Arkema AH, Daha MR, Son WJ, Franssen CFM,
Seelen MAJ: Erratum to: Strong predictive value of mannose-binding lectin levels for cardiovascular risk of
hemodialysis patients [J Transl Med, 14, (2016) 236] DOI: 10.1186/512967-016-0995-5. J. Transl. Med. 14: 2016

Hornum M, Bay JT, Clausen P, Melchior Hansen J, Mathiesen ER, Feldt-Rasmussen B, Garred P: High levels of
mannose-binding lectin are associated with lower pulse wave velocity in uraemic patients. BMC Nephrol. 15:
162,2014

Satomura A, Endo M, Fujita T, Ohi H, Ohsawa |, Fuke Y, Matsumoto K, Sudo S, Matsushita M, Fujita T: Serum
mannose-binding lectin levels in maintenance hemodialysis patients: Impact on all-cause mortality. Nephron
- Clin. Pract. 102: 93-99, 2006



The Complement System in Dialysis: A Forgotten Story? 47

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

Ishii M, Ohsawa |, Inoshita H, Kusaba G, Onda K, Wakabayashi M, Ohi H, Horikoshi S, Matsushita M, Tomino
Y: Serum Concentration of Complement Components of the Lectin Pathway in Maintenance Hemodialysis
Patients, and Relatively Higher Levels of L-Ficolin and MASP-2 in Mannose-Binding Lectin Deficiency. Ther.
Apher. Dial. 15: 441-447,2011

Lin Y-P, Yang C-Y, Liao C-C, Yu W-C, Chi C-W, Lin C-H: Plasma protein characteristics of long-term hemodialysis
survivors. PLoS One 7: e40232, 2012

Hein E, Garred P: The Lectin Pathway of Complement and Biocompatibility. In: Advances in experimental
medicine and biology, pp 77-92, 2015

DeAngelis RA, Reis ES, Ricklin D, Lambris JD: Targeted complement inhibition as a promising strategy for
preventing inflammatory complications in hemodialysis. Immunobiology [Internet] 217: 1097-1105, 2012
Available from: http://www.ncbi.nlm.nih.gov/pubmed/22964235 [cited 2017 Jul 24]

Seelen MA, Roos A, Wieslander J, Mollnes TE, Sjoholm AG, Wurzner R, Loos M, Tedesco F, Sim RB, Garred P,
Alexopoulos E, Turner MW, Daha MR: Functional analysis of the classical, alternative, and MBL pathways of
the complement system: standardization and validation of a simple ELISA. J. Immunol. Methods [Internet] 296:
187-198, 2005 Available from: http://www.ncbi.nlm.nih.gov/pubmed/15680163 [cited 2018 Jun 25]

Huang S, Sandholm K, Jonsson N, Nilsson A, Wieslander A, Grundstrom G, Hancock V, Ekdahl KN: Low
concentrations of citrate reduce complement and granulocyte activation in vitro in human blood. Clin. Kidney
J.8:31-7,2015

Bohler J, Schollmeyer P, Dressel B, Dobos G, Horl WH: Reduction of granulocyte activation during hemo-
dialysis with regional citrate anticoagulation: dissociation of complement activation and neutropenia from
neutrophil degranulation. J. Am. Soc. Nephrol. 7: 234-41, 1996

Gabutti L, Ferrari N, Mombelli G, Keller F, Marone C: The favorable effect of regional citrate anticoagulation
on interleukin-1beta release is dissociated from both coagulation and complement activation. J. Nephrol. 17:
819-25

Opatrny K, Richtrova P, Polanska K, Wirth J, Sefrna F, Brandl M, Falkenhagen D: Citrate Anticoagulation Control
by lonized Calcium Levels Does Not Prevent Hemostasis and Complement Activation During Hemodialysis.
Artif. Organs 31: 200-207, 2007

Dhondt A, Vanholder R, Tielemans C, Glorieux G, Waterloos MA, De Smet R, Lameire N: Effect of regional citrate
anticoagulation on leukopenia, complement activation, and expression of leukocyte surface molecules
during hemodialysis with unmodified cellulose membranes. Nephron 85: 334-42, 2000

Poppelaars F, Damman J, de Vrij EL, Burgerhof JGM, Saye J, Daha MR, Leuvenink HG, Uknis ME, Seelen MAJ:
New insight into the effects of heparinoids on complement inhibition by C1-inhibitor. Clin. Exp. Immunol.
[Internet] 184: 378-88, 2016 Available from: http://www.ncbi.nlm.nih.gov/pubmed/26874675 [cited 2017 Jul
19]

