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1
complement system
the complement system plays a central role in our innate immune system and 
consists of more than 30 plasma and membrane-associated proteins. It constitutes a 
first line of defense against many pathogens due to the facilitation of phagocytosis by 
opsonization via C3b and C4b, causing osmolytic lysis of bacteria via the formation 
of the membrane attack complex (MAC/C5b-9) and induction of an inflammatory 
response by the release of anaphylatoxins (C5a, C3a). Next to pathogen clearance, 
complement also plays an important role in removing damaged or dying cells from 
the body1-4.
Activation of the complement system can occur via three pathways, which are 
activated via separate mechanisms, but all eventually converge to a common 
terminal pathway (Fig. 1). The classical pathway (CP) of complement system is 
activated by binding of C1q to antibody-antigen complexes or to structures like CRP, 
SAP and dsDNA. The lectin pathway (LP) of the complement system is activated 
by binding of mannan binding lectin (MBL) or ficolins to carbohydrate structures on 
pathogens. Finally, the alternative pathway (AP) of complement system is activated 
by the spontaneous hydrolysis of C3 followed by a tick-over to become completely 
activated, which only proceeds on unprotected surfaces. Upon activation of the CP 
and the LP, complement proteins C4 and C2 are cleaved and subsequently the C3 
convertase C4bC2a is formed on the activating surface. Upon activation of the AP, 
complement components C3 and factor B (FB) are cleaved leading to the formation 
of the C3 convertase C3bBb on the activating surface. The three complement 
activation pathways merge at the level of C3, where both C3 convertases cleave 
more C3 molecules resulting in the formation of the C5 convertases C4bC2aC3b 
and C3bBbC3b. Both C5 convertases are able to cleave C5 into C5a and C5b, and 
subsequently C6, C7, C8 bind to C5b on the surface that mediates the polymerization 
of C9 molecules into a tube-like pore that is inserted in the membrane of pathogens, 
which is called the MAC1-7.

complement regulation
Since complement is always activated at low level and it may have strong  
pro-inflammatory effects, complement activation can potentially harm host cells. 
Therefore, a balance between activation on foreign or modified self-surfaces and 
inhibition on intact host cells is of utmost importance to avoid tissue damage and to 
sustain homeostasis. To maintain this balance of complement activation, complement 
regulatory proteins are present on the cell surface of most human cells and in the fluid 
phase in blood plasma to prevent damage through unwanted complement activation  
(Fig. 1 grey boxes)8-10.
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Figure 1: The complement system is activated via three pathways: the classical pathway, the lectin 
pathway and the alternative pathway. Complement activation results in opsonization (C3b and C4b), 
formation of the membrane attack complex (MAC/C5b-9) and induction of an inflammatory response by 
the release of anaphylatoxins (C3a, C5a). The complement system is tightly regulated by membrane 
bound and fluid phase complement regulators, which are indicated in grey boxes.
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1
There are two major mechanisms by which complement activation is regulated: 
decay accelerating activity (DAA) that promotes the dissociation of the C3 and C5 
convertases and cofactor activity (CA) for factor I (FI) that enzymatically inactivates 
deposited C3b and C4b into inactive forms that are unable to proceed further into 
the complement activation cascade. DAA is exerted by the membrane regulators 
complement receptor 1 (CR1)/CD35, membrane cofactor protein (MCP)/CD46, 
decay-accelerating factor (DAF)/CD55 and the fluid phase regulator factor H (FH). 
CA is exerted by the membrane regulators CR1 and MCP, and the fluid phase 
regulators FH and C4b-binding protein (C4BP). CD59 prevents C9 from polymerizing 
and forming the MAC and C1-inhibitor (C1-INH) inhibits the upstream activation of 
the CP and the LP by forming covalent complexes with the CP and LP proteases8-10.

Red blood cells
Red blood cells (RBCs), also called erythrocytes, are the most common type of 
blood cells in vertebrates including humans. RBCs are formed during a process 
called erythropoiesis, which occurs in the bone marow and consists of several 
developmental stages and finally results in mature RBCs in the blood stream11. 
RBCs are classified by different blood groups based on the presence or absence of 
surface antigens. To date there are 36 blood group systems, of which the most well-
known blood groups are the ABO blood group system and the Rhesus blood group 
system12. RBCs are crucial in the delivery of oxygen to tissues as RBCs contain 
hemoglobin, which is responsible for the transport of oxygen in our body. In order to 
do this, RBCs have a flexible membrane that allows them to pass through the small 
capillaries in the circulation. RBCs have a biconcave form, with a diameter ~7.5µM, 
and they do not contain a nucleus or organelles13,14. Adults have on average 20-
25*1012 circulating RBCs. The life span of RBCs is ~120 days in the blood stream 
and every day ~0.8% of the total number of RBCs are cleared by macrophages of 
the reticuloendothelial system and replenished by production in the bone marrow13-15. 
The clinical importance of RBCs is best exemplified in patients suffering from 
a sudden decrease in the amount of RBCs, such as during trauma. Under these 
conditions, transfusion of RBCs remains an essential therapy to restore the oxygen 
transporting capacity. 

blood transfusion  
Allogeneic blood transfusion involves the blood donation by healthy volunteers, 
testing and processing of the blood, and storage under stringent conditions for 
preservation of the stored blood components. Different blood component can be 
used for transfusions, such as RBCs, platelets and plasma, to support different 
clinical problems16,17. RBC transfusions are given to restore oxygen transporting 



Chapter 1

12

capacity when there are clear signals of lack of oxygen due to anemia. Worldwide 
about 85 million units of red blood cells (RBCs) are transfused per year17,18. in the 
Netherlands, RBCs for transfusions, also called red cell concentrates, are obtained 
from whole blood that is collected in citrate solution that prevents clotting. The blood 
is centrifuged, and the different components, such as RBCs, plasma and buffy coat 
(containing leukocytes and platelets) are separately collected in plastic bags. Residual 
white blood cells and platelets are removed from the RBCs by a leukoreduction filter, 
so less than 1x106 leukocytes remain present in the RBC bag. In the Netherlands, 
RBCs may be stored up to 35 days at 2-6 ºC in storage solution containing  
saline-adenine-guanine-mannitol (SAGM), to meet the quality standards that 75% 
of the transfused RBCs must survive for 24 hours in the recipient and a maximum 
hemolysis of 0.8% in the bag19-21. 
Although transfusions generally are life-saving in order to restore oxygen transporting 
capacity, transfusion of RBCs can also have serious adverse side effects, such 
as alloantibody formation with subsequent occasional hemolytic transfusion 
reaction, transfusion-related acute lung injury and iron overload. During storage at  
2-6 ºC, RBCs undergo several biochemical and structural changes such as 
consumption of metabolic species, accumulation of reactive oxygen species, altered 
lipid and membranes collectively known as “storage lesion”22-25. The exact nature 
of these changes remains unclear, but it seems that oxidative stress and defective 
adenosine triphosphate metabolism have some driving forces. Moreover, it has not 
been established yet how these changes lead to the rapid clearance of donor RBCs 
after transfusion. Furthermore, it is still under debate whether increased storage 
time results in changes of the RBCs that potentiate adverse clinical outcomes in 
transfusion recipients16,26-31. therefore, it is of utmost importance to identify and 
understand the mechanisms that underlie the clearance of donor RBCs as well as 
the adverse outcomes for transfusion recipients that may be associated with the so-
called storage lesion. 

complement regulation on Rbcs
Different cell types express different combinations of complement regulating 
proteins, and in addition, fluid phase complement regulators in plasma are involved 
in protecting the cell surface. Since RBCs are constantly exposed to complement 
proteins in blood plasma, regulation is very important to protect them from unwanted 
complement activation. RBCs express complement regulators CR1 (CD35), DAF 
(CD55) and CD59 on their cell membrane, and also fluid phase regulator FH is 
involved in complement regulation on RBCs. In contrast to nucleated cells, RBCs 
do not express MCP (CD46)8,32. Inefficient regulation or overstimulation of the 
complement system may cause complement deposition on RBCs. This complement 
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1
deposition can result into accelerated removal of RBCs intravascularly via the 
formation of MAC or extravascularly via complement receptor-mediated phagocytosis 
by macrophages, which mainly occurs in the liver4,33.
Complement-mediated clearance of RBCs is associated with clinical anemic 
conditions such as autoimmune hemolytic anemia (AIHA) and paroxysmal 
nocturnal hemoglobinuria (PNH). In AIHA, RBCs are cleared due to the formation of 
autoantibodies against RBCs, either or not followed by complement activation33-35. 
PNH is caused by a mutation in the PIG-A gene that is responsible for GPI-anchorage 
of membrane proteins, including membrane bound complement regulators DAF and 
CD59. Absence of DAF and CD59 renders RBCs from PNH patients vulnerable for 
complement activation36,37. so, anemia in AihA is caused by autoantibodies, while 
in PNH this is caused by defective complement regulation. In both clinical anemic 
conditions, RBCs transfusion may be given to restore oxygen transporting capacity.

scope of this thesis
The scope of this thesis is to investigate how complement activation is regulated on 
RBCs. Within that context, we examined if and how complement is activated upon 
RBC storage and may have influence on RBC survival. In addition, the differential 
role of complement regulatory proteins, both membrane bound and fluid phase was 
investigated.
in chapter 2, we reviewed the literature on complement regulation on RBCs and the 
(clinical) consequences when this regulation is out of balance. Healthy host cells are 
equipped with several membrane bound complement regulators, including CD35, 
CD46, CD55 and CD59. As in contrast to hematopoietic stem and progenitor cells, 
mature RBCs do not express CD46 but express CD35 as a complement regulator, we 
investigated in chapter 3 the dynamics of CD46 expression during erythropoiesis. 
chapter 4 demonstrates the effect of RBC storage on complement deposition 
and antibody binding, both directly in the storage bag as well as upon contact with 
complement in serum. Besides membrane bound complement regulators, fluid phase 
regulator FH is important in the regulation of complement activation on RBCs. By 
using bocking anti-FH monoclonal antibodies we examined which binding domains 
of FH are important in protecting RBCs against complement mediated clearance. 
the results are described in chapter 5. Dysregulation of complement activation can 
result in damage to host cells and contributes to the pathology of many diseases. We 
generated human cell lines knocked out for membrane bound complement regulators 
CD46, CD55 and/or CD59, to have unlimited availability of complement regulator 
deficient cells as model in vitro system. the results are described in chapter 6.  
It is assumed that the alternative pathway is important for efficient complement 
activation by amplifying the response regardless which pathway originally initiated 



Chapter 1

14

the complement activation. In chapter 7 we describe the contribution of the 
amplification loop on results of classical pathway-initiated complement activation 
on various physiologically relevant cell surfaces such as RBCs in the context of 
autoimmune hemolytic anemia. Finally, chapter 8 summarizes and discusses the 
work described in this thesis. 
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AbsTRAcT

The complement system represents the first line of defense that is involved in 
the clearance of pathogens, dying cells and immune complexes via opsonization, 
induction of an inflammatory response and the formation of a lytic pore. Red 
blood cells (RBCs) are very important for the delivery of oxygen to tissues and are 
continuously in contact with complement proteins in the blood plasma. To prevent 
complement activation on RBCs, various complement regulatory proteins can be 
found in plasma and on the cell membrane. RBCs are special cells without a nucleus 
and having a slightly different make-up of complement regulators than nucleated cells, 
as membrane cofactor protein (MCP) is not expressed and complement receptor 1 
(CR1) is highly expressed. Decreased expression and/or function of complement 
regulatory proteins may result in unwanted complement activation and accelerated 
removal of RBCs. This review describes complement regulation on RBCs and the 
consequences when this regulation is out of balance.
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1. inTRoducTion

Red blood cells (RBCs) are the most common cells in our blood and are indispensable 
in the delivery of oxygen to tissues. RBCs have a biconcave form, do not have 
a nucleus, and under normal conditions RBCs have a life span of ~120 days. 
While circulating in the body, RBCs are continuously in contact with complement 
components in the blood plasma1. 
The complement system is part of our innate immune system and is very important 
in the clearance of pathogens, dying cells and immune complexes. The complement 
system consists of at least 30 circulating and membrane-associated proteins that 
are mainly synthesized by the liver. There are three distinct pathways of complement 
activation: the classical pathway (CP), which is activated by antibody-antigen 
complexes, pattern recognition molecules such as CRP or directly by structures 
on pathogens or apoptotic cells,  the lectin pathway (LP) is activated by pathogen 
associated carbohydrate structures and the alternative pathway (AP) which 
is activated by the spontaneous hydrolysis of C3, that can form the AP-initiating 
C3 convertase (called tick-over mechanism), and only proceeds on unregulated 
surfaces. Both the CP and LP lead to the cleavage of complement proteins C4, 
C2 and the subsequent formation of the C3 convertase C4bC2a on the activating 
surface, while the AP leads to the formation of the C3 convertase C3bBb on the 
surface.1-5 Both C3 convertases cleave more C3 molecules to opsonize foreign or 
damaged material for phagocytosis and eventually leading to clearance of cells by 
formation of the membrane attack complex (MAC) and the chemotaxis of leukocytes 
by anaphylatoxins contributing to the inflammatory response1,2,6,7.
Since complement activation has potentially dangerous strong inflammatory effects 
and may lead to cell lysis, it is of utmost importance that complement activation is 
tightly regulated. Complement regulation must act specifically on healthy host cell 
surfaces, while leaving pathogen clearance intact. Next to complement regulation on 
host cell surfaces, soluble complement regulators also control complement activation 
in solution to prevent consumption of complement proteins in plasma. Dysregulation 
of the complement system, due to either inefficient regulation or overstimulation, 
can be detrimental for the host and contributes to the pathology of many diseases 
including autoimmune diseases, transfusion reactions, and complement mediated 
conditions like paroxysmal nocturnal hemoglobinuria (PNH), atypical hemolytic 
uremic syndrome (aHUS) and age-related macular degeneration (AMD)1,2,8,9. this 
review focuses on complement regulation on RBCs and the consequences of 
complement regulation dysbalance on RBCs.
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2. complement regulators
Complement regulatory proteins can be found both in the fluid phase in plasma (such 
as factor H (FH) and its splice variant FH-like 1 (FHL-1), factor I (FI), C1 inhibitor (C1-
INH) and C4b-binding protein (C4BP)) and on the cell surface of most human cells 
(complement receptor 1 (CR1/CD35), membrane cofactor protein (MCP/CD46), 
decay-accelerating factor (DAF/CD55), and CD59)2,10. Genes expressing several 
regulatory proteins are located in the same region on chromosome 1. Therefore, this 
region is also called the regulator of complement activation (RCA) gene cluster. The 
genes in this cluster show a particular structural organization as they consist of short 
consensus repeats (SCR) domains, also called sushi domains or complement control 
protein, with a length of ~60 amino acids. Genes of this cluster include CR1, MCP, 
DAF, FH and C4BP11,12. However, not all genes for complement regulator proteins 
are located in this RCA cluster, as C1-INH and CD59 are located on chromosome 11 
and the gene encoding for FI is located on chromosome 413-15. 

2.1 Fluid phase complement regulators
Fluid phase complement regulators are more pathway specific compared to 
membrane bound complement regulators, that have more common regulation 
mechanisms as described below. C1-INH is a plasma serine protease inhibitor 
(serpin) that inhibits the serine proteases in the C1-complex (C1r and C1s) of the 
CP and the mannan binding lectin-associated proteases (MASPs) of the LP, thereby 
inhibiting the cleavage of C4 and C22,10,16. FI is a serine protease that can cleave both 
C3b and C4b into inactive forms iC3b and iC4b respectively, which do not contribute 
to further amplification of complement activation, and can further be degraded into 
C3d and C4d respectively. For efficient regulation, FI requires the activity of a co-
factor2,10. Both fluid phase complement regulators (FH and C4BP) and membrane 
bound complement regulators (CR1 and MCP, described below) can act as co-factor 
for FI. FH consists of 20 SCR domains and besides acting as a cofactor for FI in the 
inactivation of deposited C3b, FH accelerates the decay of the AP C3 convertase 
(C3bBb)2,10,17. FHL-1 is a splice variant of FH and is identical to the first 7 SCR 
domains of FH, except for four additional amino acids at the C-terminus. FHL-1 has 
similar complement regulatory functions as FH, but is lacking the C-terminal surface 
binding domains of FH2,10,18. C4BP, which is often in complex with protein S, has an 
octopus-like structure, consisting of 7 arms with 8 SCR domains and 1 arm with 3 
SCR domains. C4BP acts as a cofactor for FI in the inactivation of deposited C4b 
and accelerates the decay of the C3 convertase of the CP and LP (C4bC2a). C4BP 
can also act as co-factor for FI in the inactivation of deposited C3b, although FH can 
do this much more efficient2,10,19. 
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2.2 Membrane bound complement regulators
The membrane bound complement regulators regulate complement activation of 
all three pathways mainly by acting at the level of the C3 convertases by either 
promoting rapid dissociation via decay accelerating activity or by acting as cofactor 
for FI to enzymatically inactivate deposited C3b and C4b2,10. CR1 consists of 30 SCR 
domains and is attached to the cell membrane via a transmembrane domain. CR1 
accelerates the decay of the C3 convertase of all three pathways and can act as a 
co-factor for FI in the inactivation of deposited C3b and C4b2,10,20. Besides acting 
as regulator of complement, CR1 on RBCs is involved in the clearance of immune 
complexes and pathogens that are opsonized with complement C3b, so called 
immune adherence clearance. RBCs transport CR1-bound immune complexes to 
the spleen and liver to be removed from the RBC membrane by phagocytic cells. 
MCP is, similar as CR1, attached to the cell membrane via a transmembrane domain 
and acts as cofactor for FI. MCP is much smaller compared to CR1, only consisting 
of 4 SCR domains2,10,21. Comparable to MCP, DAF consists of 4 SCR domains, 
being attached to the cell membrane via a glycophosphatidylinositol (GPI) anchor. 
DAF accelerates the decay of the C3 convertase of all three pathways. As CD59 
is not present in the RCA cluster gene it has no significant similarities to any of the 
other complement regulator proteins2,10,22. CD59 is, just as DAF, linked to the cell 
membrane by a GPI anchor. CD59 prevents complement activation at a later stage 
compared to the other membrane bound complement regulators by binding to C8 
and C9, thereby preventing C9 from polymerizing and forming the MAC2,10,23.
 
3. complement regulation on Rbcs
Fluid phase and membrane bound complement regulators offer protection against 
ongoing spontaneous complement activation via the alternative pathway and hence 
prevent potential complement-mediated destruction of RBCs that are continuously in 
contact with complement proteins (Fig. 1A). On the membrane of RBCs complement 
regulators CR1, DAF and CD59 are present. Membrane regulator MCP is only 
expressed on nucleated cells. MCP is therefore lacking on mature RBCs while it is 
expressed on erythroblasts, the nucleated RBC precursors that are formed in the 
bone marrow (manuscript in preparation). During RBC development the expression 
of MCP is lost, which must have some evolutionary benefit. It has been described 
that MCP is a receptor for different pathogens such as viruses (measles, human 
herpes virus 6, different serotypes of adenovirus) and bacteria (Streptococcus 
pyogenes and Neisseria species)24. It has been suggested that the lack of MCP 
on mature RBCs rather prevents dissemination of pathogens than replication as 
they do not have a nucleus. Since CR1 is expressed on RBCs during all stages of 
maturation (manuscript in preparation), we speculate that CR1 may compensate 
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for the absence of MCP as both complement regulators have similar complement 
regulating activities. Moreover, CR1 bears the human RBC Knops/McCoy blood 
group antigen25,26. In addition, Chido and Rodgers blood groups are distinct epitopes 
on the C4 protein (C4A and C4B, respectively) that are absorbed passively onto the 
surface of RBCs27. Binding of AP regulator FH to RBCs mainly occurs via deposited 
C3b and sialic acids on the RBC membrane28. As the repertoire of complement 
regulating proteins on RBCs differs from nucleated cells and RBCs are in continuous 
contact with complement proteins, we discuss in this review the consequences of 
both primary genetic deficiencies and secondary downregulation of complement 
regulation on RBCs. 

4. Primary genetic deficiencies of RBC complement regulation
Mutations in genes encoding the complement regulatory proteins can result in altered 
or missing expression and/or function of these complement regulatory proteins, 
and are associated with diseases such as PNH, aHUS and affect the severity of 
malaria1,2,8,9.

4.1 Paroxysmal nocturnal hemoglobinuria 
PNH is a rare hallmark disease of dysfunctional complement regulation, characterized 
by hemolytic anemia, strong thrombophilia and bone marrow failure. PNH results 
from the clonal expansion of hematopoietic stem cells that are mutated in the 
X-linked phosphatidylinositol glycan class A (PIG-A) gene, which encodes for an 
enzyme that is required in the GPI-anchorage of proteins to the cell membrane. 
Complement regulators DAF and CD59, both being GPI-linked proteins, are lacking 

← Fig. 1: Complement regulation on RBCs and consequences of dysregulation. (A) Membrane-bound 
complement regulators (DAF, CR1, CD59) and fluid phase complement regulators (C4BP, FH, FHL-1, FI) 
prevent further amplification of complement activation on RBCs. CR1 and DAF accelerates dissociation 
of the C3 convertase of all three complement activation pathways (C4bC2a and C3bBb). CR1 can also 
act as a co-factor for FI to inactivate both deposited C3b and C4b. FH and FHL-1 can bind to RBCs via 
sialic acids and accelerates the dissociation of the C3 convertase of the AP (C3bBb) and can inactivate 
deposited C3b together with FI, while C4BP accelerates the dissociation of the C3 convertase of the CP 
and LP (C4bC2a) and mainly inactivates deposited C4b together with FI. CD59 prevents the binding 
and polymerization of C9 and thus formation of the MAC. Lack of MCP expression on RBCs is the major 
difference as compared to complement regulation on nucleated cells. (B) Decreased expression and/or 
function of complement regulatory proteins results in opsonization of RBCs with the C3 convertase of all 
three complement activation pathways (C4bC2a and C3bBb) and degradation products (iC4b, C4d and 
iC3b, C3d) contributing to extravascular lysis due to clearance by spleen and liver macrophages and/or 
results in the formation of the MAC causing intravascular hemolysis of RBCs. Both ways of hemolysis 
contribute to the development of anemia. (C) Decreased expression and/or function of CR1 reduces 
immune adherence clearance that results in accumulation of immune complexes that contribute to a 
stronger inflammatory response and thus disease progression in patients.  
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on PNH cells, rendering these cells extremely vulnerable to complement mediated 
intravascular hemolysis. Hereby, cell-free hemoglobin and heme are released 
into the circulation resulting in oxidation and inactivation of plasma proteins and 
widespread cytotoxicity. In addition, cell-free heme may act as nitric oxide (NO) 
sink decreasing the bioavailability of NO, which finally results in endothelial cell 
dysfunction and platelet activation. Although being positive acute phase proteins, 
the natural scavengers for cell-free hemoglobin and heme, that are haptoglobin and 
hemopexin, are rapidly depleted due to consumption. Upregulation of inducible heme-
oxygenase-1 degrading heme into carbon monoxide, ferric iron and biliverdin, the latter 
subsequently reduced to bilirubin, may in part compensate for the exhausted plasma 
scavengers29-32. Since complement is continuously spontaneously activated via the 
tick-over of the AP, hemolysis in PNH patients is mostly chronic, but may exacerbate 
during acute situations characterized by additional complement activation, such as 
infections33-38. The exact mechanisms leading to initial complement activation and 
C3 deposition on the RBCs of PNH patients and subsequent hemolysis are not well 
defined. It has been postulated that continuously low levels of complement activation 
via the spontaneous hydrolysis of C3 results in initial C3 deposition continued by 
persistent AP activation due to lack of DAF expression37.
The only Food and Drug Administration (FDA)-approved drug for the treatment of 
PNH is eculizumab, a humanized monoclonal antibody that blocks C5 and thereby 
prevents the formation of the MAC. The drug can hereby compensate for the function 
of CD59 and abrogates intravascular hemolysis. Eculizumab is very effective as a 
treatment for PNH patients and it improves the quality of life of many PNH patients39-41. 
However, a subset of PNH patients treated with eculizumab, is still dependent on 
RBC transfusion which may be attributed to increased C3 deposition on the RBC 
membrane, which leads to clearance of RBCs by spleen and liver macrophages in 
a process called extravascular hemolysis. Large variation in C3 deposition on PNH 
RBCs is observed between patients which is not completely understood yet, although 
an association was found with a polymorphism in CR1. The L/L genotype results in 
lower expression of CR1 compared to the H/L genotype (intermediate expression) or 
H/H genotype (high expression)42,43. It has been reported that PNH patients with the 
CR1 L/L genotype have more C3 deposition on their RBC membranes and are less 
well responding to eculizumab44. Finally, it has been shown that, to a certain extent, 
FH protects PNH RBCs against hemolysis. Since polymorphisms and mutation for 
FH are described, it is suggested that PNH patients with lower levels of functional FH 
are more susceptible for hemolysis45.
As opposed to PNH, where hematopoietic cells are deficient for both DAF and CD59, 
isolated DAF deficiency (Inab phenotype) is not associated with clinically evident 
hemolytic disease, although higher C3 deposition was observed on RBCs from 
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Inab individuals46-48. In vitro inhibition of CD59 on RBCs from the Inab phenotype 
using a blocking CD59 specific antibody resulted in increased C3 deposition 
and hemolysis48. This suggests that CD59 is superior to DAF in controlling the 
hemolysis of RBCs. This critical role of CD59 is supported by a case of a 7 month old 
patient presenting with bulbar syndrome. Acute febrile illness results in this child in 
a Coombs-negative hemolysis, acute kidney failure and neurological impairment49. 
In addition, Nevo et al.50,51, reported several cases of a familial chronic Coombs-
negative hemolytic anemia and relapsing polyneuropathy, which was finally caused 
by a missense mutation (p.Cys89Tyr) in CD59. 

4.2 Atypical hemolytic uremic syndrome
ahUs is a rare disease that is characterized by thrombocytopenia, microangiopathic 
hemolytic anemia and renal failure. About half of the aHUS cases can be explained 
by mutations in complement regulation genes, including FH, FI and MCP. Mutations 
in FH are the most abundant mutations in aHUS patients and account for 20-30% 
of all reported mutations and in addition 5-10% aHUS patients have autoantibodies 
against FH52-57. Most of the aHUS associated mutations are clustered in the 
C-terminal domain of FH (especially in domain 19 and 20), an important surface 
binding region which is also a hotspot for autoantibodies against FH56-62. As a result, 
the binding of FH to C3b and glycosaminoglycans on host cell surfaces is impaired, 
leading to unwarranted alternative pathway activation on these cells, resulting in 
the formation of inflammatory mediators (such as C5a) and introduction of the MAC 
on endothelial cells and platelets. Subsequent platelet activation and endothelial 
damage result in thrombosis in the microvasculature and microangiopathic hemolysis 
due to mechanical rupture of RBCs28,62-68. Hemolysis can result in locally high levels 
of heme. it has been described that heme in vitro can activate complement via the 
AP in fluid phase and on endothelial cells. This indicates that heme may act as a 
secondary hit in amplifying damage in aHUS due to complement activation69.
Little is known about the contribution of complement activation to the destruction of 
RBCs in aHUS. However, considering the contribution of FH in protecting PNH cells 
from lysis45, it is conceivable that dysfunctional complement regulation may contribute 
to complement activation on the RBC membrane. C3 deposition on platelets of 
aHUS patients with FH mutations has been demonstrated by others67. We observed 
increased C3 deposition on RBCs when incubated with normal human serum in 
which FH was inhibited by monoclonal antibodies, indicating that intact FH function 
is mandatory to protect RBCs from spontaneous AP activation (unpublished data). 
However, in aHUS the Coombs test for complement is usually negative. This may 
indicate that either complement decorated RBCs are cleared rapidly, or complement 
deposition does not substantially occur in aHUS. Further research should establish 
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the consequence of compromised FH function and C3 deposition on RBC clearance 
in ahUs.   

4.3 Dual role of genetic polymorphisms of CR1 in the pathogenesis of malaria
Malaria is an infectious disease that is caused by the transfer of the parasite 
Plasmodium by mosquitos. in humans P. falciparum is responsible for the most severe 
infections, accounting for most malaria related deaths. Severe anemia is a possibly 
lethal complication of malaria infection. P. falciparum infects and multiplies in RBCs 
causing rupture of the RBCs and invasion of even more RBCs. However, the total 
degree of RBC destruction cannot solely be explained by direct destruction by the 
parasite, as uninfected RBCs also undergo accelerated clearance by macrophages 
in the liver and spleen. It has been postulated that membrane destabilization on 
uninfected RBCs occurs due to antibody and heme binding both promoting C3 
deposition on RBCs and subsequent clearance. In addition, it has been described 
that patients with malaria have dysregulated erythropoiesis, also contributing to 
anemia in malaria infected patients70-73.  
In malaria, the formation of RBC clusters due to the binding of infected to uninfected 
RBCs, called rosetting, can obstruct blood vessels and lead to impaired perfusion. 
rosetting is mediated by P. falciparum erythrocyte membrane protein 1 (PfEMP1) that 
binds to CR174. The level of CR1 expression on RBCs is associated with formation of 
rosettes and occurrence of severe malaria75,76. CR1 can also be used by P. falciparum 
as an entry receptor to invade RBCs, mediated by P. falciparum erythrocyte receptor 
4 (PfRh4), which is important for P. falciparum for survival and reproduction. RBCs 
with the L/L genotype, so with lower expression of CR1, were shown to be less 
infected compared to RBCs with the H/H genotype, and soluble CR1 can block 
PfRh4-mediated P. falciparum growth. Interfering with the CR1-parasite interaction 
may therefore be a therapeutic approach for malaria77,78. However, the downside 
of lower CR1 expression is increased complement deposition on the membrane 
of RBCs and accelerated clearance via macrophages. In addition, the clearance 
of immune complexes via CR1 on RBCs will be reduced which may result in more 
tissue damage79-82. these results indicate a dual role of genetic polymorphisms of 
CR1 in the pathogenesis of malaria.

5. secondary downregulation of complement regulation on Rbcs
Besides primary genetic disorders leading to impaired complement regulation on 
RBCs, there are several clinical conditions associated with decreased complement 
regulation that is secondary to the condition, which will be reviewed below.
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5.1 Autoimmune disorders
Systemic lupus erythematosus (SLE) is an autoimmune disease in which patients 
have autoantibodies against nuclear antigens such as DNA and histones released 
from apoptotic cells, resulting in the formation of immune complexes. These immune 
complexes can deposit in tissues, including skin, joints and kidneys resulting in 
local complement activation, inflammation and progression of the disease83,84. 
SLE is characterized by chronic complement activation, and consumption of 
complement proteins C3 and C4 levels are used as diagnostic marker for disease 
severity. In addition, it has been shown that SLE patients have increased levels 
of C4d on their RBCs and C4d-positive RBCs are suggested as a biomarker for 
SLE disease activity85-88. Highest C4 deposition on RBCs was observed in SLE 
patients with hemolytic anemia, although levels of C4d deposition on RBCs did 
not correlate with disease activity due to persistent high levels on C4d on RBCs86. 
Moreover, C4d deposition on RBCs has also been observed for patients with primary 
antiphospholipid syndrome88. This indicates that C4d deposition on RBCs to serve 
as biomarker for disease activity has limitations and is not completely specific for 
SLE. Although C4d deposition on RBCs may not be disease specific, it has been 
shown in SLE patients that C4d deposition on RBCs results in production of NO 
and decreased cell deformability89 rendering the RBCs more vulnerable for lysis 
while passing microvessels, thereby contributing to the pathogenesis of SLE. Many 
SLE patients suffer from secondary anemia caused by chronic inflammation, iron 
deficiency, renal insufficiencies or drug-induced bone marrow suppression90,91. Next 
to producing autoantibodies against intracellular material, sle patients may also 
generate autoantibodies against their own RBCs. These autoantibodies can activate 
the complement system and cause hemolysis of RBCs, a phenomenon called 
autoimmune hemolytic anemia (AIHA), which has been reported as secondary 
condition in approximately 10% of SLE patients90,91. Moreover, AIHA is not only 
associated with SLE, but also lymphoproliferative disorders, immunodeficiency 
disorders, infections and drugs can trigger AihA92,93.
As mentioned above, CR1 on RBCs is very important in clearing complement 
opsonized particles via so called immune adherence clearance, including cell debris 
and immune complexes covered with complement. In SLE reduced expression of 
CR1 on RBCs was described compared to healthy individuals. Therefore, immune 
adherence clearance may be impaired and these immune complexes can deposit in 
tissues resulting in the progression of disease in sle patients94-97. Decreased CR1 
expression may be explained by proteolytic cleavage, during removal of immune 
complexes by phagocytic cells containing proteases. This was shown in vitro by 
mild trypsin treatment, plasmin or thrombin digestion98. Of note, other autoimmune 
diseases, such as Sjögren’s syndrome and rheumatoid arthritis, are also associated 
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with decreased expression of CR1 on RBCs, but no hemolysis or anemia were 
reported99-101.
In addition to decreased CR1 expression, it has been reported that the expression of 
DAF and/or CD59 is decreased on the RBCs of SLE patients, suggesting that RBCs 
from SLE patients are more vulnerable to complement mediated hemolysis97,102,103.  
It has been shown in one study that SLE patients have decreased expression of 
both CR1 and CD5997. However, in the other two mentioned studies, CR1 was not 
measured simultaneously with DAF and CD59 expression102,103. Moreover, reduced 
DAF expression was not always associated with decreased CD59 expression 
and vice versa97,103. so, it is not clear whether decreased complement regulator 
expression in SLE is linked or heterogeneous. Moreover, it is still under debate 
whether this decreased expression of DAF and CD59 occurs only in SLE patients 
with secondary AIHA, as conflicting data were published97,102,103.

5.2 Infectious diseases
Besides that genetic polymorphisms of CR1 affecting malaria have been reported 
(described above in section 4.3 Dual role of genetic polymorphisms of CR1 in the 
pathogenesis of malaria), it has been described that severe malarial anemia is 
associated with decreased levels of CR1 and DAF on RBCs. These deficiencies 
corrected upon treatment of malaria indicating that this reduction in complement 
regulatory proteins is most likely acquired and thus secondary to the disease. It is 
thought that CR1 is lost from the RBC membranes during removal of the immune 
complexes by macrophages of the reticuloendothelial system (immune adherence 
clearance) whereby CR1 is proteolytically cleaved off. The mechanism by which 
DAF is lost from the membrane is unknown. Decreased levels of RBC CR1 and DAF 
result in reduced immune complex binding and increased complement deposition on 
RBCs during malarial infection, leading to accelerated clearance of these RBCs79-

82,104. However, it has been reported that decreased expression of DAF may also 
be beneficial as DAF is important for P. falciparum to invade RBCs, but via which 
mechanism is still unknown105. One study reported that the expression of CD59 
was increased during P. falciparum infection79, while another study showed that 
the expression of CD59 decreased, although not significantly104. For P. falciparum 
infected RBCs it has been shown that CD59 protects against hemolysis106. Altogether, 
complement regulatory proteins CR1 and DAF seem to play a dual role in malaria 
infection. On the one hand, both membrane proteins have been described to play 
a role in parasite entry into RBCs. On the other hand, secondary downregulation 
of CR1 and DAF are associated with accelerated destruction of RBCs and are 
found in patients with severe malaria anemia. Noteworthy, also patients with human 
immunodeficiency virus (HIV) infections have decreased expression of DAF and 
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CD59 on their RBCs, but this was not associated with hemolysis and anemia107.

5.3 Hemoglobin disorders
thalassemias are blood disorders resulting from abnormalities in the synthesis 
of subunits of hemoglobin. β-thalassemia major is the most severe form of 
thalassemia where the β-globin subunit is affected. β-thalassemia major patients 
suffer from severe anemia and are critically dependent on blood transfusions108-110. 
Reduced expression of DAF on RBCs has been described in β-thalassemia major, 
which correlated with disease severity, while CD59 expression was normal. This 
suggests downregulation of DAF via an unknown mechanism that is secondary to 
the disease109,110. Evidently, DAF deficiency in β-thalassemia major patients is not 
the major cause of hemolysis, but it may contribute to the severity of the disease 
by increased complement deposition on affected RBCs. Worth mentioning, it has 
been reported that patients with sickle cell disease, another disease of dysfunctional 
hemoglobin and hemolytic anemia, show decreased expression of both DAF and 
CD59 on their RBCs111,112. The potential contribution to RBCs destruction in both 
diseases still needs to be established.

5.4 Pregnancy and pre-eclampsia
Pre-eclampsia is a condition of pregnancy, in which the mother suffers from high blood 
pressure and proteinuria, possibly being lethal for both mother and fetus. in some 
women, pre-eclampsia is accompanied by RBC hemolysis. Reduced expression of 
CR1 and DAF on RBCs has been reported in pregnant women, with the lowest 
expression reached in the third trimester of the pregnancy. The expression of CD59 
on RBCs was not affected113. The expression of CR1 was lowest in  women with pre-
eclampsia114. However, the observed decreased expression of DAF and CR1 was 
not associated with increased C3d binding on the RBCs113, suggesting that this is not 
the cause of hemolysis in pregnant women. 

5.5 Storage lesion
Red cell concentrates (RCCs) are used for transfusion during conditions associated 
with tissue hypoxia, which is most often for the treatment of critically ill patients 
and patients undergoing surgery. Worldwide about 85 million units of RCCs are 
transfused per year115. These RCCs are stored at 4ºC before they are given to 
patients. During storage, RBCs undergo several biochemical and structural changes, 
that are collectively known as the “storage lesion”116-119.
After a RCC transfusion, 10-25 percent of donor RBCs are cleared from the 
circulation of transfused recipients within 24 hours120. It has been shown that C3 
fragments and MAC components accumulate on the membrane of RBCs during 
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storage121-124. Moreover, survival of RBCs was negatively correlated with both 
the duration of storage and the amount of C3 deposition121,122, suggesting that 
complement activation contributes to the accelerated clearance of transfused RBCs. 
It has been shown that the expression of membrane regulators CR1, DAF and CD59 
is reduced on stored RBCs124-126. However, we did not observe decreased expression 
of membrane bound complement regulators CR1, DAF and CD59 on RBCs that 
were stored under contemporary storage conditions. Moreover, in our hands, both 
complement deposition and phagocytosis by macrophages of stored RBCs was very 
low (manuscript in submission). Altogether, it may be questioned whether decreased 
expression of complement regulatory proteins on RBCs is responsible for the rapid 
loss of transfused RBCs. 

6. conclusion & discussion
  
Membrane-bound complement regulators CR1, DAF and CD59, and fluid phase 
complement regulator FH and FI are important to prevent complement activation 
on RBCs (Fig. 1A) during their constant contact with complement in blood plasma. 
Complement regulation on RBCs differs from that on nucleated cells in a sense 
that expression of MCP is lost during erythropoiesis, as erythroblasts do express 
MCP and mature RBCs are lacking MCP. Under normal conditions, complement 
regulatory proteins seem to be redundant. However, decreased expression and/or 
function of complement regulatory proteins, due to either primary genetic mutations 
in genes encoding for complement regulators or secondary downregulation, may 
result in detrimental complement activation on RBCs depending on which regulator 
is affected and the underlying disease (Fig. 1B). Complement deposition on 
RBCs, as result of defective regulation, may lead to extravascular hemolysis by 
macrophages. This is caused by the opsonization of RBCs with C3b, iC3b and/or 
C3d that interact with complement receptors present on the membrane of spleen 
and liver macrophages127-130. Strong complement activation on RBCs may lead to 
intravascular hemolysis via the formation of MAC, resulting in the release of toxic 
hemoglobin products in the circulation such as free heme. Both extravascular and/
or intravascular hemolysis can contribute to the development of anemia. Moreover, 
extravascular and/or intravascular hemolysis occurs not only in conditions were 
decreased expression and/or function of complement regulatory proteins are 
described, but also in conditions in which antibodies against RBCs are present such 
as AIHA. In this disease, the CP is activated which therefore might be a good target 
for complement inhibition127,128,131. In addition, decreased CR1 expression and/or 
function may lead to impaired immune adherence clearance. This does not have a 
direct effect on RBCs, but contributes to the progression of disease by the deposition 
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of these immune complexes in tissues and the induction of an inflammatory response 
(Fig. 1C). Secondary downregulation of complement regulatory proteins on RBCs 
is not due to gene regulation since RBCs do not contain a nucleus anymore. It 
has been shown though, that RBCs can release vesicles containing CR1, DAF or 
CD59132,133. Increased vesiculation of RBCS during disease may therefore be a 
mechanism of the observed secondary downregulation of complement regulatory 
proteins in several diseases. In addition, it has been postulated that CR1 is lost from 
the RBC membrane by proteolytic cleavage during transfer of immune complexes 
to macrophages in immune adherence clearance98. The primary hematological 
consequences of all conditions mentioned in this review are summarized in Table 1.
As complement activation can lead to accelerated RBC clearance via extravascular 
and/or intravascular lysis, inhibition of complement activation may be a potential 
therapeutic strategy to prevent anemia. As blocking complement may infer risk for 
infections, the benefits of complement inhibition should be balanced with the possible 
risks. Mild anemia due to reduced complement regulation probably does not require 
complement inhibition as therapy. However, in diseases with strong complement-
mediated destruction of RBCs, therapeutic complement inhibition may be a good 
option. The best example of this is the successful use of eculizumab (anti-C5) in PNH 
patients, that completely abrogates intravascular hemolysis. Severe malarial anemia 
may be a target for complement inhibition as well, as anemia is one of the most life 
threatening complications of malaria. First in vitro results with C3 inhibiting peptide 
Compstatin Cp40 in malaria induced C3 deposition on RBCs were promising134. 
Targeting complement at the level of C3 may be preferred to prevent anemia as most 
conditions with reduced complement regulation lead to increased C3 deposition and 
extravascular RBC clearance, rather than intravascular hemolysis. Destruction of 
RBCs by antibodies, as occurring in AIHA (either or not secondary to SLE), may 
be best targeted by upstream inhibition of the classical pathway of complement, for 
example by C1-INH or TNT009, a therapeutic monoclonal antibody that inhibits the 
classical pathway protease C1s. Both plasma-purified and recombinant C1-INH are 
already used in the clinic and the therapeutic antibody TNT009 is currently under 
investigation in clinical trials127,128,135-141. 
In summary, complement regulation on RBCs may be affected by primary genetic 
mutations or secondary downregulation of complement regulators from the 
membrane. reduced complement regulation may lead to complement deposition on 
RBCs which is most obvious on RBCs with primary genetic deficiency of complement 
regulators as in PNH. Targeting complement activation in hemolytic conditions 
with reduced complement regulation may be a therapeutic option to recue severe 
anemia. For some conditions, such as severe malaria anemia, this is already under 
investigation and first results seem to be promising.