Ricklin D, Lambris JD: Progress and Trends in Complement Therapeutics. Adv. Exp. Med. Biol. 735: 1-22,2013
Lazar HL, Bokesch PM, van Lenta F, Fitzgerald C, Emmett C, Marsh HC, Ryan U, OBE and the TP10 Cardiac
Surgery Study Group: Soluble Human Complement Receptor 1 Limits Ischemic Damage in Cardiac Surgery
Patients at High Risk Requiring Cardiopulmonary Bypass. Circulation 110: 11-274-11-279, 2004

Reis ES, DeAngelis RA, Chen H, Resuello RRG, Ricklin D, Lambris JD: Therapeutic C3 inhibitor Cp40 abrogates
complement activation induced by modern hemodialysis filters. Immunobiology [Internet] 220: 476-482,
2015 Available from: http://www.ncbi.nIm.nih.gov/pubmed/25468722 [cited 2017 Aug 28]

Qu H, Ricklin D, Lambris JD: Recent developments in low molecular weight complement inhibitors. Mol.
Immunol. 47: 185-195, 2009

Kohl J: Drug evaluation: the C5a receptor antagonist PMX-53. Curr. Opin. Mol. Ther. 8: 529-38, 2006

Wu Y-Q, Qu H, Sfyroera G, Tzekou A, Kay BK, Nilsson B, Nilsson Ekdahl K, Ricklin D, Lambris JD: Protection
of Nonself Surfaces from Complement Attack by Factor H-Binding Peptides: Implications for Therapeutic
Medicine. J. Immunol. 186: 4269-4277, 2011

Li PK, Chow KM: Peritoneal Dialysis-First Policy Made Successful: Perspectives and Actions. Am. J. Kidney Dis.
62:993-1005, 2013

Shi J, Yu M, Sheng M: Angiogenesis and Inflammation in Peritoneal Dialysis: The Role of Adipocytes. Kidney
Blood Press. Res. 42: 209-219, 2017



48 Chapter 3

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Akoh JA: Peritoneal dialysis associated infections: An update on diagnosis and management. World J. Nephrol.
1:106-22, 2012

Zhou Q, Bajo M-A, del Peso G, Yu X, Selgas R: Preventing peritoneal membrane fibrosis in peritoneal dialysis
patients. Kidney Int. 90: 515-524, 2016

Tang S, Leung JCK, Chan LYY, Tsang AWL, Chen CXR, Zhou W, Lai KN, Sacks SH: Regulation of complement C3
and C4 synthesis in human peritoneal mesothelial cells by peritoneal dialysis fluid. Clin. Exp. Inmunol. 136:
85-94, 2004

Barbano G, Cappa F, Prigione |, Tedesco F, Pausa M, Gugliemino R, Pistoia V, Gusmano R, Perfumo F: Peritoneal
mesothelial cells produce complement factors and express CD59 that inhibits C5b-9-mediated cell lysis. Adv.
Perit. Dial. [Internet] 15: 253-7, 1999 Available from: http://www.ncbi.nlm.nih.gov/pubmed/10682113 [cited
2018 Dec 9]

SeiY, Mizuno M, SuzukiY, Imai M, Higashide K, Harris CL, Sakata F, Iguchi D, Fujiwara M, Kodera Y, Maruyama S,
Matsuo S, Ito Y: Expression of membrane complement regulators, CD46, CD55 and CD59, in mesothelial cells
of patients on peritoneal dialysis therapy. Mol. Immunol. [Internet] 65: 302-309, 2015 Available from: https://
www.sciencedirect.com/science/article/pii/S0161589015000450?via%3Dihub [cited 2018 Dec 7]

Oliveira E, Araujo JE, Gomez-Meire S, Lodeiro C, Perez-Melon C, Iglesias-Lamas E, Otero-Glez A, Capelo JL,
Santos HM: Proteomics analysis of the peritoneal dialysate effluent reveals the presence of calcium-regulation
proteins and acute inflammatory response. Clin. Proteomics [Internet] 11: 17, 2014 Available from: http://
www.ncbi.nlm.nih.gov/pubmed/24742231 [cited 2018 Dec 8]

Wen Q, Zhang L, Mao H-P, Tang X-Q, Rong R, Fan J-J, Yu X-Q: Proteomic analysis in peritoneal dialysis patients
with different peritoneal transport characteristics. Biochem. Biophys. Res. Commun. 438: 473-478, 2013

Wang HY, Tian YF, Chien CC, Kan WC, Liao PC, Wu HY, Su SB, Lin CY: Differential proteomic characterization
between normal peritoneal fluid and diabetic peritoneal dialysate. Nephrol. Dial. Transplant. 25: 1955-1963,
2010

Raaijmakers R, Pluk W, Schroder CH, Gloerich J, Cornelissen EAM, Wessels HICT, Willems JL, Monnens LAH, van
den Heuvel LPWJ: Proteomic profiling and identification in peritoneal fluid of children treated by peritoneal
dialysis. Nephrol. Dial. Transplant. 23: 2402-2405, 2008

Zavvos V, Buxton AT, Evans C, Lambie M, Davies SJ, Topley N, Wilkie M, Summers A, Brenchley P, Goumenos
DS, Johnson TS: A prospective, proteomics study identified potential biomarkers of encapsulating peritoneal
sclerosis in peritoneal effluent. Kidney Int. [Internet] 92: 988-1002, 2017 Available from: https://www-
sciencedirect-com.proxy-ub.rug.nl/science/article/pii/S0085253817302338 [cited 2018 Dec 8]

Lam MF, Leung JCK, Tang CCS, Lo WK, Tse KC, Yip TP, Lui SL, Chan TM, Lai KN: Mannose binding lectin level
and polymorphism in patients on long-term peritoneal dialysis. Nephrol. Dial. Transplant 20: 2489-96, 2005

Reddingius RE, Schréder CH, Daha MR, Monnens LA: The serum complement system in children on continuous
ambulatory peritoneal dialysis. Perit. Dial. Int. [Internet] 13: 214-8, 1993 Available from: http://www.ncbi.nIm.
nih.gov/pubmed/8369352 [cited 2018 Dec 7]

Bartosova M, Schaefer B, Bermejo JL, Tarantino S, Lasitschka F, Macher-Goeppinger S, Sinn P, Warady
BA, Zaloszyc A, Parapatics K, Majek P, Bennett KL, Oh J, Aufricht C, Schaefer F, Kratochwill K, Schmitt CP:
Complement Activation in Peritoneal Dialysis-Induced Arteriolopathy. J. Am. Soc. Nephrol. [Internet] 29:
268-282, 2018 Available from: http://www.ncbi.nIm.nih.gov/pubmed/29046343 [cited 2018 Dec 7]

Reddingius RE, Schréder CH, Daha MR, Willems HL, Koster AM, Monnens LA: Complement in serum and
dialysate in children on continuous ambulatory peritoneal dialysis. Perit. Dial. Int. [Internet] 15: 49-53, 1995
Available from: http://www.ncbi.nlm.nih.gov/pubmed/7537541 [cited 2018 Dec 7]

Mizuno T, Mizuno M, Morgan BP, Noda Y, Yamada K, Okada N, Yuzawa Y, Matsuo S, Ito Y: Specific collaboration
between rat membrane complement regulators Crry and CD59 protects peritoneum from damage by
autologous complement activation. Nephrol. Dial. Transplant. 26: 1821-1830, 2011

Mizuno T, Mizuno M, Imai M, Suzuki Y, Kushida M, Noda Y, Maruyama S, Okada H, Okada N, Matsuo S, Ito Y:
Anti-C5a complementary peptide ameliorates acute peritoneal injury induced by neutralization of Crry and
CD59. AJP Ren. Physiol. 305: F1603-F1616, 2013

Bazargani F, Rother RP, Braide M: The roles of complement factor C5a and CINC-1 in glucose transport,
ultrafiltration, and neutrophil recruitment during peritoneal dialysis. Perit. Dial. Int. 26: 688-96



The Complement System in Dialysis: A Forgotten Story? 49

94.  Poppelaars F, van Werkhoven MB, Kotimaa J, Veldhuis ZJ, Ausema A, Broeren SGM, Damman J, Hempel JC,
Leuvenink HGD, Daha MR, van Son WJ, van Kooten C, van Os RP, Hillebrands J-L, Seelen MA: Critical role for
complement receptor C5aR2 in the pathogenesis of renal ischemia-reperfusion injury. FASEB J. [Internet] 31:
3193-3204, 2017 Available from: http://www.ncbi.nlm.nih.gov/pubmed/28396344 [cited 2017 Dec 10]