Chapter 2

34

Table 1

Conditions with primary genetic deficiencies or secondary downregulation of complement 

regulator proteins on Rbcs

Condition  Affected regulators Primarily Hematological 
Consequence refs

Primary genetic deficiencies of complement regulators

Paroxysmal nocturnal 
hemoglobinuria (PNH) DAF, CD59 Anemia 34,37,38

inab phenotype DAF x 46-48

Inherited CD59 deficiency CD59 Anemia 49-51

Atypical hemolytic uremic 
syndrome (aHUS) FH, FI unknown 28,62,66

Malaria CR1 Anemia 
More immune complexes

76,78,79

secondary downregulation of complement regulators

systemic lupus erythematosus 
(SLE)

CR1, DAF, CD59
Anemia/AIHA 

More immune complexes
87,97,102

Sjögren’s syndrome CR1 More immune complexes 99

rheumatoid arthritis CR1 More immune complexes 100,101

Malaria CR1, DAF, CD59 Anemia 
More immune complexes

79,82,104

Human immunodeficiency 
virus (HIV) DAF, CD59 x 107

β-thalassemia major DAF x 109,110

Sickle cell disease DAF, CD59 x 111,112

Pregnancy and pre-eclampsia CR1, DAF More immune complexes
113,114

storage lesion CR1, DAF, CD59 x 124-126

7. Practice Points
  • RBCs do not have a nucleus, do not express MCP and CR1 is highly expressed  
 compared to nucleated cells.
  • Decreased expression and/or function of complement regulatory proteins may  
 result in detrimental complement activation on RBCs depending on which  
 regulator is affected and the underlying disease. 
  • Both extravascular and/or intravascular hemolysis can contribute to the  
 development of anemia 
  • Decreased CR1 expression and/or function may lead to impaired immune  
 adherence clearance.
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 8. Research Agenda 
Options of therapeutic complement inhibition in disease with very strong complement-
mediated destruction of RBCs need further investigation. 
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To THe ediToR

complement regulator cd46 expression is lost gradually during erythropoiesis.
erythropoiesis occurs in the bone marrow and starts with a hematopoietic stem 
cell that differentiates via pro-erythroblast to normoblast that expel their nuclei to 
form a reticulocyte that exits the bone marrow and finally matures to red blood 
cells (RBCs) in the blood. This differentiation process is accompanied by cell size 
decrease, chromatin condensation, hemoglobin accumulation and sorting of specific 
membrane proteins during enucleation and upon final maturation in the blood1-3. 
About 2 million reticulocytes are produced per second and during anemia this may 
be increased up to 20-fold1. Circulating RBCs are continuously in contact with 
complement components dissolved in blood plasma4. the complement system is an 
essential component of our innate immune system that is involved in the clearance of 
pathogens, dying cells and immune complexes. Fluid phase and membrane bound 
complement regulators offer protection against ongoing complement activation 
and inhibit complement-mediated RBC destruction. On the membrane of RBCs, 
complement regulators CD35, CD55 and CD59 are expressed. In contrast, the 
membrane bound complement regulator CD46 is expressed on nucleated cells, but 
is absent on mature RBCs4-6. We hypothesized that CD46 is lost upon enucleation 
by preferential sorting to the membrane of the expelled nucleus. In the present study, 
we investigated the expression dynamics of CD46 during erythropoiesis. 
To address this question, hematopoietic stem and progenitor cells (HSPC) within 
peripheral blood mononuclear cells (PBMCs) of three healthy donors were 
differentiated to proerythroblasts and subsequently, matured to reticulocytes 
within 9 days as described previously7. As described by others, healthy donor 
RBCs expressed complement regulators CD35, CD55 and CD59, but lacked the 
expression of CD46 (Fig. 1A). Erythroblast differentiation to enucleated reticulocytes 
is accompanied by upregulation of CD235 (glycophorin A) and a decreasing 
expression of CD71 (holotransferrin receptor) marking the different stages of 
erythropoiesis (Fig. 1 B) and in line with previous publications8,9. Complement 
regulators CD55 and CD59 were present at the erythroblast stage and expression 
remained stable during differentiation (Fig. 1B and Fig. 1C). The expression of 
CD46 decreased over time and was lost between day 2 and day 7 (Fig. 1B and 1C), 
which is between the early erythroblastic and orthochromatic normoblastic stage. 
To determine whether CD46 was specifically lost during the process of enucleation, 
a DNA stain (DRAQ5) was used to distinguish between nuclei, nucleated and 
enucleated cells. However, no expression of CD46 was observed on either of these 
populations (Fig. 1D), which was in line with the early loss of CD46 observed in  
Fig. 1B. In contrast, complement regulators CD55 and CD59 were expressed on 
nuclei, nucleated and enucleated cells (Fig. 1D). To confirm whether the dynamics of 
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← Figure 1: Complement regulator CD46 is lost before enucleation during in vitro differentiation. 
(A) Representative FACS plots are shown of complement regulators CD35, CD46, CD55 and CD59 on 
fresh RBCs from three healthy donors. (b-e) PBMCs from the same three healthy donors were isolated 
and expanded/differentiated as previously described7. (b) Representative FACS plots are shown for 
CD71 and CD235a that illustrate the various differentiation stages and their expression for complement  
regulators CD35, CD46, CD55 and CD59 are shown. (c) Bar graph of CD71, CD235a, CD35, CD46, 
CD55 and CD59 for the different days are shown. Data is presented as mean ± standard deviation, 
n=3 donors, MFI: mean fluorescence intensity, ΔMFI = MFI – background. (d) At day 9, a dnA stain, 
DRAQ 5, was used to discriminate between nuclei, nucleated cells and enucleated cells and expression 
of complement regulators CD35, CD46, CD55 and CD59 are shown. (e) FACS plots of the correlation 
between CD71 and CD46 for the three healthy donors are shown.

CD46 regulation during in vitro is reflected in vivo, erythropoiesis within bone marrow 
of a healthy donor was investigated. Fig. 2A shows that CD46 is expressed at the 
erythroblast stage, but gradually lost during differentiation, which is in agreement 
with the in vitro culture data. The CD71lowCD235+ late normoblast & reticulocytes 
gate represents a mix of nucleated DRAQ5+ normoblasts and DRAQ5-immature 
enucleated reticulocytes10. In vivo, we observed that CD46 is lowly expressed on 
nucleated late normoblasts and is almost not expressed on enucleated reticulocytes, 
suggesting that the reminiscent CD46 is lost during enucleation (Fig. 2B). So, both 
in vitro and in vivo CD46 is predominantly lost during early differentiation and the 
remaining CD46 is finally routed to the pyrenocytes during enucleation. The lack of 
CD46 on mature RBCs might have an evolutionary benefit. Different pathogens such 
as viruses (measles, human herpes virus 6 and different serotypes of adenovirus) 
and bacteria (Streptococcus pyogenes and Neisseria species) use CD46 as an entry 
receptor11. It has been proposed that the lack of CD46 on mature RBCs prevents 
dissemination of pathogens as the enucleated reticulocytes are incapable to support 
virus replication12,13.
Remarkably, the expression of CD46 resembles a similar decreasing expression 
pattern as CD71 during in vitro (Fig. 1E) and in vivo (Fig. 2C) erythropoiesis. This 
indicates that the expression of both CD46 and CD71 is decreasing at the same 
differentiation stage of erythropoiesis and thus CD46 may be used as a surrogate 
erythroid differentiation progression marker replacing CD71, thereby increasing the 
panel of markers that can be used to monitor progression of erythropoiesis. It has 
been described that during erythropoiesis and reticulocyte maturation into mature 
RBCs, CD71 is respectively preferentially routed to the pyrenocytes and released 
via exosomes during further reticulocyte maturation. Indeed, other proteins such 
as acetylcholinesterase, nucleoside transporters, α4β1-integrin, aquaporin-1, and 
GPI-anchored proteins including complement regulators CD55 and CD59 can also 
be found in reticulocyte exosomes14-17. In contrast to CD71, regulators CD55 and 
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Figure 2: complement regulator cd46 is lost during erythropoiesis, while cd35 is expressed 
in all in vivo developmental stages. (A) FACS plots displaying a CD71/CD235 staining of healthy 
donor bone marrow is shown and the various developmental stages are indicated. Histograms show 
the expression of complement regulators CD35 and CD46. (b) The DNA stain DRAQ 5 was used to 
discriminate between late normoblasts and reticulocytes of the bone marrow sample and the expression 
of complement regulators CD35 and CD46 are shown. Nuclei are not present as these are phagocytosed 
by central macrophages in vivo. (c) FACS plot of the correlation between CD71 and CD46 in the bone 
marrow sample is shown.

CD59 are still expressed on mature RBCs. This might be because CD55 and CD59 
are anchored to the cell membrane, in analogy to rhesus proteins, and CD46 and 
CD71 are not3. However, whether CD46 is tethered or associated with the erythroid 
spectrin cytoskeleton remains unknown. 
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Moreover, we observed expression of CD35 on day 0, 1 and 2 of differentiation, 
while low expression of CD35 was observed on day 7 and 9 (Fig. 1B and 1C). 
However, as shown in Fig. 1A using the same CD35 antibody, CD35 is expressed 
on mature RBCs of these healthy persons. So low CD35 expression at the end 
of erythroid differentiation was unexpected. In contrast, we observed that CD35 
was expressed on all differential stages of the bone marrow sample (Fig. 2A) and 
also was present on both nucleated late normoblasts and enucleated reticulocytes  
(Fig. 2B). Apparently, expression of CD35 differs between the erythroid maturation 
stages within the bone marrow sample and in vitro differentiated cells, indicating that 
the cultured cells not completely resemble the in vivo situation.
CD35 acts as co-factor for factor I in the inactivation of complement deposition 
and is important for the clearance of complement opsonized immune complexes, 
called immune adherence5. therefore, it might be that in vitro differentiated cells 
are more vulnerable for complement attack and have less immune adherence 
capacity. However, persons with the knops ‘null’ phenotype that display extremely 
low expression of CD35 have no health problems18-20. so, it has to be further 
investigated whether decreased expression of CD35 on in vitro differentiated cells 
has any functional consequences. 
In conclusion, our results showed that CD46 follows a similar decreasing expression 
pattern as CD71 during erythropoiesis and this occurred mainly before enucleation. 
The complement regulators CD55 and CD59 are expressed during all development 
stages of erythropoiesis. Remarkably, CD35 was already expressed early in 
erythropoiesis showing that proerythroblasts uniquely express both CD35 and CD46 
complement regulators.
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AbsTRAcT 

background: In the Netherlands, red blood cells (RBCs) are allowed to be stored 
up to 35 days at 2-6°C in saline-adenine-glucose-mannitol (SAGM). During 
storage, RBCs undergo several changes. Collectively known as storage lesion. We 
investigated to what extent complement deposition and antibody binding occurred 
during RBC storage and investigated phagocytic uptake in vitro. 
materials and methods: RBCs were stored for different lengths of time at 2-6°C in 
SAGM. Complement deposition and antibody binding were assessed upon storage 
and after incubation with serum. M1- and M2-type macrophages were generated 
from blood monocytes to investigate RBC phagocytosis. 
Results: No complement deposition was directly observed on stored RBCs, while 
incubation of RBCs with serum resulted in variable donor dependent C3 deposition 
and IgG binding, both independent of storage time. Only 1-4% phagocytosis of 
stored RBCS was observed by macrophages.
conclusion: RBCs are susceptible to complement deposition and antibody binding 
independent of storage time. Limited phagocytic uptake by macrophages was 
observed in vitro.
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inTRoducTion

Worldwide about 85 million units of red blood cells (RBCs) are transfused per year. 
transfusion remains an essential therapy in the treatment of critically ill patients. 
However, 10-25% of donor RBCs are cleared from the circulation of transfused 
recipients within 24 hours1 In the Netherlands, RBC concentrates (RCCs) may be 
stored up to 35 days at 2-6ºC in saline-adenine-guanine-mannitol (SAGM) before 
transfusion, which is more conservative than in most countries2. during storage, 
RBCs undergo several biochemical and structural changes, collectively known 
as “storage lesion”3,4. Mostly retrospective and observational studies indicate that 
longer stored RBCs potentiate adverse clinical outcomes in transfusion recipients5,6. 
However, more recent multicenter randomized prospective studies did not confirm 
adverse outcomes such as in-hospital mortality7-10. To potentially improve in vivo 
survival of transfused RBCs, it is important to understand the mechanisms and 
consequences of the rapid clearance of transfused RBCs.
In vivo RBCs have a life span of ~120 days. At the end of their lifespan, RBCs become 
senescent, have decreased deformability, and are eventually phagocytosed by 
macrophages of the reticuloendothelial system11. Phagocytosis of senescent RBCs 
may be mediated by naturally occurring antibodies against band 3 and subsequent 
complement activation, exposure of phosphatidylserine (PS) and/or the molecular 
switch of CD47 that controls RBC phagocytosis12.
During storage, the membrane of RBCs is altered which may result in complement 
activation e.g. due to PS exposure; decreased expression of complement regulators 
such as decay-accelerating factor (DAF/CD55), CD59 and complement receptor 1 
(CR1/CD35)13,14. Alternatively, complement deposition may be mediated by bystander 
deposition via contact with the filter used for leukoreduction and/or plastic from the 
bag15. Szymanski and colleagues showed that C3 fragments accumulate on the 
RBC membrane during storage of whole blood and that RBC survival was negatively 
correlated with both duration of storage and the amount of C3 deposition16. When 
whole blood is separated followed by leukocyte depletion by filtration and storage 
of RBCs in SAGM, C3, C4 and C5 are undetectable in the RCC17. However, it has 
been reported that despite leukoreduction, C3 is found on RBC membranes and 
soluble MAC levels are increased during RBC storage13,18. 
Here, we investigated to what extent antibody binding and complement activation 
occurred during RBC storage. Furthermore, by incubating stored RBCs with normal 
human serum (NHS), we studied whether opsonization with complement and/or 
antibodies may contribute to in vitro phagocytic uptake of RBCs by M1- and M2-type 
macrophages. 
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mATeRiAls And meTHods 

Antibodies 
Monoclonal antibody (mAb) anti-C3-19, anti-C4-10 and anti-DAF-1 are in-house 
generated mAbs19. Anti-C3-19 was DyLight 488- or DyLight 647-conjugated (Thermo 
Scientific, Rockland, IL). Anti-C4-10 and anti-DAF-1 were DyLight 647-conjugated 
(Thermo Scientific). Polyclonal antibody anti-IgG-FITC was from Sanquin Reagents 
(Amsterdam, The Netherlands). Anti-CR1-PE (To5) was from Santa Cruz (Dallas, 
TX) and anti-CD59-CF405M (VJ1/12.2) was from Abcam (Cambridge, UK).

serum samples
Normal human serum (NHS) was drawn from thirteen donors, after informed 
consent. Eight sera were pooled (NHS pool), of which an aliquot was heat inactivated  
(HI-NHS) for 30 minutes at 56°C, five sera were individually aliquoted. All aliquots 
were stored at -80°C. 

isolation and storage of Rbcs 
RBCs from RCCs, collected in a quadruple citrate phosphate dextrose (CPD)-
SAGM top-and-bottom bag system (Composelect, Fresenius HemoCare, Emmer-
Compascuum, the Netherlands), were used from the Dutch Sanquin Blood Supply 
Foundation after informed consent from the donors. Alternatively, RBCs were isolated 
from whole blood collected in sodium citrate tubes by centrifugation at 1080g for 10 
minutes. After removing plasma and peripheral blood mononuclear cells, RBCs were 
washed three times with PBS by centrifugation at 1080g for 10 minutes (Fresenius 
Kabi, Zeist, The Netherlands) and stored as a 50% cell suspension in SAGM 
(Fresenius Kabi). 
Both RCCs and RBCS from tubes were stored for a short (2-6 days) or long (35-40 
days) time period at 2-6°C and before use, stored RBCs were washed with PBS 
to investigate the intrinsic capacity of the RBCs to bind antibodies and activate the 
complement system.

Rbc incubation with human serum for complement deposition and antibody 
binding
0.16% RBCs in a final volume of 100µL were incubated with 50% NHS or HI-NHS 
(v/v) diluted in veronal buffer (3mM barbital, 1.8mM sodium barbital, 145mM NaCl, 
pH 7.4) containing 0.05% gelatin (w/v), 10mM CaCl2 and 2mM MgCl2 at 37°C 
overnight. To detect antibody binding, RBCs were incubated 1 hour at RT. Allogenic 
nhs was used, unless indicated otherwise. 
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FAcs analysis of complement deposition, antibody binding and markers on 
Rbcs
NHS exposed RBCs were washed with Hepes buffer containing 1% human serum 
albumin (v/v), 10mM glucose and 2mM CaCl2 and stained with antibodies in the 
dark for 30 minutes at RT. Anti-C3-19, anti-C4-10 and anti-DAF-1: 1µg/ml; anti-IgG 
1:100 dilution; anti-CR1: 1:25 and anti-CD59: 1:12.5. RBCs were analyzed using 
fluorescence-activated cell sorting (FACS) analysis. Percentage positive RBCs was 
determined for complement deposition and antibody binding. Median fluorescence 
intensity (MFI) were used for the expression of DAF, CR1 and CD59.

Phagocytosis assay   
A phagocytosis assay was performed as described before20. In short, M1- and M2-type 
macrophages were generated from human monocytes by stimulation for 9 days with 
10ng/ml GM-CSF (CellGenix, Freiburg, Germany) or 50ng/ml M-CSF (eBioscience, 
Vienna, Austria) respectively. Subsequently, M1- and M2-type macrophages were 
incubated with NHS opsonized or untreated carboxyfluorescein succinimidyl ester 
(CFSE)-labelled RBCs. As positive control, RBCs were opsonized with anti-RhD 
antibody. RBCs were added to M1- or M2-type macrophages for 2 hours and 1 
hour respectively. After incubation, non-phagocytosed RBCs were removed, using 
an isotonic ammonium chloride lysis buffer. Uptake of CFSE-labelled RBCs by 
macrophages was analyzed by FACS.
In addition, the cells were stained with May-Grünwald eosin-methylene blue modified 
solution (Merck) for five minutes and subsequently with Giemsa solution (Merck) for 
30 minutes. Light micrographs were taken using an Axiovert Scope.A1 microscope 
(Zeiss, Oberkochen, Germany).

statistics
Data were analyzed using GraphPad Prism (version 6; GraphPad Software, San 
Diego, CA). To compare C3 deposition and IgG binding between short and long 
stored RBCs a Wilcoxon test was performed. For the phagocytosis assay a two-way 
Anova test and as post-test a Tukey multiple comparisons test was performed. 

ResulTs

incubation of Rbcs with normal human serum leads to c3 deposition 
To determine whether complement activation occurs on RBCs during isolation and 
storage, C3 and C4 deposition on RBC membranes were analyzed by flow cytometry. 
No C3 or C4 deposition was observed on the membranes of RBCs obtained from 
either RCCs or tubes that were stored for a short period or a long period (Fig. 1A). 
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Next, we incubated RBCs with allogeneic NHS as complement source. Using ABO 
mismatch as model system, C3 and C4 deposition was observed on the RBC 
membrane (Fig. 2A). Matched RBCs and NHS were used in all further experiments, 
to rule out complement activation due to ABO mismatches. Incubation of stored RBCs 
from either RCCs or tubes with NHS resulted in C3 deposition on the membrane 
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Figure 1. c3 deposition on Rbcs upon incubation with normal human serum.
(A) Representative FACS histograms are shown of C3 and C4 deposition measured directly on short (2-6 
days) and long stored (35-40 days) RBCs. (b) Representative FACS histograms are shown of C3 and C4 
deposition measured on short (2-6 days) and long stored (35-40 days) RBCs upon incubation with NHS. 
(c) Percentages of C3 positive RBCs upon incubation with NHS are shown that were short (2-6 days) 
or long (35-40 days) stored (n=7 RBC donors). The Wilcoxon test showed no significance. Grey: RBCs 
without fluorescently labelled antibody, black solid: HI-NHS, blue dashed: short storage, and red dotted: 
long storage.
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of a subpopulation of RBCs. No C4 deposition was observed (Fig. 1B), indicating 
alternative complement pathway activation. When analyzing RBCs from seven 
individual donors that were incubated with the same NHS pool, the percentage 
of C3 positive RBCs varied between 2-27% for RCCs and 10-35% for tubes (Fig. 
1C). However, C3 deposition was not significantly different between RBCs that 
were stored for a short or a long period, indicating that C3 activation is RBC donor-
dependent and irrespective of storage time. As no major differences were observed 
between RBCs from RCCs and tubes and to study the intrinsic capacity of the RBCs 
themselves, all further experiments were done with RBCs isolated from citrate tubes.  
The total population of RBCs expressed DAF, CR1 or CD59 equally well on RBCs 
that were stored for a short of long period of time (Table 1) and no correlation was 
found between expression of complement regulators and C3 deposition, excluding 
this as explanation for the observed C3 positive subset of RBCs. 

Table 1. dAF, cR1 and cd59 expression on short and long stored Rbcs.

short long

DAF 780.6 ± 125.7 812.4 ± 109.6

CR1 506.8 ± 151.9 502.8 ± 151.0

CD59 9012.8 ± 1257.4 8925.8 ± 903.4

Data shown as mean MFI ± SD, n=5.  No significant difference in Wilcoxon test between short (2-6 days) 

and long (35-40 days) stored RBCs.

igG binds to stored Rbcs and partly coincides with complement activation
Using ABO mismatch as model system, IgG binding was observed on the RBC 
membrane (Fig. 2B). Matched RBCs and NHS were used in all further experiments, 
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Figure 2. complement deposition and igG 
binding in Abo mismatch model. Representative 
FACS histograms are shown of (A) C3 and C4 
deposition and (b) IgG binding measured on 
blood group AB RBCs upon incubation with 
O-typed NHS. Grey: no NHS, black solid: NHS 
(representative graph of 3 individual experiments).

to rule out antibody binding due to ABO 
mismatches. As shown in Fig. 3A, IgG 
binding was detected on the RBCs after 
incubation with NHS. When analyzing 
RBCs from five individual donors 
incubated with the same nhs pool, the 
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Figure 3. igG binding on Rbcs upon incubation with normal human serum. (A) Representative 
FACS histograms are shown of IgG binding on short (2-6 days) and long (35-40 days) stored RBCs 
upon incubation with nhs. (b) Percentages of IgG positive RBCs upon incubation with NHS are shown 
that were short (2-6 days) or long (35-40 days) stored (n=5 RBC donors). The Wilcoxon test showed no 
significance. Grey: RBCs without fluorescently labelled antibody, blue dashed: short storage, and red 
dotted: long storage.

percentage of cells positive for IgG binding varied between 10-21% and no significant 
difference was observed between RBCs that were stored for a short or a long period 
of time (Fig. 3B). 
Next, individual differences in IgG binding and C3 deposition were investigated by 
cross-incubating RBCs of five donors with serum of the same five donors (Fig. 4A). 
Without serum incubation no IgG binding or C3 deposition were observed on the 
RBCs (Q4). However, incubation of RBCs with allogeneic serum resulted in subsets 
of RBCs that were double-positive for both IgG and C3 (Q2) or single positive for 
either C3 (Q1) or IgG only (Q3). The percentage of C3 and/or IgG positive RBCs 
varied depending on the combination of RBCs and sera. Remarkably, even RBCs 
incubated with autologous serum showed C3 deposition and IgG binding (Fig. 4B).

Phagocytic uptake of Rbcs by macrophages was independent of storage time
Finally, we studied the phagocytic uptake of stored RBCs either or not opsonized with 
NHS. RBCs opsonized with anti-RhD antibody (positive control) were readily taken up, 
indicating that both in vitro generated allogeneic M1- and M2-type macrophages were 
capable of phagocytosing opsonized RBCs. M2-type macrophages phagocytosed 
the RhD-opsonized RBCs significantly more (64-80%) than M1-type macrophages 
(21-26%), irrespective of storage time (Fig. 5A). The extent of phagocytosis of both 
untreated RBCs and NHS- opsonized RBCs was low compared to RhD-opsonized 
RBCs and no significant difference was observed between short and long stored 
RBCs. The percentage phagocytosis of both untreated RBCs and NHS-opsonized 
RBCs was lower for the M1-type macrophages (average 1%) compared to the M2-
type macrophages (average 4%) (Fig. 5B). 
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discussion

Complement deposition and/or antibody binding may contribute to rapid clearance 
of donor RBCs after blood transfusion. Here, we investigated whether complement 
activation and antibody binding occurred during RBC storage and whether this may 
contribute to phagocytic uptake in vitro. 
No complement deposition or IgG binding were detected on stored RBCs from both 
RCCs and tubes stored at 2-6°C in the standard storage solution SAGM. However, 
by incubating stored RBCs with allogeneic NHS, we observed C3 deposition on a 
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subset of RBCs from both RCC and tubes. RCC storage bags contain plasticizers, 
which are not present in the tubes, that can activate the complement system21,22. 
However, the percentage C3 deposition was somewhat lower on RBCs from the 
RCCs compared to the tubes, suggesting that under the investigated conditions 
plasticizers did not have a major effect on complement activation. 
In contrast to a previously published study13, we observed that storage time of 
RBCs had no influence on C3 deposition and IgG binding. In addition, we observed 
no difference in expression of complement regulators DAF (Cromer blood group 
system), CR1 (Knops blood group system) and CD59 over time, while Kamhieh-
Milz et al.13 suggested that increased complement deposition during storage may be 
caused by diminished expression of complement regulators on RBCs. Kamhieh-Milz 
et al.13 used phosphate-adenine-glucose-guanosine-saline-mannitol (PAGGS-M) 
as storage solution, while we used SAGM. It has been described that PAGGS-M 
prevents initial RBC swelling, spontaneous hemolysis and osmotic fragility of the 
RBCs was lower compared to RBCs stored in SAGM23. However, it has not been 
investigated whether PAGGS-M, influences complement activation, antibody binding 
and the expression of complement regulators. 
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Figure 5. IgG and C3 opsonization on stored RBCs is not sufficient for phagocytic uptake by 
macrophages. (A) Wide field images and percentages phagocytosis are shown of the anti-RhD antibody 
(positive control) opsonized short (2-6 days) and long stored (35-40 days) RBCs (n=2) by M1- and M2-type 
macrophages. Two-way Anova test and as post-test a Tukey multiple comparisons test was performed 
and showed significance. (b) Percentages phagocytosis by M1- and M2-type macrophages are shown of 
the untreated short (2-6 days) and long (35-40 days) stored RBCs (n=3) and NHS-opsonized short (2-6 
days) and long (35-40 days) stored RBCs (n=3). Bars show mean ± standard deviation.
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Interestingly, we observed large donor variation for both C3 deposition and IgG 
binding on RBCs. For other factors such as hemolysis, osmotic and mechanical 
fragility also large donor variations are reported4,24. it has been described that 
genetic background and environmental factors may influence the properties of RBCs 
of individual blood donors, which make RBCs from some donors more prone to 
storage lesion than others4,24. The amount of C3 and IgG opsonization may be an 
indication of the degree of storage lesion and therefore may act in the future as a 
biomarker for the storage lesion. However, more studies are needed to investigate 
whether C3 and IgG opsonization on the subset of RBCs correlate with other known 
biomarkers of the storage lesion. 
Most remarkably, even incubation with autologous serum resulted in both C3 
deposition and IgG binding on RBCs. Changes are apparently, induced in RBC 
membrane structures during blood collection and processing, which may lead to 
complement activation and antibody binding after transfusion. 
Phagocytosis assays were performed to investigate whether the observed C3 
deposition and IgG binding may contribute to clearance of stored RBCs. We 
observed that phagocytosis of RhD-opsonized RBCs by M1-type macrophages was 
significantly lower compared to M2-type macrophages. This is in agreement with 
other studies showing that monocytes activated with GM-CSF or interferon-γ (M1-
type macrophages), have a decreased phagocytic capacity compared to monocytes 
activated with M-CSF or IL-10 (M2-type macrophages)20,25. Phagocytosis of untreated 
and NHS-opsonized RBCs was comparable, but low compared to RhD-opsonized 
RBCs. Others have shown before that in case of allo- or autoantibodies, as occurring 
in a transfusion reaction or autoimmune hemolytic anemia, RBCs are cleared from 
the circulation by macrophages via Fc-receptors and/or complement receptors26,27. it 
seems that the extent of C3 deposition and/or IgG binding on stored RBCs observed 
in our study was not sufficient for phagocytic uptake by macrophages. 
In conclusion, no C3 deposition was observed on RBCs as present in a RCC, even 
upon prolonged storage. However, upon incubation of stored RBCs with serum, C3 
deposition and IgG binding occur on a subset of RBCs. So likely, after transfusion 
a fraction of donor RBCs will be opsonized with IgG and/or C3. This needs to be 
verified in vivo by tracing transfused RBCs in patients receiving a blood transfusion 
and measuring complement and IgG binding on the donor RBCs, which is subject 
of current research. Only minimal phagocytosis of RBCs was observed in vitro by 
allogeneic M1-and M2-type macrophages, which seemed to be independent of 
NHS opsonization. Apparently, phagocytosis by these cells was not significantly 
increased by C3 and IgG opsonization on the RBCs, although these cells do express 
complement receptors and Fc receptors. 
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AbsTRAcT 

Red blood cells (RBCs) are constantly exposed to complement and rely on several 
complement regulators to protect themselves from unwanted complement-mediated 
damage. While some of these regulators are expressed on the cell membrane, one 
of the most important complement regulators, complement factor H (FH), circulates 
in the bloodstream and binds to the RBCs upon complement activation. Currently, 
the binding of FH to the cell surface is mainly attributed to its C-terminal binding 
region, consisting of domains 19 and 20. Here, we describe 20 novel anti-FH 
monoclonal antibodies which we have characterized and used to study the binding of 
FH to human RBCs. By targeting specific domains with our antibodies, we show that 
blocking domain 20, but also blocking domain 6, independently, results in decreased 
FH function. This indicates that not only the binding region comprising domains 19-20 
but also the simultaneous binding via domains 6-8 of FH is crucial for the protection 
of human RBCs against complement-mediated clearance. These results shed new 
light on the function of FH on human cell surfaces and the consequences of SNPs 
affecting either of its two binding regions in protecting RBCs from complement.
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inTRoducTion

the human complement system is a powerful protein cascade in blood plasma 
with a pivotal role within innate immunity, contributing to pathogen clearance by 
opsonisation with C3b, the induction of an inflammatory response and lysis through 
the formation of the membrane attack complex. The system partly relies on pattern 
recognition molecules such as C1q for targeted activation. However, the alternative 
pathway is driven by the spontaneous, a-specific activation of C3. This requires 
tight regulation on host surfaces to prevent unwanted complement activation 
and damage. While human RBCs express the membrane bound complement 
regulators complement receptor 1 (CR1), decay accelerating factor (DAF), and 
CD59. Also circulating complement regulators, such as factor H (FH), are pivotal 
in controlling the complement system1-3. This becomes apparent in paroxysmal 
nocturnal hemoglobinuria (PNH) in which somatic mutations in PIG-A result in 
aberrant glycosylphosphatidylinositol (GPI) anchor formation in a sub-population of 
the hematopoietic stem cell lineage4,5. As both DAF and CD59 are GPI-anchored 
complement regulators, PNH RBCs become vulnerable for complement-mediated 
clearance6,7 and more dependent on FH for protection against complement8. 
FH consists of 20 domains, of which domains 1-4 contain the complement regulatory 
activity9,10, and domains 6-8 and 19-20 are involved in the binding to surfaces11-18. 
FH binds to host surfaces via C3b and poly-anionic residues such as sialic acid 
and glycosaminoglycans19. The binding of FH to host cells is mainly attributed to its 
C-terminal binding region comprising domains 19 and 20, which are also a hotspot 
for disease-associated SNPs20. The importance of binding via domain 6-8 is unclear. 
The 6-8 region contains a binding site for poly-anionic residues and was shown to be 
involved in surface binding using deletion mutants of FH11,21. However, a recent study 
showed that recombinant fragments comprising 6-8 could not inhibit FH binding to 
cell surfaces, indicating that surface binding is mainly mediated via domains 19-
2019. To circumvent possible differences in binding affinities of fragments to the 
cell surfaces compared to FH, we targeted FH directly with the use of monoclonal 
antibodies (mAbs) to further elucidate the function of FH on human RBCs. 

mATeRiAl And meTHods

immunization and antibody characterization
Mouse immunization and generation of mAbs was performed as described 
previously22, using plasma purified human FH (CompTech, Tyler, TX, USA) as 
immunogen. Epitope mapping of the mAbs on FH was performed with the use of 
recombinant FH fragments17,18. Fluid phase co-factor activity23 and binding of C3b24 
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were determined as described previously.

sheep Rbc hemolytic assay
FH functionality was measured with a hemolytic assay as described previously25. 
Normal human serum (NHS, pool of 30 healthy donors, obtained with informed 
consent) was pre-incubated with the indicated mAbs and mixed in a 1-to-1 ratio with 
sheep RBCs to reach a final concentration of 10% (v/v) NHS with 1.05*108 cells/mL 
in Veronal buffer (VB) with 5 mM MgCl2 and 10 mM EGTA (ethyleneglycoltetraacetic 
acid), or VB with 10 mM EDTA (ethylenediaminetetraacetic acid) as blank, followed 
by incubation at 37°C for 75 minutes while shaking. Lysis was stopped by adding 100 
µL ice-cold VB with 20 mM EDTA followed by centrifugation (2.5 minutes, 1800 rpm, 
7°C). Hemolysis was measured as absorbance of the supernatants at 412 nm and 
expressed as percentage of the 100% lysis control (H2O with 0.6%, w/v, Saponin). 

residual activity of FH

mAb isotype epitope location Fluid phase co-factor * C3b binding †

αFH.02 IgG1 20 ‡ 93 % 44 %

αFH.03 IgG1 unknown § 97 % 53 %

αFH.07 IgG1 18 87 % 55 %

αFH.09 IgG1 6 94 % 88 %

αFH.10 IgG1 20 ‡ 99 % 72 %

αFH.11 IgG2a 1-4 15 % 38 %

αFH.15 IgG1 5 88 % 59 %

αFH.16 IgG1 16-17 100 % 59 %

αFH.19 IgG1 20 ‡ 99 % 55 %

* Fluid phase co-factor activity was determined as described by Pechtl et al.20 C3b alpha-chain degradation    
by FH and FI, visualized by SDS-PAGE and quantified using a ChemiDoc and Image Lab software, 
version 5.0 (Bio-Rad, Hercules, CA, USA), in the absence of mAb was set to 100%.
† Binding of C3b to FH was determined as described by Hebecker et al.21 C3b binding to coated FH in 
the absence of mAb was set to 100%.
‡ Anti-FH.02, anti-FH.10, and anti-FH.19 all bind to different epitopes on domain 20 as the mAbs do not 
cross-compete for binding of FH.
§  Anti-FH.03 did not bind to any FH fragment, while it did bind to plasma purified FH. 

Table 1. Characteristics of the anti-FH mAbs used in this study

Flow cytometry analysis of c3 deposition on human Rbcs
RBCs from three healthy donors were collected, with informed consent, by 
centrifugation of citrated blood (10 minutes, 2500 rpm) and washed 3 times with 
PBS. RBCs were re-suspended to a 50% cell suspension in saline-adenine-glucose-
mannitol solution (SAGM, Fresenius Kabi, Zeist, the Netherlands), stored at 4°C and 
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washed with PBS before use. RBC suspensions of 0.16% were incubated in a final 
volume of 100 µL with 25% (v/v) NHS from one healthy donor, pre-incubated with the 
indicated mAbs, in VB supplemented with 0.05% (w/v) gelatine, 10 mM CaCl2 and 2 
mM MgCl2, at 37°C for 1 hour followed by washing with PBS containing 0.5% (w/v) 
BSA (bovine serum albumin). C3 deposition was measured by flow cytometry using 
FITC-conjugated anti-C3.19 mAb (Sanquin)26.

ResulTs And discussion

We successfully generated and characterized 20 novel anti-FH mAbs which were 
sub-divided in 9 groups based on competition for FH binding. Of each group, one 
mAb was selected to map the binding site and study the effects on FH function as 
defined by C3b binding and co-factor activity (Table 1). Three non-competing mAbs 
were directed against domain 20, indicating non-overlapping epitopes. Two other 
mAbs were directed against an epitope in domains 16/17 and domain 18, while all 
other mAbs were directed against epitopes in domains 1-6, except for anti-FH.03, 
which did not bind to any FH fragment. The mAbs affected known FH functions, 
corresponding with the different roles known for the targeted domains9,10,13-15, e.g. 
anti-FH.11 (domains 1-4)  inhibited the fluid-phase co-factor activity and anti-FH.02 
(domain 20) inhibited C3b binding.
After characterizing each mAb, we investigated whether blocking the different 
domains affected the activity of FH on sheep RBCs25. As expected, blocking domain 
20 with anti-FH.02, anti-FH.10 or anti-FH.19 resulted in complement-mediated lysis 
(Fig. 1A). However, blocking domain 6 (anti-FH.09) also resulted in a strong increase 
of complement-mediated lysis, suggesting that the first binding region (domains 6-8) 
is also required for complement regulation by FH. Remarkably, anti-FH.11, which 
blocks FH co-factor activity, did not result in a dose-dependent increase in hemolysis, 
which was explained by a complete consumption of native C3 in the fluid phase as 
measured by a C3b/c ELISA (data not shown).
Next, we determined whether the binding region in domains 6-8 is also crucial for 
FH function on human RBCs. As normal human RBCs express CR1, DAF and 
CD59 to prevent complement-mediated lysis, we measured C3 deposition as a 
read-out of disturbed FH function by FACS analysis. In line with the sheep RBCs, 
not only blocking domain 20 (with anti-FH.02, anti-FH.10 and anti-FH.19) but also 
blocking domain 6 (with anti-FH.09) resulted in increased C3 deposition in a dose-
dependent manner (Fig. 1B-C), indicating that indeed both surface binding regions 
in domains 6-8 and 19-20 are truly involved in the complement regulating function 
of FH on human RBCs. As suggested by our findings, binding of FH via only one of 
these regions is not sufficient for optimal protection and FH needs both regions to 
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Figure 1. Anti-FH mAbs inhibit FH function on Rbcs. (A) Sheep RBCs were incubated with 10% 
(v/v) NHS with a titration of the indicated anti-FH mAbs. Hemolysis was determined by measuring the 
supernatants at 412nm and expressed as percentage of the 100% lysis control. Bars represent the mean 
with error bars, indicating the SD of 2 independent experiments. Dashed line indicates hemolysis after 
incubation with nhs without addition of a mAb, also indicated by the white bar. (b) c3 deposition on 
human RBCs was determined by flow cytometry after incubation with 25% (v/v) NHS, containing ~0.5 
µM FH, with the addition of a titration of the indicated mAb. Representative results of RBCs from one 
experiment with the addition of a 2-times molar excess of the indicated mAbs are shown. Grey:  RBCs 
without serum, black lines: RBCs incubated with serum. (c) Results from the flow cytometry analysis of 
C3 deposition on human RBCs as performed in B. Bars represent the mean percentage of C3 positive 
human RBCs from 3 individual healthy donors with error bars indicating the SD. Dashed line indicates the 
level of C3 deposition after incubation with NHS without addition of a mAb, also indicated by the white bar. 
Two-way ANOVA with Dunnett’s multiple comparison post-test were performed, comparing to NHS with 
no mAb. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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effectively interact with and fully protect the RBC cell surface. Remarkably, only a 
sub-population of human RBCs seemed to be sensitive for C3 deposition when FH 
was blocked. This was evident in multiple experiments using different donors and 
was not correlating with the expression of CR1, DAF or CD59 (data not shown).
In conclusion, our results with epitope-mapped mAbs against human FH demonstrate 
a crucial role for the binding region in domains 6-8 of FH, next to the well-established 
role for domains 19-20. Simultaneous binding via both binding regions is required for 
FH to protect human RBCs against complement activation. 
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AbsTRAcT 

background: To prevent unwanted complement activation and subsequent damage, 
complement activation must be tightly regulated on healthy host cells. Dysregulation 
of the complement system contributes to the pathology of diseases like Paroxysmal 
Nocturnal Hemoglobinuria and atypical Hemolytic Uremic Syndrome. To investigate 
complement regulator deficiencies, primary patient cells may be used, but access to 
patient cells may be limited and cells are heterogeneous between different patients. 
To inhibit regulator function on healthy host cells, blocking antibodies can be used, 
though it may be difficult to exclude antibody-mediated effects. To circumvent these 
issues, we created single and combined complement regulator human knockout 
cells to be able to in vitro investigate complement activation and regulation on human 
cells.
methods: CRISPR/Cas9 was used to knockout (KO) complement regulatory 
proteins CD46, CD55 and/or CD59 in human HAP1 cells. Single cell derived cell 
lines were profiled by Sanger sequencing and flow cytometry. To confirm the lack of 
complement regulatory function, the cells were exposed to complement in normal 
human serum and subsequently C3 and C4 deposition on the cell surface were 
detected by using flow cytometry.
Results: We created single KO cell lines that completely lacked CD46, CD55 or 
CD59. We additionally generated double CD46/CD55, CD46/CD59 and CD55/
CD59 KOs and triple CD46/CD55/CD59 KOs. Upon classical pathway activation, 
deletion of CD46 resulted in increased C3 and C4 deposition, while deleting CD55 
mainly resulted to increased C3 deposition, confirming their reported function in 
complement regulation. Upon alternative pathway activation, C3 deposition was 
only observed on the triple CD46/CD55/CD59 KO cells and not on any of the other 
cell lines, suggesting that human cells are resistant to spontaneous complement 
activation and suggesting a role for CD59 in C3 regulation. 
conclusions: The generation of complement regulator KO cell lines provides a 
relevant tool for future in vitro investigations of complement activation and regulation 
on human cells. Furthermore, these cell lines may also be helpful to evaluate 
therapeutic complement inhibitors and may shed light on novel roles of complement 
regulatory proteins as we here observed for CD59. 
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inTRoducTion

the complement system is part of the innate immune system and consists of circulating 
and membrane-associated proteins that are involved in the clearance of pathogens, 
dying cells and immune complexes. Because of its potent pro-inflammatory and 
potentially destructive effects, complement activation must be tightly regulated 
on healthy host cells. Dysregulation of the complement system, due to inefficient 
regulation and/or overstimulation, can result in damage to host cells and contributes 
to the pathology of many inflammatory diseases1-3. A hallmark disease of defective 
complement regulation is Paroxysmal Nocturnal Hemoglobinuria (PNH), which is an 
acquired condition in which hematopoietic stem cells lack the surface complement 
regulators CD55 and CD59 due to a mutation in the PIG-A gene that is responsible 
for GPI-anchorage of these proteins. This complement regulator deficiency renders 
the cells very sensitive to complement activation, resulting in complement mediated 
destruction of affected hematopoietic cells. 
Surface complement regulators such as CD55 and CD59 are important in the 
regulation of the complement system, which can be activated via one of three different 
pathways: the classical (CP), the lectin (LP) and the alternative pathway (AP). In 
the end, all three pathways trigger the facilitation of phagocytosis by opsonization, 
formation of the membrane attack complex (MAC) causing osmolytic lysis of target 
cells and the formation of anaphylatoxins that contribute to inflammation by attracting 
leukocytes to the site of infection4,5. On human cell surfaces complement regulatory 
proteins CD46, CD55 and CD59 can be found that regulate complement activation 
in different ways (Fig. 1). CD55 promotes the rapid dissociation of C3 convertases 
of all three pathways via decay accelerating activity. CD46 acts as a cofactor for 
factor I that enzymatically inactivates C3b and C4b into iC3b and iC4b, respectively. 

C3b

C2a

C4b iC4b iC3b

CD55

Bb

CD59

C9
C9

C9

surface HAP1 cell

CD46

Factor I
C6

C7
C8

Factor I

C5b

Figure 1: mechanism of complement regulation by surface complement regulators cd46, cd55 
and cd59. CD55 promotes dissociation of all C3 convertases via decay accelerating activity. CD46 has 
cofactor activity for factor I to enzymatically inactivate C3b and C4b into iC3b and iC4b, respectively. 
CD59 prevents C9 from polymerization and thereby inhibits formation of the MAC. 
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Finally, CD59 prevents C9 from polymerization and thereby inhibits formation of the 
MAC1,6,7. 
To investigate complement regulator deficiencies, primary patient cells may be used 
or blocking antibodies to inhibit the function of the regulators in vitro. However, 
access to patient cells may be limited, as diseases associated with complement 
regulator deficiency are rare and cells can be heterogeneous between different 
patients. Blocking antibodies may induce unwanted antibody-mediated effects 
and moreover, it may be very costly to use commercially available monoclonal 
antibodies. Furthermore, mouse models with deficiency of complement regulators 
are available, but it is known that with respect to their complement system mice are 
not comparable to humans. to be able to study complement regulation on human 
cell surfaces in more detail, and to circumvent above mentioned issues, we created 
single and combined complement regulator knockout (KO) cells using CRISPR/
Cas98,9. We specifically targeted CD46, CD55 and CD59 in a human cell line (HAP1 
cells) and validated the functional consequence of lacking complement regulators 
on the cell surface by incubating the cells with normal human serum and measuring 
C3 and C4 deposition by flow cytometry as readout for complement activation. We 
conclude that these complement regulator KO cells are a relevant tool for future 
in vitro complement research and may also be used to evaluate novel therapeutic 
complement inhibitors. Therefore, complement regulator deficient cell lines are 
useful for in vitro investigations of complement activation and regulation on human 
cells.

mATeRiAls And meTHods

serum samples
Normal human serum (NHS) from eight healthy male volunteers with blood group 
type A, was pooled (NHS pool) after informed consent, and aliquots were stored at 
-80°C. As a negative control for complement activation, NHS was heat inactivated 
(HI-NHS) for 30 minutes at 56°C. 