95.  Mizuno M, Ito Y, Mizuno T, Harris CL, Suzuki Y, Okada N, Matsuo S, Morgan BP: Membrane complement
regulators protect against fibrin exudation increases in a severe peritoneal inflammation model in rats. AJP
Ren. Physiol. 302: F1245-F1251, 2012

96. Danobeitia JS, Djamali A, Fernandez LA: The role of complement in the pathogenesis of renal ischemia-
reperfusion injury and fibrosis. Fibrogenesis Tissue Repair 7: 16, 2014

97.  Rumpsfeld M, McDonald SP, Johnson DW: Higher peritoneal transport status is associated with higher
mortality and technique failure in the Australian and New Zealand peritoneal dialysis patient populations. J.
Am. Soc. Nephrol. 17:271-8, 2006

98.  Sritippayawan S, Chiangjong W, Semangoen T, Aiyasanon N, Jaetanawanitch P, Sinchaikul S, Chen S-T,
Vasuvattakul S, Thongboonkerd V: Proteomic analysis of peritoneal dialysate fluid in patients with different
types of peritoneal membranes. J. Proteome Res. 6: 4356-62, 2007

99. Yanez-M6 M, Lara-Pezzi E, Selgas R, Ramirez-Huesca M, Dominguez-Jiménez C, Jiménez-Heffernan JA,
Aguilera A, Sdnchez-Tomero JA, Bajo MA, Alvarez V, Castro MA, del Peso G, Cirujeda A, Gamallo C, Sdnchez-
Madrid F, Lépez-Cabrera M: Peritoneal Dialysis and Epithelial-to-Mesenchymal Transition of Mesothelial Cells.
N. Engl. J. Med. 348: 403-413, 2003

100. Tang Z, Lu B, Hatch E, Sacks SH, Sheerin NS: C3a Mediates Epithelial-to-Mesenchymal Transition in Proteinuric
Nephropathy. J. Am. Soc. Nephrol. 20: 593-603, 2009

101. Raby A-C, Colmont CS, Kift-Morgan A, Kohl J, Eberl M, Fraser D, Topley N, Labéta MO: Toll-Like Receptors 2 and
4 Are Potential Therapeutic Targets in Peritoneal Dialysis-Associated Fibrosis. J. Am. Soc. Nephrol. 28: 461-478,
2017

102. Zeng L, Dang TA, Schunkert H: Genetics links between transforming growth factor 8 pathway and coronary
disease. Atherosclerosis 253: 237-246, 2016

103. Moinuddin Z, Summers A, Van Dellen D, Augustine T, Herrick SE: Encapsulating peritoneal sclerosis-a rare but
devastating peritoneal disease. Front. Physiol. 5: 470, 2014

104. Cnossen TT, Konings CJAM, Kooman JP, Lindholm B: Peritoneal sclerosis — aetiology, diagnosis, treatment and
prevention. Nephrol. Dial. Transplant. 21:ii38-ii41, 2006

105. Meijvis SCA, Herpers BL, Endeman H, de Jong B, van Hannen E, van Velzen-Blad H, Krediet RT, Struijk DG,
Biesma DH, Bos WJW: Mannose-binding lectin (MBL2) and ficolin-2 (FCN2) polymorphisms in patients on
peritoneal dialysis with staphylococcal peritonitis. Nephrol. Dial. Transplant. 26: 1042-1045, 2011

106. Mizuno M, Suzuki Y, Higashide K, Sei Y, Iguchi D, Sakata F, Horie M, Maruyama S, Matsuo S, Morgan BP, Ito Y:
High Levels of Soluble C5b-9 Complex in Dialysis Fluid May Predict Poor Prognosis in Peritonitis in Peritoneal
Dialysis Patients. PLoS One [Internet] 12: 0169111,

107. Bazargani F: Acute inflammation in peritoneal dialysis: experimental studies in rats. Characterization of
regulatory mechanisms. Swed. Dent. J. Suppl. 1-57, i, 2005

108. Bazargani F, Albrektsson A, Yahyapour N, Braide M: Low molecular weight heparin improves peritoneal
ultrafiltration and blocks complement and coagulation. Perit. Dial. Int. 25: 394-404






	Chapter 3