Antibodies
In house generated monoclonal antibody (mAb) anti-CD46-3 and anti-CD55-1, 
and anti-CD59 (clone VJ1/12.2; Abcam, Cambridge, United Kingdom) were used 
to detect cell surface expression by FACS. In-house generated mAbs anti-C3-19 
and anti-C4-1010,11 were used to measure complement deposition and polyclonal 
antibodies anti-IgG-FITC and anti-IgM-FITC (Sanquin Reagents, Amsterdam, The 
Netherlands) were used to measure antibody binding. In-house blocking mAb anti-
C1q-8512 was used to inhibit the CP and blocking mAb anti-FH-2 was used to inhibit 
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FH. Blocking mAb anti-C5 (Eculizumab; Alexion Pharmaceutical, Cheshire, CT) was 
obtained from remnants of used Soliris® injection bottles and was used to inhibit 
terminal complement activation.

cell culture
HAP1 cells13,14 (Haplogen Genomics, Wien, Austria) were cultured in Iscove’s 
Modified Dulbecco’s Medium (IMDM; Lonza, Basel, Switzerland) supplemented with 
10% fetal calf serum (v/v) (FCS; Sigma-Aldrich, Steinheim, Germany), 100 U/mL 
penicillin (Invitrogen, Paisley, United Kingdom) and 100µg/ml streptavidin (IMDM++; 
Invitrogen) at 37°C and 5% CO2 and used to generate human cell lines deficient for 
CD46, CD55 and/or CD59. 
Phoenix cells were cultured in Dulbecco’s Modified Eagle Medium (IMDM; Lonza, 
Basel, Switzerland) supplemented with 10% FCS (v/v) at 37°C and 5% CO2 and 
used to generated virus for the viral transduction. 
Cells were washed with phosphate buffered saline (PBS; Fresenius Kabi, Zeist, 
The Netherlands) and detached using 0.1% trypsin-EDTA (Gibco, Carlsbad, CA). 
Subsequently, trypsin was inactivated by FCS present in the culture medium.

cRisPR/cas9 approach to target cd46, cd55 and/or cd59 in HAP1 cells 
A pX330 vector (Addgene, Cambrigde, MA) containing CRISPR guide RNA (gRNA) 
CD46, CD55 or CD59 and X-tremeGENE HP DNA Transfection Reagent (Sigma-
Aldrich) were used (ratio 1:3) to transfect HAP1 cells. Single cell derived clonal 
cell lines were generated and to confirm the KO phenotype of the cells, firstly 
conventional Sanger sequencing was performed and subsequently flow cytometry 
was performed. Next, phenotypical confirmed human cells deficient for CD55 were 
transfected with pX330 vector containing CRISPR gRNA CD46 and the phenotypical 
confirmed human cells deficient for CD59 were transfected with pX330 vector 
containing CRISPR gRNA CD46 or CD55 to create human cells deficient for CD46/
CD55, CD46/CD59 and CD55/CD59 (double KO cell lines). Lastly, phenotypical 
confirmed human cells deficient for CD46/CD59 were transfected with pX330 vector 
containing CRISPR gRNA CD55 to create human cells deficient for CD46/CD55/
CD59 (triple KO cell line) and also this phenotype was confirmed using conventional 
Sanger sequencing and subsequently flow cytometry. 
CRISPR gRNA sequences are shown in Table 1 and 1.0µg/mL DyLight 488-conjugated 
anti-CD46-3, 1.0µg/mL DyLight 647-conjugated anti-CD55-1 and 1:12.5 CF405M-
conjugated anti-CD59 were used to detect surface complement regulators. LSR 
Canto II flow cytometer (BD Biosciences, Breda, The Netherlands) was used for 
measuring and data analysis was performed using FlowJo software v1.0 (Treestar, 
Ashland, OR). 
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Viral transduction 
Phoenix cells were transfected with pMXs puro vector containing CD46, CD55, 
CD59 or nothing (empty vector control) using 2.5M CaCl2 and a 50mM Hepes buffer 
supplemented with 280mM NaCl and 1.5mM Na2HPO4, 12mM D(+)-Glucose and 
10mM KCl. After 48hours, virus was collected and stored at -80°C. Subsequently, 
human cells deficient for CD46/CD55/CD59 were transduced with virus containing 
CD46, CD55, CD59 or nothing by using IMDM supplemented with 10% FCS and 
80µg/ml protamine sulphate (Sigma-Aldrich). Thereafter a complement deposition 
assay (see section below) was performed and both surface complement regulator 
expression and complement deposition were analyzed using flow cytometry.

complement deposition assay
The collected HAP1 cells were washed three times with PBS. Complement activation 
via all three complement pathways (CP, LP and AP) was allowed by incubating 1*105 

HAP1 cells for 1hour at 37°C with 25% NHS-pool (v/v), diluted in veronal buffer 
(VB; 3mM barbital, 1.8mM sodium barbital, 145mM NaCl, pH 7.4) supplemented 
with 0.05% gelatin (w/v), 10mM CaCl2 and 2mM MgCl2 (VBG++) in the presence of 
at least equimolar blocking mAb anti-C5. To allow only AP complement activation, 
VB with 0.05% gelatin (VBG) supplemented with 20mM EGTA and 10mM MgCl2 
(VBGMgEGTA) was used. After incubation, HAP1 cells were washed with PBS 
supplemented with 0.5% (v/v) bovine serum albumin (BSA) before staining with 
fluorescently labeled antibodies.
C3 and C4 deposition was detected by using 1.0µg/ml DyLight 488-conjugated or 
DyLight 647-conjugated anti-C3-19 and 1.0µg/ml DyLight 647-conjugated anti-C4-10 
and antibody binding was detected by using 1:100 antibodies anti-IgG-FITC and 
anti-IgM-FITC. HAP1 cells were incubated with the mentioned antibodies in the dark 
at room temperature for 30minutes. In addition, 1µM 4’,6-diamidino-2-phenylindole 
(DAPI; Thermo Scientific, Rockland, IL) was added to discriminate between living 
and dead cells. 

Table 1. sequences of cRisPR gRnAs used for transfection of HAP1 cells to generate human 
cells deficient for CD46, CD55 and/or CD59. Bold: consensus sequence needed for cloning into pX330 
vector. gRNA: guide RNA.

gRnA sequence (5’-3’)

forward reverse

CD46 cAccGAAAGGGACACTCGCGGCGGC AAAcGCCGCCGCGAGTGTCCCTTTC

CD55 cAccGCTCGGCCGCGCGACGGTCA AAAcTGACCGTCGCGCGGCCGAGC

CD59 cAccGCAAGGAGGGTCTGTCCTGTT AAAcAACAGGACAGACCCTCCTTGC
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ResulTs

Human cell lines were genome-edited to lack surface complement regulators 
cd46, cd55 and/or cd59 
Surface complement regulators CD46, CD55 and CD59 were targeted in HAP1 
cells by CRISPR/Cas9 using gRNAs targeting the first exon of each gene. We next 
generated single cell derived clonal cell lines to confirm the KO phenotype of the cells 
by conventional Sanger sequencing. All KO cell lines we generated were confirmed 
to contain a frameshifting base pair mutation in their first exon, indicating that the 
respective genes were not encoding functional proteins anymore (Fig. 2A). Next, we 
analyzed the cells by FACS and found that, in contrast to wild type (WT) HAP1 cells, 
targeted cells completely lacked CD46, CD55 or CD59 surface expression (Fig. 
2B). Only the genome-edited regulators were affected, leaving the other surface 
complement regulators intact, indicating that we generated very specifically single 
KO cell lines and that the expression of each of these regulators is independent 
of the others. In addition, we created double KO cell lines for surface complement 
regulators CD46/CD55, CD46/CD59 and CD55/CD59, by targeting a second surface 
complement regulator in established single KO cells (Fig. 2C+D). Finally, a triple KO 
cell line was generated by targeting CD55 in the double KO cell line for CD46/CD59. 
These cells were completely lacking CD46, CD55 and CD59 on the cell surface as 
shown by FACS (Fig. 2E+F). Thus, by unbiased selection of genome-edited cell 
lines based on their genomic sequence, we acquired a collection of cell lines each 
expressing a unique combination of complement regulators. 

CP-mediated complement deposition is increased on human cells deficient for 
surface complement regulators
In order to test to what extent complement is activated on WT HAP1 cells, these cells 
were incubated with 25% NHS diluted in a buffer containing calcium and magnesium 
allowing complement activation via all three pathways. Both C3 and C4 deposition 
were observed on WT HAP1 cells, while incubation with HI-NHS was completely 
negative. In the presence of a blocking anti-C1q mAb, all complement deposition was 
inhibited. No spontaneous AP activation seems to have occurred, as we observed 
no residual C3 deposition after blocking the CP (Fig. 3A). Since we also observed 
binding of both IgG and IgM from NHS to the WT HAP1 cells (Fig. 3B), we concluded 
that these antibodies activated the CP leading to C4 and C3 deposition.
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← Figure 2: Human cell lines are deficient for surface complement regulators CD46, CD55 and/or 
cd59. CRISPR/Cas9 was used to target surface complement regulators CD46, CD55 and/or CD59 in 
HAP1 cells. Conventional Sanger sequencing and subsequently flow cytometry was performed to confirm 
the KO phenotype of the cells. DNA chromatograms and FACS histograms are shown for (A+b) single 
KO cell lines, (c+d) double KO cell lines and (e+F) triple KO cell line. Grey: unstained, solid: WT, dashed: 
KO. All data are representative FACS histograms, n=3.

Next, we investigated the functional consequence of deleting one or more surface 
complement regulators during CP initiated complement activation on human 
HAP1 cells. To prevent MAC-mediated lysis of the cells, all incubations were in the 
presence of blocking anti-C5 mAb. As expected, knocking out CD55 resulted in 
increased C3 deposition on the cell surface as compared to WT cells, while no effect 
on C4 deposition was observed. By knocking out CD46, both C3 and C4 deposition 
were strongly increased on the cell surface. Remarkably, the observed effect on 
C3 deposition was much stronger on CD46 KO cells than on CD55 KO cells. CD59 
deficiency had no effect on C3 or C4 deposition (Fig. 3C). Double KO cells for CD46/
CD55 and CD46/CD59 and the triple KO cells for CD46/CD55/CD59 showed the 
same phenotype as CD46 single KO cells, that is increased C3 and C4 deposition. 
Unexpectedly, no effect on complement deposition was observed on the human cells 
deficient for CD55/CD59, while a single CD55 deficiency resulted in increased C3 
deposition (Fig. 3D+E). Blocking C1q fully inhibited C3 and/or C4 deposition on all 
cell lines (data not shown), indicating that complement activation was initiated via 
the CP. Our results show that the makeup of cell surface complement regulators 
determines the extent of CP initiated complement deposition. In these experiments 
CD46 was the most dominant regulator for both C3 and C4 deposition upon CP 
activation.

spontaneous AP-mediated complement deposition only observed on human 
cells lacking all surface complement regulators 
Next, we investigated the effect of knocking out surface complement regulators 
on spontaneous AP activation, by incubating the cells with 25% NHS diluted in a 
buffer containing MgEGTA to abolish any CP or LP activity. Under these conditions, 
no C3 deposition was observed on WT HAP1 cells, or any of the single (CD46, 
CD55, CD59) or double (CD46/CD55, CD46/CD59 and CD55/CD59) KO cell lines 
(Fig. 4A+B). This shows that HAP1 cells are remarkably resistant to spontaneous 
AP complement activation. As HAP1 cells do not express other surface regulators 
that can control spontaneous AP complement activation, this leaves fluid phase 
complement regulator Factor H (FH) as the only candidate for controlling the AP. 
Indeed, inhibition of FH with a blocking mAb, resulted in strong C3 deposition 
on the cell surface of double CD46/CD55 KO cells. However, as long as one C3 
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Figure 3: The effect of knocking out cd46, cd55 and/or cd59 on complement deposition of all 
three complement pathways. (A+b) WT HAP1 cells were incubated with NHS and a buffer supplement 
with calcium and magnesium. (A) C3 and C4 deposition in presence or absence of CP inhibitor αC1q. 
Grey: HI-NHS, solid: NHS, dotted: NHS + αC1q. (b) IgG and IgM binding. Grey: unstained, solid: NHS. 
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← Figure 3, continued
(c+d+e) Human cells deficient for CD46, CD55 and/or CD59 were incubated with NHS and a buffer 
supplement with calcium and magnesium. C3 and C4 deposition was assessed on (c) single KO cell 
lines, (d) double KO cell lines and (e) triple KO cell line. Grey: HI-NHS, solid: WT NHS, dashed: KO NHS. 
All data are representative FACS histograms, n=3. 

Figure 4: during AP 
activation only complement 
deposition was observed 
on human cells deficient 
for cd46, cd55 and cd59. 
Human cells deficient for 
CD46, CD55 and/or CD59 
were incubated with nhs in 
presence of absence αFH 
and a buffer supplement with 
magnesium. C3 deposition 
was assessed on (A) single 
KO cell lines, (b) double 
KO cell lines, (c) double 
KO cell lines in presence of 
αFH and (d) triple KO cell 
line. Grey: HI-NHS, solid: 
WT NHS, dashed: KO NHS, 
dotted: KO NHS + αFH. All 
data are representative FACS 
histograms, n=3.

convertase regulator (CD46 or CD55) was present on the cell surface, spontaneous 
AP activation was completely controlled (Fig. 4C). Surprisingly, upon deletion of 
CD59 on a background of CD46/CD55 deficient cells (triple KO CD46/CD55/CD59), 
a subset of cells became positive for C3 deposition upon incubation with NHS in 
MgEGTA (Fig. 4D), while no C4 deposition was observed (data not shown). 
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no off-target effects were shown by the cRisPR/cas9 approach on the 
phenotype of the human cells deficient for surface complement regulators
To confirm that the functional effects observed in the previous experiments were 
mediated by knocking out the specific surface complement regulators and not by 
off-target effects of the gRNAs used, the individual regulator genes were retrovirally 
transferred to the human cells triple deficient for CD46/CD55/CD59. Fig. 5A shows 
that after transduction a subset of cells re-expressed CD46 (positive) and activation 
of the AP only resulted in C3 deposition on the CD46 negative cells (triple KO CD46/
CD55/C59), and not on the CD46 positive cells (comparable to double KO CD55/
CD59). In addition, transduction of CD55 or CD59 resulted in a subset of cells re-
expressing CD55 or CD59 (comparable to double KO CD46/CD59 and CD46/CD55 
respectively), which also showed no C3 deposition (Fig. 5B+C). These reintroduction 
experiments rule out any off-target effects of our CRISPR/Cas9 approach.
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Figure 5: Retroviral gene transfer restores phenotype for complement regulation. Human cells 
deficient for CD46/CD55/CD59 were virally transduced with DNA from (A) CD46, (b) CD55 and (c) 
CD59 and thereafter incubated with NHS and a buffer supplement with magnesium and assessed for 
marker expression (solid left panel) and C3 deposition (solid right panel). Grey left panel: unstained, Grey 
right panel: HI-NHS. All data are representative FACS histograms, n=2.
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discussion

In this study we describe the successful generation of genome-edited human 
complement regulator deficient cell lines. To our knowledge, we are the first that 
generated 100% genetic single (CD46, CD55, CD59), double (CD46/CD55, CD46/
CD59, CD55/CD59) and triple (CD46/CD55/CD59) KOs in a human cell line, providing 
us with a unique toolset for further complement research. The unlimited availability of 
complement regulator deficient cell lines may be helpful to test in vitro the role of new 
therapeutic complement inhibitors and possible novel roles of complement regulatory 
proteins can be investigated. As an example, we here describe preliminary findings 
on a potential novel role of CD59 in regulating the AP C3 convertase, next to its role 
in inhibiting the MAC, which deserves further investigation. As all incubations were 
performed in the presence of anti-C5, this observed C3 deposition cannot be the 
result of MAC-mediated cell death. It has been shown before that inhibiting CD59 
on healthy RBCs with blocking antibodies resulted in increased C3 deposition15-17. 
We confirmed that the observed effect of lacking CD59 on C3 deposition is not an 
off-target effect of the CRISPR/Cas9 approach as by using retroviral transduction 
of CD59, the phenotype of the human cells deficient for CD46/CD55/CD59 was 
restored. It still needs to be elucidated by which mechanism CD59 affects C3 
regulation and whether this is physiologically relevant. 
The observed complement deposition on WT HAP1 was most probably caused by 
CP activation via antibodies. It has been described that natural antibodies against 
altered carbohydrate structures on malignant cells can be found in the blood of 
healthy persons18. As HAP1 cells are a derivative of a chronic myeloid leukemia cell 
line, this might be the origin of the antibodies found in our study. Human leukocyte 
antigen antibodies were ruled out as only male healthy volunteers were used to 
create our nhs pool.
Our data showed that upon CP activation both CD46 and CD55 are important for 
the regulation of C3 deposition, while only CD46 is important for the regulation of C4 
deposition. Barilla-LaBarca et al.,19 investigated CHO cells transfected with CD46 or 
CD55, these cells normally do not express human surface complement regulators, 
and demonstrated that surface complement regulator CD46 is important for the 
regulation of C4 deposition and CD55 for the regulation of C3 deposition during CP 
activation, which is in line with our results20. In contrast though, they have shown that 
CD46 on their CHO cells did not regulate C3 deposition during CP activation19,20. in 
line with our study, downregulation of either CD46 or CD55 on breast cancer cells 
using siRNA resulted in CP-mediated C3 deposition21. We observed that the effect 
on C3 deposition was much stronger on the CD46 KO cells than on the CD55 KO 
cells. This is most probably because CD46 directly affects C3 deposition, but also 
indirectly because there is less C4 activation and thus less formation of the CP C3 
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convertase. Deleting CD59 had no effect on C3 or C4 deposition upon CP activation 
as was expected since CD59 is known as inhibitor of late stage complement activation 
by preventing the formation of the MAC on the cell membrane. Remarkably, the 
human cells deficient for CD55/CD59 resulted in no increased C3 and C4 deposition 
compared to WT HAP1, while we at least expected a phenotype of increased C3 
deposition from deleting only CD55. The CD55/CD59 KO was generated by targeting 
CD55 on a background of CD59 confirmed KO cells. Although Sanger sequencing 
and flow cytometry showed that CD55 was lacking in both CD55 KO and CD55/CD59 
KO, the genetic CD55 deficiency was different in both cell lines as they originated 
from another clone, which might explain why we observed this difference. Another 
explanation might be that the absence of CD59 negatively modulates C3 deposition 
on the cell surface. To further investigate the discrepancy between the CD55 single 
and CD55/CD59 KO, a new double KO should be generated by targeting CD59 on a 
background of the confirmed CD55 deficient cell line.
By using either CHO cells or rabbit RBCs transfected with human CD46 or CD55, it 
has been shown that both CD46 and CD55 play a role in the regulation of C3 during 
AP complement activation19,20,22. Moreover, when rabbit RBCs were transfected with 
low concentrations of both CD46 and CD55, these surface complement regulators 
even had a synergistic function on the regulation of C3 deposition22. We however 
found no AP-mediated C3 deposition upon deletion of CD46 and/or CD55. This 
result surprised us, as it has been described that C3 deposition occurs on PNH red 
blood cells, that are deficient for CD55/CD59 and lack CD46 as well, as CD46 is 
not expressed by RBCs. RBCs do express CD35 which has a similar complement 
regulatory function as CD4623,24. In the KO HAP1 cells only CD55 and CD59 were 
deleted, while in PNH cells due to the mutation in the PIG-A gene all proteins that 
are GPI anchored, including CD55 and CD59 are affected. It is plausible that other 
GPI-linked proteins have a role in the regulation of C3 deposition, but this needs 
further investigation. CRISPR/Cas9 may be used to target the PIG-A gene in HAP1 
cells and compare the effects on complement activation with CD55/CD59 targeted 
cells. Most AP-mediated C3 deposition was observed when both CD46 and CD55 
were deleted and fluid phase complement regulator FH in the serum was inhibited, 
confirming that FH is important for the C3 regulation of the AP.
In conclusion, the generation of unlimited available complement regulator deficient 
cell lines provides a relevant tool for future in vitro complement research to elucidate in 
depth and under controlled conditions the delicate balance of complement activation 
and regulation on human cells. Furthermore, these cell lines assist the development 
of novel therapeutic complement inhibitors for the treatment of complement-mediated 
diseases and may shed light on possible novel roles of complement regulatory 
proteins as we here described preliminary findings for a potential novel role of CD59.
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AbsTRAcT 

the complement system is an important component of innate immunity for the 
clearance of bacteria, dying cells and immune complexes. The alternative pathway 
amplification loop is considered to be an essential feed forward mechanism, also 
for complement activation by antibody initiated pathways. Because of the potential 
clinical impact in treating antibody-mediated diseases, scientists have extensively 
searched to what extent the amplification loop is important for total classical pathway 
(CP) activation. Therefore, we evaluated the contribution of the amplification loop 
to initial antibody-mediated CP activation on various physiologically relevant cell 
surfaces by using Factor B- or Factor D-depleted normal human serum. Our results 
showed that, on these tested surfaces, the amplification loop is completely bypassed 
in conditions in which the CP pathway is activated via antibodies. This indicates 
that therapeutic intervention in the amplification loop may not be effective to treat 
antibody-mediated diseases and that inhibition more upstream in the CP is a better 
treatment option.
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inTRoducTion

As part of the innate immune system, the complement system, consisting of more 
than 30 circulating and membrane-bound proteins, is important for the clearance 
of pathogens, immune complexes and cellular debris from the human body, via 
opsonization, lysis of bacteria via the membrane attack complex (MAC) and induction of 
an inflammatory response. The potent inflammatory effects of complement activation 
are potentially destructive for any host cell surface. Therefore, regulatory proteins on 
human cell surfaces and in plasma are of utmost importance and should preferably 
act specifically on healthy host cells, while leaving clearance of pathogens intact. 
Complement dysregulation on host cells contributes to tissue damage in diseases 
such as atypical hemolytic uremic syndrome, paroxysmal nocturnal hemoglobinuria 
and autoimmune diseases1-4.
A hallmark disease associated with antibody-mediated complement activation is 
autoimmune hemolytic anemia (AIHA). AIHA is characterized by autoantibodies 
directed to red blood cells (RBCs), which can activate the complement system 
and may cause RBC clearance via extravascular and/or intravascular hemolysis5. 
therapeutic complement inhibition is a potential therapeutic strategy for AihA that is 
currently being explored6-9. 
The complement system can be activated via three pathways that have been 
extensively investigated over the last decades: the classical (CP), the lectin (LP) 
or the alternative pathway (AP), depending on the nature of the activating ligand. 
In general, the CP is activated by antibody-antigen complexes, the LP by pathogen 
specific carbohydrates and the AP gets spontaneously activated on unregulated 
surfaces. Upon activation of the CP and the LP, complement proteins C4 and C2 
are cleaved, together forming the C3 convertase C4bC2a on the activating surface. 
The AP on the other hand is activated by the spontaneous hydrolysis of C3 into 
C3(H2O), allowing for the binding of Factor B (FB), which in turn is cleaved by the 
serine protease Factor D (FD). This results in fluid phase C3(H2O)Bb, the initial C3 
convertase of the AP that can produce reactive C3b. C3b binds to any surrounding 
surface and interacts with FB and FD forming the C3 convertase C3bBb on the 
activating surface. C3bBb is a proteolytic complex that initiates the amplification 
process by formation of more C3b molecules, resulting in efficient opsonisation of 
surfaces that are not properly controlled by complement regulatory proteins1-4. Based 
on experiments using artificial surfaces devoid of complement regulators it has been 
postulated that the AP has a large contribution to total complement activation (80%) 
by amplifying the initial response after initial CP or LP activation10,11. therefore, it 
is assumed that the AP is essential for efficient complement activation regardless 
which pathway originally initiated the complement activation. As a consequence, 
the amplification loop of the AP is considered as a potential therapeutic target for 
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several complement mediated diseases, including autoantibody-mediated diseases, 
although little evidence has been provided. It is crucial to generate fundamental 
understanding of the role of the AP pathway during CP and LP activation. 
Experimental therapeutic approaches would benefit from a better understanding 
of the amplification of CP and LP activation on physiologically relevant surfaces. 
Therefore, in this study we evaluated the contribution of the amplification loop to 
antibody induced CP activation. Surprisingly, we provide the first evidence that the 
AP amplification is bypassed during CP complement activation by using multiple 
physiologically relevant cell surfaces. 

mATeRiAls And meTHods 
  
serum material 
From a previous study12, three anonymized serum samples of AihA patients were 
used as antibody source in which complement activity was inhibited by incubation 
for 30 minutes at 56°C. A normal human serum (NHS) pool was created from 
eight different healthy volunteers after informed consent. As a negative control for 
complement activation, NHS was heat inactivated for 30 minutes at 56°C (HI-NHS). 
FB- and FD-depleted NHS were obtained from CompTech (Tyler, TX). 

Antibodies and proteins
To detect complement deposition in-house monoclonal antibody (mAb) anti-C3-19 
and anti-C4-10 were used13,14. In-house inhibitory mAb anti-C1q-85 was used for 
blocking the CP15 and blocking mAb anti-C5 (Eculizumab; Alexion Pharmaceutical, 
Cheshire, CT) was obtained from remnants of used Soliris® injection bottles and 
used to block terminal complement activation. Purified FB and FD were obtained 
from CompTech (Tyler, TX). In all experiments, 75 µg/mL purified FB and 0.5µg/mL 
purified FD were added to substitute 25% (v/v) FB- or FD-depleted NHS respectively 
to approach normal levels of these proteins.

Complement activation on RBCs and human cells deficient for CD46/CD55
C3 and C4 deposition
C3 and C4 deposition on RBCs was assessed as described previously14. in short, 
0.08% bromelain-treated O-typed RBCs were incubated with 3% (v/v) AIHA patient 
serum as antibody source, 25% (v/v) serum as complement source (NHS, FB- or 
FD-depleted NHS) and in the presence of at least equimolar inhibitory mAb anti-C5 
in VBG supplemented with 10mM CaCl2 and 2mM MgCl2 (VBG++) for 1.5h at 37°C. 
As described previously16, human CD46/55 deficient HAP1 cells (1.0*105 cells) were 
incubated with 25% complement source (NHS, FB- or FD-depleted NHS) (v/v) and at 
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least equimolar inhibitory mAb anti-C5 in VBG++ for 1h at 37°C. 
C3 and C4 deposition were detected by using 1.0µg/ml DyLight 488-conjugated 
anti-C3-19 and 1.0µg/ml DyLight 647-conjugated anti-C4-10. LSR Canto II flow 
cytometer (BD Biosciences, Breda, The Netherlands) was used for measuring and 
data analysis was performed using FlowJo software v1.0 (Treestar, Ashland, OR). 
End stage complement activation
0.4% bromelain-treated O-typed RBCs opsonized with 10% AIHA patient sera (v/v) 
were incubated with 25% serum as complement source (NHS, FB- or FD-depleted 
NHS) (v/v) either or not supplemented with purified FB or FD. Lysis was measured as 
absorbance of the supernatant at 412nm and corrected for the absorbance at 690nm 
with a Synergy 2 plate reader (BioTek Instruments) and expressed as percentage of a 
100% lysis control (RBCs incubated in MilliQ). To measure the amount of perforated 
nucleated HAP1 cells, 1µM DAPI (Thermo Scientific, Rockland, IL), which binds to 
nucleic acids, was added to the cells and fluorescence was analyzed by LSR Canto 
II flow cytometry. 

e. coli bacteria killing assay 
A killing assay was in principle performed as described previously17,18. in short, 
mid-log grown One Shot® TOP10 E. coli (Invitrogen) carrying the pcDNA3.1vector 
(containing ampicillin/carbenicillin resistance) diluted in LB medium to  
OD600 = 0.001 were incubated with 50% complement source (NHS, FB- or FD-
depleted NHS) (v/v) for 1h at 37°C while shaking. Subsequently, 25µL undiluted to 
10000-fold diluted cultures were plated onto LB + 50 µg/ml carbenicillin agar plates. 
After overnight incubation at 37°C the number of colony forming units (CFUs) was 
counted. The lower detection limit was 40 CFU/ml. 

statistics
Analysis and statistical tests were performed using GraphPad Prism (version 6; 
GraphPad Software, San Diego, CA).

ResulTs & discussion

complement activation in autoimmune hemolytic anemia is solely classical 
pathway-mediated 
Based on previously published experiments using artificial surfaces devoid of 
complement regulators it has been postulated that the AP has a major contribution 
to total complement activation after initial CP or LP activation10,11. Based on these 
data, the assumption that efficient complement activation is dependent on an intact 
amplification loop seems generally accepted. When using a similar assay set-up as 
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harboe and colleagues10, and by using FB- and FD-depleted NHS, we confirmed 
the involvement of the amplification loop during CP activation in this setting  
(Suppl. Fig. 1A and 1B). We next verified whether the amplification loop also 
contributes to total complement activation on the membrane surface of human 
RBCs. Autoantibodies in AIHA patients enable complement deposition on RBCs, 
providing a relevant tool to investigate the contribution of the AP amplification loop for 
antibody mediated complement activation. To mimic the process as it occurs in AIHA 
patients, we incubated healthy donor RBCs with AIHA patient serum and determined 
C3 and C4 deposition after addition of NHS as an exogenous complement source14. 
C3 and C4 deposition were completely abrogated using a blocking monoclonal 
anti-C1q antibody, confirming CP initiated complement activation (Fig 1A and 
1B). To investigate the contribution of the amplification loop to the total amount of 
complement activation, FB or FD-depleted NHS was used as complement source 
either or not supplemented with purified FB or FD. Strikingly, comparable levels of 
C3 and C4 deposition on RBCs were observed, irrespective of whether the serum 
contained FB or FD, suggesting that the amplification loop is bypassed during CP 
activation. In the depleted sera, both C3 and C4 deposition were completely inhibited 
by anti-C1q to the level of negative control HI-NHS (Fig. 1A-D), indicating that also 
in these sera complement activation was initiated by the CP. In addition to these flow 
cytometric observations, we measured end stage complement activation on RBCs 
(hemolysis). Incubation of RBCs with AIHA sera in the presence of various serum 
sources resulted in comparable levels of complement-mediated lysis, irrespective 
of whether the serum contained FB or FD. Anti-C1q inhibited the lysis of RBCs to 
background levels that were observed for the negative control HI-NHS (Fig. 1E). 
To check the complement activity of the used FB- and FD depleted NHS, we 
incubated these sera (either or not supplemented with purified FB or FD) in a Mg-
containing buffer on an LPS-coated ELISA plate and measured C3 deposition. C3 
deposition was completely restored to the level of NHS when FB- and FD-depleted 
NHS were substituted with purified FB or FD (Suppl. Fig. 1C), while no C3 deposition 
was detected in the depleted sera. This confirmed that the depleted sera were 
only defective for AP activity, but sufficient for all other components required for 
complement activation.
Next, we investigated in a controlled setting whether the density of cell-bound 
antibodies steers the contribution of the amplification loop. To this end, we varied the 
amount of antibodies on the RBC surface by coupling the 2,4,6-trinitrophenyl hapten 
(TNP) to the surface of healthy donor RBCs and incubated TNP-ylated RBCs with 
increasing amounts of TNP-specific human antibodies. Antibody dose-dependent 
C3 deposition, C4 deposition and hemolysis were observed upon incubation with 
increasing amounts of antibodies and FB- or FD-depleted NHS as complement 
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Figure 1: All complement activation in AiHA is cP-mediated. AihA patient antibodies and different 
serum sources 25% (v/v) were incubated with healthy donor RBCs in presence or absence of CP inhibitor 
αC1q and either or not supplemented with purified FB or FD. (A+b) Representative FACS histograms 
of (A) C3 deposition and (b) C4 deposition are shown for one AIHA patient. Filled: HI-NHS, black: NHS, 
red solid: FB-depleted (dpl) NHS+ FB, red dashed: FB-dpl NHS, blue solid: FD-dpl NHS + FD, blue 
dashed: FD-dpl NHS, green: serum source + αC1q. (c+d) Bar histograms of (c) C3 deposition and (d) 
C4 deposition on RBCs assessed with flow cytometry are shown. (e) Hemolysis of RBCs induced by 
AIHA patient antibodies, which is relative to 100%. Hemolysis induced by incubation with milliQ was set 
to 100%. All data is presented as mean with SD, n=3 patient sera.
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source. Complement deposition or lysis were not influenced by the addition of purified 
FB or FD (Suppl. Fig. 2A-F). We concluded that the absence of the amplification loop 
after CP activation on RBCs was not due to the amount of surface bound antibodies 
From these experiments, we concluded that in vitro complement activation on RBCs 
by antibodies as present in AIHA serum is solely mediated via the CP to get efficient 
C3 and C4 deposition and RBC lysis and thus bypassing the amplification loop. This 
surprised us as in previous studies in murine models for CP-mediated diseases such 
as rheumatoid arthritis, anti-phospholipid syndrome and myasthenia gravis, it was 
shown that blocking the AP and the amplification loop was clinically beneficial19-21. 
However, complement activity varies between mouse strains and even the gender of 
the mice seems to have influence on complement activity, which makes it difficult to 
extrapolate results from murine models to the human situation22. 

The amplification loop is bypassed during CP complement activation on 
human cells deficient for surface complement regulators CD46/CD55
As we found paradoxical results on a plastic surface with immobilized antibodies 
compared to RBC membrane surfaces, we hypothesized that on the human cell 
surface complement regulatory proteins are expressed that may specifically interfere 
with the amplification loop on the cell surface during CP initiated activation. Thus, 
next we investigated the contribution of the amplification loop to C3 deposition on 
human cells that were made deficient for complement regulators CD46 and CD55 
that regulate surface C3 convertases. CD46 and CD55 were knocked out using 
CRISPR/Cas9 in a model human cell line (HAP1)16. Incubation of human CD46/
CD55 deficient cells with NHS resulted in C3 and C4 deposition, which was 
completely inhibited by anti-C1q, indicating that NHS contains antibodies that induce 
CP complement activation on HAP1 cells. Similar to human RBCs, no difference in 
C3 and C4 deposition was observed after incubation with FB- or FD-depleted NHS 
either or not supplemented with purified FB or FD.  As control, complement deposition 
was again completely inhibited by addition of anti-C1q (Fig. 2 A-D). In addition, end 
stage complement activation on these cells resulted in membrane perforation, which 
was visualized by DAPI staining. As illustrated in Fig. 2E, incubation of the cells 
with NHS resulted in only marginal cell death above the background. Complement 
activation induced by either FB- or FD-depleted NHS resulted in a major increase in 
perforated cells, which was abrogated to background levels by the addition of anti-
C1q. This indicates that there is natural variation in complement activity between the 
different serum sources, which may be attributed to the so called complotype23. this 
is mainly reflected by stronger terminal pathway activation, as we did not observe 
such difference in C3 and C4 deposition. In addition, it has been reported that in 
the blood of healthy individuals natural antibodies can be found against altered 
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Figure 2: CP activation on human cells deficient for CD46/CD55 results in C3 and C4 activation 
and membrane perforation while bypassing the amplification loop. Human HAP1 cells deficient 
for CD46/CD5516 were incubated with different serum sources 25% (v/v) in presence or absence of 
CP inhibitor αC1q and either or not supplemented with purified FB or FD. (A+b) Representative FACS 
histograms of (A) C3 deposition and (b) C4 deposition are shown. Filled: HI-NHS, black: NHS, red solid: 
FB-depleted (dpl) NHS + FB, red dashed: FB-dpl NHS, blue solid: FD-dpl NHS + FD, blue dashed: FD-
dpl NHS, green: serum source + αC1q.  (c+d+e) Bar histograms of (c) C3 deposition, (d) C4 deposition 
and (e) percentage DAPI positive human cells deficient for CD46/CD55 assessed with flow cytometry are 
shown. (e) Paired t-test showed no significant difference between FD-dpl and FD-dpl + FD. All data is 
presented as mean with SD, n=3 or 4 independent experiments.
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carbohydrate structures on malignant cells24. As the HAP1 cells are derived from 
a chronic myeloid leukemia, it might be possible that the depleted sera contain 
more of these natural antibodies compared to NHS. Most importantly, no significant 
difference was observed when supplementing the depleted sera with purified FB or 
FD (Fig. 2E), arguing that the amplification is bypassed. These results indicate that 
CP initiated activation on human CD46/CD55 deficient cells leads to C3 and C4 
deposition and end stage MAC formation upon incubation with serum, irrespective 
of the presence of a functional amplification loop. 

CP complement activation on E. coli bacteria bypasses the amplification loop 
When opsonized by antibodies, bacteria are efficiently killed by CP initiated 
complement activation. Therefore, we investigated the role of the amplification loop 
after CP initiated complement activation on the surface of E. coli bacteria as a model. 
Survival of E. coli bacteria after complement activation in serum was determined 
by the quantification of CFUs. To our surprise, incubation with FB- or FD-depleted 
NHS resulted in efficient killing of bacteria equal to NHS induced killing (Fig. 3). 
Upon addition of anti-C1q to any of the complement sources, E. coli CFUs were 
efficiently formed, indicating that the bacterial killing occurred via the CP. In addition, 
incubation with HI-NHS or when end stage complement activation was inhibited by 
using inhibitory anti-C5 no bacteria were killed (Fig. 3). These data reveal again that 
CP initiated complement activation bypasses the amplification loop. 
Previously, it was shown that in vitro C3 opsonization of Streptococcus pneumoniae 
was lower when serum of FD deficient mice was used compared to serum of 
FD sufficient mice25. In line with these results, C3 opsonization of Streptococcus 
pneumoniae in FB deficient mice was reduced compared to wild type mice, in 
addition to lower phagocytic capacity26. However, it was not mentioned whether 
these mice had specific antibodies (and thus classical pathway activation) or that 
the observed differences could be ascribed to the lack of spontaneous AP activation. 
Next to FB- or FD-deficient animal models, FD deficiency has been described to be 
associated with neisseria infections in humans27-29. One patient with FB deficiency 
was reported that suffered from Pneumococcal infections and meningitis caused by 
neisseria30.  This might result from lacking spontaneous AP activation in the absence 
of antibodies, rather than an effect of missing the amplification loop. Altogether, 
lacking a functional AP, by missing FD or FB, seems to result in higher susceptibility 
for certain bacteria in both mice and human. Based on our results, we conclude that 
the AP is important for the clearance of pathogens by C3b opsonization and MAC 
formation upon first encounter with the pathogen when there is no efficient antibody 
response yet. When antibodies already have been formed, so when a person is 
rechallenged with a pathogen, the CP may directly be activated via these antibodies 
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Figure 3: The amplification loop is bypassed 
during cP-mediated killing of e. coli bacteria. 
E. coli CFUs were determined after incubation 
with different serum sources 50% (v/v) in the in 
presence of absence of complement inhibitor 
αC1q or αC5. Data is presented as mean with SD, 
n=3 or 4 independent experiments.

and as our data indicate then the amplification loop is not required. 
Based on our data, we conclude that, intervention in the amplification loop may not 
be an effective therapy for human CP-mediated diseases such as AIHA. Treatment 
of CP initiated autoimmune diseases may be most effective when using complement 
inhibitory drugs targeting the very beginning of the CP, for example by C1-esterase 
inhibitor or TNT009 both inhibiting the CP protease C1s7,8,31,32.
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supplemental Figure 1: Fb-depleted and Fd-depleted nHs do not contain complement activity. 
(A+b) C5b-9 deposition on a titration of aggregated human IgG induced by 25% (v/v) (A) FB-depleted (dpl) 
nhs and (b) FD-dpl NHS either or not supplemented with purified proteins FB or FD. n=3 independent 
experiments. Data is presented as mean with SD. (c) AP-mediated C3 deposition on LPS incubated with 
a titration of the serum source (v/v) either or not supplemented with purified proteins FB or FD. Pooled 
data from 2 independent experiments. EDTA inhibits complement activation.
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supplementary Figure 2: The amount of antibodies on a physiological surface does not determine 
the requirement of the amplification loop for complement activation. TNP-ylated RBCs were 
incubated with a titration of antibodies and 25% (v/v) (A+c+e) FB-depleted (dpl) NHS and (b+d+F) FD-
dpl NHS either or not supplemented with purified FB or FD respectively. (A+b) C3 deposition and (c+d) 
c4 deposition assessed by flow cytometry. Inset: EC¬50 of C3 deposition and C4 deposition respectively, 
induced by antibodies. (e+F) Hemolysis of TNP-ylated RBCs induced by different concentration of 
antibodies, which is relative to 100%. Hemolysis induced by incubation with milliQ was set to 100%. 
Inset: EC50 of lysis induced by antibodies. All data is presented as mean with SD, n=3 independent 
experiments. 
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suPPlemenTAl mATeRiAls And meTHods 
  
c3 deposition elisA 
LPS was coated on a Nunc polysorb 96-well microtiter plate (Invitrogen, Paisley, 
United Kingdom) overnight at room temperature at 5 µg/ml in PBS. After washing, 
25% serum source (NHS, FB- or FD-depleted NHS (v/v)) was added and diluted 1.5-
fold in veronal buffer supplemented with 0.05% gelatin (w/v), 0.1% Tween-20 (w/v; 
VBGT), 5mM MgCl2 and 10mM EGTA for 1h at 37°C. As negative control, 20mM 
EDTA was added to VBGT to block all complement activation. After washing, 0.55µg/
ml biotinylated anti-C3-19 was incubated for 1h at room temperature. Detection 
was done using 0.01% (v/v) streptavidin conjugated-polyHRP (Sanquin) and 100 
µg/mL 3,5,3’,5’-tetramethylbenzidine in 0.1M sodium acetate containing 0.003% 
H2O2 (v/v) (TMB solution). Absorbance was measured at 450 nm and corrected 
for the absorbance at 540 nm with a Synergy 2 Multi-Mode plate reader (BioTek 
Instruments, Winooski, VT, USA).

c5b-9 deposition elisA
The assay was performed as previously published1, with slight modifications. 
Aggregated human IgG (40µg/ml in PBS and 4-fold diluted) was coated on a 
Nunc polysorb 96-well microtiter plate (Invitrogen) overnight at room temperature. 
Subsequently, PBS containing 0.1% Tween-20 (w/v) and 1.0% BSA (w/v) was 
incubated for 1h at 37°C. After washing, 25% serum source (v/v) diluted in VBGT 
supplemented with 10mM CaCl2 and 2mM MgCl2 was incubated for 1h at 37°C. 
After washing, 0.1µg/ml biotinylated anti-C5b-9 (clone E11; Quidel, San Diego, 
CA) was incubated for 1h at room temperature. Detection was done using 0.025% 
(v/v) streptavidin conjugated-HRP (Sanquin) and TMB solution. Absorbance was 
measured at 450nm and corrected for the absorbance at 540nm with a Synergy 2 
Multi-Mode plate reader (BioTek Instruments).

TnP-ylation of Rbcs and complement activation
in-house generated human mAb anti-TNP-IgG1-wild type2 was used to opsonize 
TNP-ylated RBCs and this was performed as described previously3. For detection of 
C3 and C4 deposition, 0.08% TNPylated (10mM TNBS diluted in 0.15M Na2HPO4) 
O-typed RBCs were incubated with increasing concentrations of anti-TNP antibody, 
25% serum as complement source (NHS, FB- or FD-depleted NHS) (v/v) and in the 
presence of at least equimolar inhibitory mAb anti-C5 in VBG++ for 1.5h at 37°C. To 
prevent any complement activation by potential RBC reactive antibodies in the used 
FB- and FD-depleted NHS, we depleted such antibodies by incubating the sera with 
bromelain-treated or TNPylated O-typed RBCs for 30 minutes on ice before use. 
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In addition, for end stage complement activation 0.4% TNPylated O-typed RBCs 
opsonized with increasing concentrations of anti-TNP antibody were incubated with 
25% serum as complement source (NHS, FB- or FD-depleted NHS) (v/v) either or 
not supplemented with purified FB or FD. 

statistics
Analysis and statistical tests were performed using GraphPad Prism (version 6; 
GraphPad Software, San Diego, CA). Moreover, GraphPad Prism was used to 
calculate the half maximal effective concentration (EC50) for C3 deposition and lysis 
of RBCs induced by anti-TNP antibodies using non-linear fit response with a variable 
slope. 
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The complement system plays a pivotal role in human health and disease. On the 
one hand, the complement system is involved in the clearance of pathogens, dying 
cells and immune complexes. Consequently, deficiencies in the complement system 
may lead to increased risk of infections and autoimmunity. On the other hand, 
excessive complement activation due to inefficient regulation and/or overstimulation 
can contribute to inflammation and the pathogenesis of many (often immune-
mediated) diseases1-3. thus, it is of utmost importance that regulatory proteins of 
the complement system are present on human cell surfaces and in blood plasma 
that act specifically on healthy host cells to protect against unwanted complement 
activation, while leaving pathogen clearance intact4-6. in a healthy body, complement 
activation and regulation are well-balanced.
While circulating in the body, red blood cells (RBCs) are continuously in contact with 
complement components in the blood plasma7, which makes proper complement 
regulation on these cells indispensable. This is illustrated by the fact that various 
diseases are associated with complement-mediated RBC destruction. This 
destruction may be antibody-mediated, such as in autoimmune hemolytic anemia 
(AIHA) and allo-immunization. Alternatively, RBC death may be the result of defective 
complement regulation, as occurring in paroxysmal nocturnal hemoglobinuria (PNH; 
CD55/CD59 deficiency) and atypical hemolytic uremic syndrome (aHUS; associated 
with mutations in complement regulation proteins). Complement-mediated destruction 
of RBCs can result in anemia, requiring treatment when severe. RBC transfusions 
are given to restore oxygen transporting capacity in patients suffering from sudden 
blood loss or to patients that have chronic breakdown of their RBCs8-10. disease 
severity and response to existing (complement inhibiting) therapeutics is variable 
in patients. This may have to do with the natural genetic variation in complement 
components, that impacts the potency of complement activation. This genetic make-
up has been coined the complotype. The complotype may have a major impact on 
susceptibility to inflammatory and infectious diseases and influences the severity 
of these conditions11. this illustrates the urgent need to better understand how the 
balance between complement activation and regulation is maintained on different 
cell surfaces. The studies in this thesis focus on various aspects of regulation of 
complement activation on RBCs, the results of which will be discussed in this chapter. 

complement regulation on Rbcs
The importance of complement regulation on RBCs is emphasized by the fact that 
rabbit RBCs, which are completely devoid of any complement regulators that interact 
with human complement, are completely lysed within minutes upon incubation with 
human serum, while human RBCs have a normal life span of approximately 120 
days in circulation12,13. Healthy human cells are equipped with several complement 
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regulating proteins, either expressed on the cell surface or acting in the fluid phase, 
for protection against unwanted detrimental effects of complement activation. 
Interestingly, RBCs have a different composition of membrane expressed complement 
regulators than nucleated cells including hematopoietic stem and progenitor cells. 
Mature RBCs express the membrane bound complement regulators CD35, CD55 
and CD59, but not CD464. As hematopoietic progenitor cells do express CD46, this 
indicates that CD46 is lost during erythropoiesis. In chapter 3, we investigated the 
dynamics of CD46 expression during erythropoiesis. We showed that CD46 follows 
a similar expression pattern as transferrin receptor CD71 during erythropoiesis 
and loss of expression occurred mainly before enucleation. CD46 may therefore 
be used as a surrogate erythroid differentiation progression marker next to CD71, 
thereby increasing the panel of markers that can be used to monitor progression of 
erythropoiesis. As CD46 can serve as an entry receptor for different pathogens, such 
as viruses (measles, human herpes virus 6, different serotypes of adenovirus) and 
bacteria (Streptococcus pyogenes and Neisseria species). However, RBCs do not 
have a nucleus, so they are incapable to support virus replication14-16.  therefore, it 
has been suggested that the lack of CD46 on mature RBCs prevents dissemination 
of pathogens. Most remarkable, we found that CD35 was already expressed early in 
erythropoiesis showing that proerythroblasts uniquely express both CD35 and CD46, 
a phenotype that possibly makes these cells extra resistant against complement 
activation.
Besides membrane bound complement regulators, fluid phase complement regulator 
factor H (FH) is important in the regulation of complement activation on RBCs. In 
chapter 5, we demonstrate that FH plays a key role in protecting RBCs against 
spontaneous complement activation in homeostatic conditions by making use of 
20 novel anti-FH monoclonal antibodies. These were generated and characterised 
for their binding site on the FH molecule and the functional consequences of this 
binding in several standard complement assays. Inhibition of FH resulted in C3 
deposition on a subset of RBCs, despite the presence of membrane regulators 
CD35, CD55 and CD59. In addition, we showed that besides the well-established 
role of FH binding domains 19-20, binding domains 6-8 seem to be important for 
complement regulation on RBCs. So apparently, binding of FH via both binding 
domains is required for optimal protection of RBCs against complement regulation. It 
may be that SNPs or mutations in one of the two binding domains affect protection of 
the RBCs against complement-mediated lysis. aHUS is characterized by excessive 
complement activation in the kidney, due to SNPs or mutations in complement 
regulation proteins, such as FH. Destruction of RBCs in aHUS patients has been 
explained by mechanical rupture of RBCs in the small vasculature. It is, however, well 
possible that mutated FH can also result in more C3 deposition and C9 deposition on 
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RBCs in aHUS patients, thereby increasing the clearance of RBCs by opsonization 
or by MAC formation and thus lysis. Indeed, this has been reported to occur on 
platelets in ahUs patients17. In addition, also in PNH it has been shown that FH 
plays a role in the protection of RBCs against hemolysis18,19. Further research is 
required to investigate whether FH mutations indeed contribute to the destruction 
of RBCs in aHUS, for example by incubation of RBCs with serum of aHUS patients 
to investigate complement deposition. In addition, the set of anti-FH monoclonal 
antibodies may be helpful to narrow down the involved binding domain(s) of FH. 

complement and storage lesion
Worldwide about 85 million units of RBCs are transfused per year9,20. After collection, 
RBCs are stored at 2-6 ºC before use and during this storage RBCs undergo several 
biochemical and structural changes, collectively known as “storage lesion”21-24. 
Nowadays, it is still under debate whether storage of RBCs has harmful effects for 
transfusion recipients. It is clear though, that 10-25 percent of transfused donor RBCs 
are cleared within 24 hours from the circulation of the recipient25. Possibly, complement 
deposition and antibody binding, both facilitating phagocytosis, may contribute to 
the rapid clearance of donor RBCs. Previous research has demonstrated that upon 
storage of RBCs complement deposition increased significantly26-29. However, until 
recently it was unknown whether this occurs on RBCs that are collected and stored 
under current Dutch blood bank conditions and whether this indeed leads to the 
clearance of a substantial fraction of donor RBCs. 
in chapter 4, we report that under current Dutch blood bank conditions there is 
no complement deposition on stored RBCs as present in a red cell concentrate. 
However, we found that upon contact with complement in human serum in vitro, as 
also occurring during transfusion in vivo, RBCs are susceptible to both complement 
deposition and antibody binding, although independent of storage time. However, 
the extent of complement deposition and antibody binding on stored RBCs was 
not sufficient for the phagocytic uptake by monocyte-derived macrophages in vitro, 
suggesting that besides complement deposition and antibody binding on stored 
RBCs other factors such as decreased deformability of RBCs are involved in 
clearance of donor RBCs in recipients. As follow up study on the in vitro results, 
it would be interesting to verify in vivo whether complement deposition and IgG 
binding on transfused donor RBCs occurs in patients. Ideally, the cohort study will 
consist of patients who will experience multiple exposures to RBC transfusion (both 
short and long stored RBCs) and multiple measurements during follow-up (1 hour, 
24 hours, 1 week and 2 weeks). The short time point measurement (1 hour and 
24hour) will reflect the quality of the RBCs and the long time point measurements 
(1 week and 2 weeks) will provide insight on the inherent RBC turnover rate in the 
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recipient. Moreover, this would give more insight on the influence of storage period 
of RBCs in vivo and complement deposition and antibody binding to the transfused 
RBCs can be assessed. Tracing donor RBCs in recipient patients might be done 
for example by discriminating donor RBCs from recipient RBCs by staining for 
differences in minor antigens, i.e. minor blood groups that are not matched between 
donor and recipient or by labeling donor RBCs with biotin30,31. Both techniques have 
advantages and disadvantages that are mentioned in 32. In short, the advantages of 
using minor antigen mismatch are that RBCs are not manipulated before transfusion 
and recovery of a whole concentrate can be determined, but disadvantages are 
that only compatible transfusion with at least one minor antigen difference can be 
studied. Advantages for biotin labeling are that also autologous RBC transfusions 
can be studied and the characteristics of the transfused RBCs can also be observed 
after transfusion, but disadvantages are that recipients can develop anti-biotin 
antibodies, RBCs are manipulated before transfusion and only a small volume can 
be transfused32. These disadvantages may not be counting anymore as recently a 
sterile closed system has been described for biotin labelling of a whole concentrate 
and the biological activity of these RBCs was not affected33. Apart from their capacity 
to detect donor RBCs in blood samples by flow cytometry, both techniques can also 
be used to isolate the donor RBCs from blood samples of the recipient. This allows 
the analysis of other properties of the donor RBCs such as their metabolic status, 
rheologic properties and susceptibility to in vitro phagocytosis. in addition, a pure 
population of donor RBCs can be used for proteomic analysis, which may lead to the 
identification of yet unknown changes occurring in RBCs after transfusion. 

complement and hemolytic disease
PNH is a hallmark disease of defective complement regulation, which is characterized 
by anemia, thrombophilia and bone marrow failure. PNH RBCs are deficient for 
membrane bound regulators CD55 and CD59, due to a mutation in the PIG-A gene 
that is responsible for GPI-anchorage of proteins including CD55 and CD5934,35. As 
mentioned in chapter 3, RBCs lack CD46, but they do express CD35, which has 
a similar complement regulatory function as CD46. Due to the lack of complement 
regulators CD55 and CD59 on a clone of hematopoietic cells, these cells are 
dependent on CD35 and FH for protection and are therefore very sensitive for 
complement-mediated destruction. So far, it is not well defined via which mechanism 
C3 deposition on RBCs of PNH patients occurs and subsequently results into 
hemolysis. One postulated mechanism is that low levels of continuous complement 
activation via spontaneous hydrolysis of C3 result in initial C3 deposition, which is 
then propagated by persistent alternative pathway (AP)-activation due to lack of 
CD55 expression34. 
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As access to patient cells may be limited and cells can be heterogeneous between 
different patients, we generated single and combined complement regulator human 
HAP1 knockout cells using CRISPR/Cas9 to provide us with a tool for future research 
on in vitro complement activation and dysregulation on human cells. The results 
are described in chapter 6. We confirmed the reported function of complement 
regulation by CD46 and CD55 upon CP activation, namely deletion of CD46 
resulted in increased C3 and C4 deposition, while deleting CD55 mainly resulted to 
increased C3 deposition. Remarkably, we observed no spontaneous AP-mediated 
C3 deposition on the HAP1 cells lacking CD46 and/or CD55. This result surprised 
us, as it has been described that C3 deposition occurs on RBCs of PNH patients 
that are deficient for CD55 and CD59. C3 deposition is however mainly observed 
on circulating RBCs in PNH patients that are treated with eculizumab (anti-C5), 
that prevents hemolysis upon complement deposition on the RBCs. The amount 
of the observed C3 deposition is very variable between PNH patients34, which is as 
yet unexplained and deserves further research. When, in addition to knocking out 
CD46/CD55, FH in the serum was inhibited by a monoclonal antibody, we observed 
significant AP-mediated C3 deposition, again pointing out the importance of fluid 
phase FH for the protection of the cell surface against spontaneous C3 activation. 
It is however remarkable that we only observed an effect of FH inhibition on AP-
mediated C3 deposition on HAP1 cells when both CD46 and CD55 are deleted, and 
not on the wildtype cells, considering that blocking of FH resulted in AP-mediated C3 
deposition on healthy RBCs that express CD35, CD55 and CD59 (chapter 5). As 
FH binds to RBCs mainly via deposited C3b and poly-anionic residues such as sialic 
acid36, it is possible that RBCs express more sialic acids compared to HAP1 cells, 
thus rendering RBCs more dependent on FH for protection against complement.
in chapter 6 we described a potential novel role of CD59 in regulating the AP C3 
convertase, next to its well-described function in inhibiting the MAC. As opposed to 
PNH RBCs that are deficient for both CD55 and CD59, isolated CD55 deficiency 
(Inab phenotype) is not associated with clinically evident hemolytic disease, although 
higher C3 deposition has been observed on RBCs from Inab individuals37-39. in line 
with our results on CD46/CD55/CD59 deficient HAP1 cells, in vitro inhibition of CD59 
with a blocking antibody on both healthy RBCs and RBCs from the Inab phenotype, 
resulted in increased C3 deposition39-41. Our results on HAP1 KO cells and the 
reported results on Inab RBCs suggest a role for CD59 on C3 regulation. However, 
it still needs to be elucidated via which mechanism CD59 affects C3 regulation and 
whether this is physiologically relevant. Two obvious options for C3 regulation by 
CD59 are decay accelerating activity and cofactor activity for factor I, that are known 
mechanisms for CD55, CD35, CD46 and FH regulation. However, it can also be a yet 
unknown mechanism. The finding that CD59 can act as regulator for C3 activation, 
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in addition to its function as inhibitor of the MAC, adds to the understanding of the 
pathogenesis of PNH on which mechanism C3 deposition on RBCs of PNH patients 
occurs.
Instead of studying the role of specific complement regulators, the CRISPR/Cas9 
approach can also be used to directly target the PIG-A gene in HAP1 cells or even 
more clinically relevant in erythroblasts before transforming them into reticulocytes 
to further investigate the pathogenesis of PNH in a constant cell line rather than in 
patient-derived RBCs. The PIG-A gene is located on the X-chromosome35, thus a 
single mutation in erythroblasts derived from a male donor should be sufficient to 
lead to a complete knockdown of the gene. Moreover, as described in chapter 3 
during in vitro culturing of erythroblasts towards reticulocytes, the cells loose CD46 
expression during maturation which seems mainly to occur before enucleation of the 
cells. Therefore, we expect that the manipulated cells will be positive for CD35, but 
negative for CD55, CD59 and CD46 and thus resembling PNH RBCs. In addition, 
targeting the complete PIG-A gene may also shed light on why we did not observe 
AP-mediated C3 deposition on HAP1 cells that were targeted for CD46 and/or 
CD55, while C3 deposition does seem to occur on RBCs of PNH patients that are 
deficient for CD55/CD59 due to a mutation in the PIG-A gene. Moreover, in the 
above-mentioned chapters, we only investigated the role of the known membrane 
bound and fluid phase complement regulators. Genome wide screens can be 
performed to identify yet unknown complement regulatory proteins. Two examples 
of genome-wide screens that can be performed are based on haploid genetics or 
CRISPR/Cas9. For haploid genetic screens, HAP1 cells undergo randomly gene 
trap mutagenesis, while for CRISPR/Cas9 screens, specific genomic loci in human 
cells are targeted42,43. Both methods would lead to a heterogeneous population of 
cells each knockout for a different set of genes. These cells can be exposed to 
complement in normal human serum and subsequently be analyzed for C3 and C4 
deposition. Cells that are screened with significantly lower or higher complement 
deposition compared to wild type cells are of interest, because this might be caused 
by hit genes of known complement regulators (that serve as control) or genes are 
hit that might shed light on yet unknown complement regulatory proteins. Haploid 
genetic screens seem to be more powerful compared to the CRISPR/Cas9 screens; 
the latter however can be used on diploid cells allowing to elucidate mechanisms 
that do not occur in haploid HAP1 cells. 

complement and therapeutic options
Besides PNH, AIHA is another disease that is associated with clinical anemic 
conditions. AIHA is characterized by the formation of autoantibodies against RBCs, 
with or without complement activation. RBC specific antibodies can activate the 
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complement system resulting in antibody and/or complement opsonized RBCs 
that may be cleared by phagocytes via Fc-gamma receptors and/or complement 
receptors causing extravascular lysis. Moreover, strong complement activation 
results in formation of the MAC, causing intravascular lysis44-46. 
As the AP amplification loop is considered to have a major contribution to total 
complement activation (80%) regardless which pathway originally initiated the 
response47,48, the AP may be a potential therapeutic target for several complement-
mediated diseases, including autoantibody-mediated diseases such as AIHA, by 
intervening in the amplification loop of complement activation. In chapter 7, we 
demonstrated however that in the context of AIHA, there is only limited (if any) 
contribution of the amplification loop to total complement activation on human RBCS 
when inducing classical pathway (CP) activation via antibodies. This indicates 
that the CP can induce efficient complement activation by itself while bypassing 
the amplification loop. Therefore, for antibody-mediated diseases, such as AIHA, 
therapeutic options that target the upstream activation of the CP of complement, 
for example C1-INH or TNT009, may be the best option44,49-51. Besides using the 
described HAP1 knockout cell lines to investigate the pathogenesis of complement-
mediated diseases, these cell lines may assist in the development and testing of 
novel therapeutic complement inhibitors for the treatment of complement-mediated 
diseases. this includes AihA, as we demonstrated in chapter 6 that also on 
HAP1 cells complement deposition was most probably caused by CP activation via 
antibodies. 
In addition, as the complement activation pathways merge at the level of C3 and C5, 
these are logical targets for the development of therapeutic complement inhibitors. 
Blocking at the level of C3 shuts down the formation of anaphylatoxins, and prevents 
opsonization with C3b and thus rapidly reduces the inflammatory reaction as well 
as clearance via opsonophagocytosis. Blocking at the level of C5 prevents the 
formation of the MAC and the production of the anaphylatoxin C5a, while leaving 
opsonophagocytosis via C3 deposition intact. As already mentioned in chapter 
2, targeting complement at the level of C3 will probably be most successful to 
prevent anemia in conditions where there is extravascular clearance, while blocking 
at the level of C5 will be most successful to prevent anemia in conditions where 
there is intravascular clearance. Indeed the first in vitro results for C3 inhibiting 
peptide Compstatin are promising to reduce C3 deposition on RBCs in malaria52 
and eculizumab is successfully being used in PNH patients to completely abrogate 
MAC formation and thus inhibit intravascular hemolysis53-55. the use of eculizumab 
is also successfully used for the treatment of ahUs56,57. Therapeutic blocking of 
complement activation at the level of C3 or C5 however, results in the shutdown of 
the final effector cascades of the complement system. Furthermore, deficiencies in 
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the early complement components, such as C1q, C2, C3 and C4 are associated with 
recurrent bacterial infections and auto-immune disease, while deficiencies in the 
terminal complement components, such as C5, C6, C7, C8 and C9 are associated 
with increased risk of infections with encapsulated bacteria and in particular Neisseria 
infections58,59. This indicates that therapeutic blocking of complement may result 
in increased risk for infections. However, as shown in chapter 7, in the presence 
of antibodies the CP is sufficient for in vitro killing of bacteria while bypassing the 
amplification loop. Thus, as already mentioned in chapter 2, the benefits and risks 
of complement inhibition should be carefully considered. As such, mild anemia might 
not require complement inhibition as therapy, while complement inhibition may be 
a good therapeutic option in severe anemia with complement-mediated destruction 
of RBCs. 

Future recommendations
Figure 1 shows an overview of how complement activation is regulated on RBCs 
as described in this thesis. Our results demonstrated  that both membrane bound 
complement regulators CD35, CD55 and CD59 as well as fluid phase complement 
regulator FH are important in protecting RBCs against unwanted complement 
activation. To be able to restore oxygen transporting capacity in anemic patients, 
RBCs are collected from healthy donors and in The Netherlands may be stored 
up to 35 days at 2-6 ºC before transfusion. During storage, RBCs undergo several 
biochemical and structural changes that might underlie the fast clearance of part 
of the donor RBCs. We demonstrated in vitro that complement deposition and 
IgG binding occur only on stored RBCs upon contact with normal human serum 
independent of the storage time, while not occurring in the red cell concentrate itself. 
We however recommend to perform in vivo studies to verify whether complement 
deposition and antibody binding occur on transfused donor RBCs in patients, 
and whether this affects clearance of donor RBCs. RBC transfusions are given in 
clinical anemic conditions, such as PNH, in which RBC death results from defective 
complement regulation and AIHA, that is characterized by antibody-mediated RBC 
destruction. By creating HAP1 KO cell lines, we resembled PNH cells and obtained 
new insights about the function of complement regulators. We think it is very useful 
to also directly target the PIG-A gene in erythroblasts before transforming them into 
reticulocytes to further obtain knowledge about the pathogenesis of PNH. The HAP1 
KO cell lines are also a promising tool for testing novel therapeutic complement 
inhibitors for the treatment of antibody-mediated diseases such as AIHA and may 
shed light on possible novel roles of complement regulatory proteins. Furthermore, 
for therapeutic treatments, we have to bear in mind that in vitro results cannot always 
be extrapolated to the situation on human cells or bacteria in vivo. We demonstrated 
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that in presence of antibodies, CP initiated complement activation can result in 
total complement activation while bypassing the amplification loop, indicating that 
intervention in the amplification loop may not be an effective therapy for antibody-
mediated diseases.

Figure 1: overview of complement regulation on red blood cells (Rbcs). (1) during erythropoiesis 
the expression of CD46 on precursors cells decreases (faded symbol) and is completely lost on mature 
RBCs. (2) Mature RBCs express complement regulators CD35, CD55 and CD59 on the membrane. (3) 
CD35 is important for immune complex adherence clearance. (4) Fluid phase complement regulator FH 
plays a key role in protecting RBCs against spontaneous complement activation. (5) in a RBC concentrate 
(storage lesion indicated in figure by deformed RBC) no complement deposition occurs, but upon in vitro 
contact with complement in human serum RBCs are susceptible for complement deposition and antibody 
binding. (6) Antibody binding can induce efficient CP complement activation resulting in total complement 
activation while bypassing the amplification loop. 
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enGlisH summARy

the complement system is part of our innate immune system and is important as 
first line of defense against pathogens. Next to pathogen clearance, the complement 
system also plays an important role in removing damaged or dying cells from the 
body. The complement system can be activated via three pathways, which are 
activated via separate mechanisms, but all eventually converge to a common 
terminal pathway. In general, the classical pathway (CP) is activated by antibody-
antigen complexes, the lectin pathway (LP) by pathogen specific carbohydrates and 
the alternative pathway (AP) gets spontaneously activated on unregulated surfaces. 
Red bloods cells (RBCs) are the most common type of blood cells and while 
circulating in the body being continuously in contact with complement components 
in the blood plasma. To protect against unwanted complement activation, RBCs 
(like all host cells) are equipped with several complement regulating proteins, either 
expressed on the cell membrane such as CD35, CD55 and CD59 or acting in the 
fluid phase such as factor H (FH). Inefficient regulation or overstimulation of the 
complement system may cause complement deposition on RBCs. This can result into 
intravascular clearance of RBCs via the formation of the membrane attack complex 
or extravascular clearance of RBCs via complement receptor-mediated phagocytosis 
by macrophages and both can contribute to the development of anemia.
RBC transfusions are given to restore oxygen transporting capacity when there are 
clear signals of lack of oxygen due to anemia. The focus of this thesis is to further 
elucidate how complement activation is regulated on RBCs, under normal conditions, 
during RBC transfusion and in hemolytic diseases.

Under normal conditions, complement regulatory proteins are redundant in controlling 
complement activation on the RBC surface. However, decreased expression and/
or function of complement regulatory proteins may result in unwanted complement 
activation and accelerated removal of RBCs, depending on which regulator is 
affected and the underlying disease. in chapter 2, we reviewed literature on 
complement regulation on RBCs and the (clinical) consequences of dysregulated 
complement regulation, either due to genetic mutations or acquired during several 
clinical conditions.

RBCs express membrane bound complement regulators CD35, CD55 and CD59, 
but lack CD46 expression, which is expressed on all nucleated cells. In chapter 3, 
we report for the first time the dynamics of the expression of complement regulator 
CD46 during erythropoiesis. CD46 follows a similar decreasing expression pattern 
as CD71 (transferrin receptor) during erythropoiesis and this occurred mainly before 
enucleation. Thus, CD46 may be used as a surrogate erythroid differentiation 
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progression marker in addition to CD71, thereby increasing the panel of markers that 
can be used to monitor progression of erythropoiesis. In addition, we observed that 
CD35 was already expressed early in erythropoiesis showing that proerythroblasts 
uniquely express both complement regulators CD35 and CD46.

As stored RBCs that are transfused into patients are cleared rapidly form the circulation 
of the recipient, we investigated in chapter 4 whether complement deposition and 
antibody binding, both facilitating phagocytosis, could be a mechanism contributing 
to this clearance. We demonstrated that under current Dutch blood bank conditions 
there is no complement deposition on stored RBCs as present in a concentrate. 
However, we showed that upon contact with human serum, as occurring during 
transfusion, RBCs are susceptible for complement deposition and antibody binding 
independent of storage time. This however seemed not sufficient for the phagocytic 
uptake by monocyte-derived macrophages. These results indicate that besides 
complement deposition and antibody binding on stored RBCs upon mimicking a 
transfusion more factors are involved in the clearance of donor RBCs in recipients.

Besides membrane bound complement regulators, fluid phase regulator FH is 
important in the regulation of complement activation on RBCs. In chapter 5 we 
described the characterization of 20 newly generated anti-FH monoclonal antibodies. 
With the use of these antibodies we showed that besides the well-established role of 
binding domains 19-20, binding domains 6-8 are important for complement regulation 
on RBCs. Blocking these binding domains resulted in increased C3 deposition on 
RBCs when incubated with human serum.

dysfunction of complement regulation can result in damage to host cells, thereby 
contributing to the pathology of many diseases. The unlimited availability of 
complement regulator deficient cell lines may be helpful to further investigate in vitro 
the delicate balance of complement activation and regulation on human cells. To the 
best of our knowledge, we showed in chapter 6 for the first time, the generation 
of human single CD46, CD55 and CD59 knockout, double CD46/CD55, CD46/
CD59 and CD55/CD59 knockout and triple CD46/CD55/CD59 knockout cell lines. 
We confirmed the known function of these complement regulators and observed an 
effect of CD59 deficiency on C3 deposition, which suggests involvement of CD59 in 
regulation of C3 convertases. In addition, these cell lines may provide a useful tool 
to test novel therapeutic complement inhibitors in vitro.



Appendix

143

A

For efficient complement activation via each of the activation pathways, the AP 
amplification loop is assumed to be an essential feed forward mechanism. Because 
of this, the AP is considered a potential therapeutic target for auto-antibody induced 
conditions. in chapter 7 we, however, showed that the amplification loop is bypassed 
when inducing CP activation via antibodies on physiologically relevant cell surfaces. 
So, this indicates that most probably therapeutic intervention of the amplification 
loop is not effective to treat antibody-mediated diseases. 

the results described in this thesis were summarized and discussed in chapter 8 
giving a comprehensive overview on regulation of complement activation on RBCs.
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nedeRlAnds sAmenVATTinG

Het complement systeem is onderdeel van het aangeboren immuunsysteem en 
speelt een belangrijke rol bij de verdediging tegen pathogenen. Naast het opruimen 
van pathogenen, speelt het complement systeem ook een belangrijke rol bij het 
verwijderen van beschadigde of dode cellen in ons lichaam. Het complement systeem 
kan worden geactiveerd via drie routes, die elk een eigen activatie mechanisme 
hebben, maar uiteindelijk uitkomen bij een gemeenschappelijke eind route. In 
het algemeen wordt de klassieke route geactiveerd door antilichaam-antigeen 
complexen, de lectine route door pathogeen-specifieke suikers en de alternatieve 
route wordt spontaan geactiveerd op oppervlakten zonder complement regulatie.
Rode bloedcellen zijn de meest voorkomende bloedcellen in ons lichaam. Terwijl ze 
door ons lichaam circuleren zijn deze rode bloedcellen voortdurend in contact met 
de in het bloedplasma aanwezige complement componenten. Om rode bloedcellen 
te beschermen tegen ongewenste complement activatie, zijn ze (net als alle andere 
lichaamseigen cellen) uitgerust met verschillende complement regulerende eiwitten, 
die tot expressie komen op het celmembraan, zoals CD35, CD55 en CD59, of 
werkzaam zijn in ons bloedplasma zoals factor H (FH). Inefficiënte regulatie of te 
veel stimulatie van het complement systeem kan leiden tot complement depositie op 
rode bloedcellen. Dit kan resulteren in intravasculaire klaring van de rode bloedcellen 
via de vorming van het membraan attack complex of resulteren in extravasculaire 
klaring van de rode bloedcellen via complement receptor-gemedieerde fagocytose 
door macrofagen. In beide gevallen zal dit leiden tot een tekort aan rode bloedcellen 
en uiteindelijk anemie. 
Rode bloedcel transfusies kunnen de zuurstoftransport capaciteit herstellen wanneer 
er bij de patiënt duidelijke signalen zijn van zuurstofgebrek als gevolg van anemie. 
De focus van dit proefschrift is om verder te verduidelijken hoe complement activatie 
wordt gereguleerd op rode bloedcellen onder normale omstandigheden, tijdens rode 
bloedcel transfusies en bij hemolytische aandoeningen.

Onder normale omstandigheden zijn er meer dan voldoende complement 
regulerende eiwitten aanwezig om complement activatie op het membraan van 
rode bloedcellen onder controle te houden. Echter verminderde expressie en/
of functie van deze regulerende eiwitten kan leiden tot ongewenste complement 
activatie en versnelde klaring van rode bloedcellen. Dit is zowel afhankelijk van 
het type regulatoren dat is aangedaan als wel afhankelijk van de onderliggende 
ziekte. Hoofdstuk 2 biedt een overzicht van de huidige literatuur over complement 
activatie op rode bloedcellen. Ook worden de (klinische) gevolgen van ontregelde 
complement regulatie besproken, hetzij als gevolg van genetische mutaties, hetzij 
verworven bij verschillende klinische omstandigheden.
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rode bloedcellen brengen op hun celmembraan de complement regulatoren 
CD35, CD55 en CD59 tot expressie, maar ze missen de expressie van CD46. Dit 
doordat CD46 alleen tot expressie komt op het celmembraan van cellen met een 
kern. Hoofdstuk 3 rapporteert de dynamiek van de expressie van complement 
regulator CD46 tijdens de erytropoëse. Expressie van CD46 neem af gedurende de 
erytropoëse dat vergelijkbaar is met het expressie patroon van CD71 (transferrine 
receptor). Dit gebeurd voornamelijk voordat enucleatie plaatsvindt. Dit maakt CD46, 
naast CD71, een geschikte kandidaat als surrogaat erytroïde differentiatie marker; 
een uitbreiding van het panel aan markers dat gebruikt kan worden voor het volgen 
van de voortgang van de erytropoëse. Daarnaast rapporteren we dat CD35 al vroeg 
tijdens de erytropoëse tot expressie komt, wat aantoont dat proerytroblasten uniek 
zijn, omdat ze zowel de complement regulatoren CD35 als CD46 tot expressie 
brengen.

Het is bekend dat opgeslagen rode bloedcellen, die patiënten krijgen voor transfusie, 
snel uit de circulatie van de ontvanger worden geklaard. Om hier een verklaring 
voor te vinden, hebben we in Hoofdstuk 4 onderzocht of complement depositie 
en antilichaam binding, welke beide fagocytose mogelijk maken, bijdragen aan 
deze klaring. We hebben aangetoond dat rode bloedcellen, aanwezig in een rode 
cel concentraat dat opgeslagen is volgens de huidige bewaarcondities van de 
Nederlandse Bloedbank, geen complement depositie op hun celmembraan vertonen. 
We hebben echter ook aangetoond dat bij contact met humaan serum, zoals tijdens 
een transfusie, deze rode bloedcellen vatbaar zijn voor complement depositie en 
antilichaam binding wat onafhankelijk is van de bewaartijd. Deze complement 
depositie en antilichaam binding lijkt echter onvoldoende voor fagocytose van de 
rode bloedcellen door macrofagen (van monocyten oorsprong). Deze resultaten 
tonen aan dat niet alleen complement depositie op en antilichaam binding aan 
het celmembraan van de opgeslagen rode bloedcellen verantwoordelijk zijn voor 
de klaring van donor rode bloedcellen bij ontvangers, maar ook meerdere andere 
factoren betrokken zijn.

naast membraan gebonden complement regulatoren is complement regulator 
FH (aanwezig in bloedplasma) belangrijk voor het reguleren van complement 
activatie op rode bloedcellen. In Hoofdstuk 5 wordt de karakterisering van 20 
nieuw gegenereerde anti-FH monoklonale antilichamen beschreven. We hebben 
aangetoond dat naast de reeds bekende FH bindingsdomeinen 19-20, ook de 
bindingsdomeinen 6-8 belangrijk zijn voor complement regulatie op rode bloedcellen. 
Het blokkeren van deze bindingsdomeinen resulteerde in verhoogde C3 depositie 
op rode bloedcellen na incubatie met humaan serum.
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Een verstoorde complement regulatie kan resulteren in schade aan lichaamseigen 
cellen en daardoor bijdragen aan de pathologie van veel ziektes. Om in vitro 
de delicate balans van complement activatie en regulatie op menselijke cellen 
te onderzoeken, is er behoefte aan cellijnen die slechts enkele of zelfs geen 
complement regulatoren hebben. Voor zover  bekend, hebben wij als eerste humane 
cellijnen gecreëerd, die enkelvoudig, tweevoudig en drievoudig deficiënt zijn voor de 
complement regulatoren CD46, CD5 en/of CD59, zoals beschreven in Hoofdstuk 
6. Proeven met deze cellijnen bevestigen de bekende functie van deze complement 
regulatoren. Daarnaast hebben we ook een effect van CD59 deficiëntie op C3 
depositie waargenomen, wat suggereert dat CD59 betrokken is bij de regulatie 
van de C3 convertase. In de toekomst verwachten we deze complement regulator 
deficiënte cellijnen te gebruiken om nieuwe therapeutische complement remmers in 
vitro te testen.

Momenteel wordt de amplificatie loop van de alternatieve route gezien als een 
essentieel feed-forward mechanisme voor efficiënte complement activatie via elke 
van de andere bekende activatie routes. Om deze reden wordt de alternatieve 
route beschouwd als een potentieel therapeutisch doelwit voor condities waarbij 
antilichamen (die het eigen lichaam aanvallen) een belangrijke rol spelen. In 
Hoofdstuk 7 tonen we echter aan dat de amplificatie loop omzeild kan worden als 
de klassieke route wordt geactiveerd via antilichamen op fysiologisch relevante 
cel oppervlaktes. Dit geeft aan dat therapeutische interventie van de amplificatie 
loop hoogstwaarschijnlijk niet effectief is voor de behandeling van antilichaam 
gemedieerde ziektes.

De resultaten beschreven in dit proefschrift zijn samengevat en bediscussieerd 
in Hoofdstuk 8 en geeft tevens een uitgebreid overzicht over de regulatie van 
complement activatie op rode bloedcellen.
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Marieke, je bent mijn promotor en hoofd van de afdeling. We spraken elkaar niet 
zo vaak, maar ondanks dat verbaasde je me altijd weer met hoeveel je van mijn 
onderzoekslijnen wist. Jij zorgt goed voor je afdeling en ik ben dan ook dankbaar dat 
ik in zo’n fijne omgeving mijn PhD heb kunnen voltooien. 

Mijn paranimfen: Marlieke en Laura. 
Marlieke je bent iets na mij bij de afdeling gekomen en ik denk dat er vanaf het eerste 
moment bij het labweekend een klik was. Ik waardeer jouw optimisme en overal het 
positieve van inzien. Helaas kunnen we nu niet meer samen cellen doorzetten... 
maar het was erg fijn dat je mij kon ondersteunen met de CRISPR techniek. CRISPR 
of was het nou CRISPS… hè Laura! Hoe dan ook het resulteerde in gezellige dagjes 
film kijken met zijn drieën met héél véél chips. Later werd dit voorgezet met onze 
gezellige (all-you-can-eat) etentjes. Ik hoop dat we nog vaak samen uit eten gaan! 
Laura, ik vind het knap dat je de stap hebt genomen om als analist te stoppen en 
als promovendus verder te gegaan. Ik wens je nog heel veel succes met jouw PhD 
traject!  

De complement groep. Elisabeth, bedankt dat je me op gang hebt geholpen met 
mijn PhD en dat ik de eerste paar jaren altijd met vragen bij je terecht kon. Mischa, 
wat fijn dat we aan het begin samen konden strijden tegen het factor H ‘virus’. 
Richard en Anna, factor H is samen jullie ding. Het is mooi om te zien dat jullie daar 
helemaal voor gaan en dit leidt tot mooie resultaten. Jullie hebben ervoor gezorgd 
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dat ik het factor H ‘virus’ toch te pakken heb gekregen (Hoofdstuk 5). Mieke, Gerard 
en Angela bedankt voor jullie praktische kennis over de vele complement assays 
en Kyra bedankt voor je (diagnostische) kennis en input. Allemaal bedankt voor de 
leuke werkbesprekingen met koekjes en de gezellige complement etentjes! 

Robbert bedankt dat je naar onze afdeling bent gekomen en de CRISPR techniek 
met je meenam. Hierdoor heeft mijn PhD project hele andere onderzoekslijnen erbij 
gekregen en hebben Marlieke en ik, “kastje en de muur”, gezellig mogen samen 
werken. Dit heeft uiteindelijk geleid tot mooie data, bedankt daarvoor!

Iris, mijn student, bedankt dat ik je heb mogen begeleiden tijdens mijn PhD. We 
hebben samen veel gepraat, koppen thee gedronken en met enthousiasme ervoor 
gezorgd dat de knockouts een succes werden. 

Alle PhD studenten: Anna, Anno, Anouk, Casper, Gerben, Inge, Iwan, Jana, Jorn, 
Judith, Karin, Laura, Lea, Marein, Mateusz, Niels, Peter-Paul, Sanne, Saskia, Sonja, 
Twan en Willem. Bedankt voor de vele wetenschappelijke discussies, de OIO-
avonden, congressen en de gezellige pauzes. Maar natuurlijk ook bedankt voor alles 
buiten het werk zoals de vele borrels, (’90 en single) feestjes, picknicken/BBQen in 
het park, diners en alle OIO uitjes. Jullie hebben allemaal gezorgd voor enorm veel 
gezelligheid tijdens mijn PhD op zowel U1 als later in de kantoortuin. Hierdoor werd 
het leven van een PhD-er een stuk leuker en beter vol te houden!

Fatima en Kaoutar bedankt voor alle administratieve hulp de afgelopen jaren. En 
natuurlijk de rest van de afdeling: Anja, Anneke, Annelies (ik mis de wandelingen 
naar de metro), Brenda (bedankt voor alle input tijdens de hemolyse besprekingen), 
Dorien, Dorina, Ellen, Gertjan, Gijs, Henk, Ingrid, Iris, Irma, Jolanda, John (bedankt 
voor het meerijden), Judith, Karien, Kristof, Margreet, Marja, Miranda, Ninotska, 
Pleuni, Ruchira, Shabnam, Simone, Steven, Theo en Tineke. Jullie zijn allemaal 
bereid om te helpen bij vragen en zorgen voor een goed sfeer op de afdeling. Ik 
zal de playbackshows, sinterklaas/kerst avonden, labuitjes en labweekenden nooit 
vergeten. 

Dit proefschrift had er niet gelegen als ik naast mijn werk niet zoveel fijne vrienden 
zou hebben. Lydia, Robin, Christel, Arnout, Iris, Rick, Martin, Daniël en Chantal, 
hoe vaak we elkaar spreken wisselt, maar ik weet dat ik altijd bij jullie terecht kan 
voor alles! Ik geniet onder andere van samen eten en de vele spelletjes die we 
spelen. Dankjewel voor de leuke momenten samen en ik kijk uit naar de vele nieuwe 
momenten in de toekomst.
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Gwenda, André, Joris, Mirjam, Mischa en Loes wat begon met alleen volleyballen 
om het hoofd leeg te krijgen, is uitgegroeid tot een groep waarmee we nog veel 
meer dingen doen dan alleen volleyballen. Ik kijk uit naar onze volgende dagjes in 
de dierentuin en alle (verjaardag)uitjes die nog gaan komen.
Het is fijn dat ik met jullie over werk gerelateerd pieken en dalen kan praten, maar 
ook dat we gezellig kunnen kletsen en lachen om onnozele dingen. Jullie hebben me 
allemaal altijd gesteund en gezorgd voor de nodige afleiding en ontspanning tijdens 
mijn PhD, die ik heel hard nodig had. Allemaal bedankt daarvoor!

Lieve pap en mam, bedankt voor de jaren van onvoorwaardelijk vertrouwen, steun en 
liefde die jullie altijd hebben gegeven. Pap, jij wist vaak beter de techniek achter de 
apparatuur die ik gebruikte dan ikzelf. Je hebt altijd laten zien dat je met hard werken 
een heel eind komt. Mam je zei ooit tegen mij: ‘ik dacht niet dat je de universiteit zou 
halen’, zo trots dat je was. Nou ik geloof dat zelf een stapje hoger gelukt is! Ook 
al woon ik nu nog verder weg, ik weet dat jullie er voor me zijn en enorm TROTS 
zijn. Linda & Mark en René door onze drukke agenda’s zien we elkaar te weinig. 
Echter hebben jullie me altijd gesteund ook al begrepen jullie lang niet altijd waar 
mijn onderzoek over ging. Ik weet dat ook jullie trots op me zijn dat ik de eindstreep 
gehaald heb. Lieve schoonouders, Jan en Sjoukje, jullie wonen op een mooie, 
rustige plek. Dit zorgde ervoor dat ik me bij jullie altijd op mijn gemak voelde en even 
weg kon vluchten van alle drukte op het werk. Ik ben blij met jullie als schoonouders. 

Tot slot, allerliefste Sjaak… wat had in zonder jou gemoeten! Jij kent me vaak nog 
beter dan ik mezelf ken. Als ik het even niet zag zitten was jij er voor mij, je toonde 
begrip en steunde me altijd. Je toverde een lach op mijn gezicht op de momenten dat 
het nodig was en je stuurde me achter mijn laptop om te zorgen dat dit proefschrift 
voltooid werd. Je zei altijd: ‘je boekje kost je bloed, zweet en tranen’ en dat heeft het 
zeker gedaan. Ondanks dat ik het je niet altijd gemakkelijk heb gemaakt, mag ik je 
inmiddels mijn man noemen en mogen we dit promotie avontuur als voltooid zien. 
Op naar de vele nieuwe avonturen die liggen te wachten!  






