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1. Innate immunity against Gram-negative bacteria
The human body is constantly exposed to bacteria that may be present in the 
environment, shed by other individuals or living in symbiosis with the host. Normally, 
physical barriers (skin or epithelial cell layers) successfully protect the body from 
bacterial infections. However, when bacteria cross these barriers and invade the human 
body, the innate immune system provides the first line of response, capable of clearing 
bacteria within minutes to hours upon infection[1]. The immune system can roughly be 
divided into a humoral and a cellular response. The humoral immune system consists of 
circulating proteins, among which antimicrobial proteins, antibodies and complement 
proteins. The complement system forms the first line of defense against invading 
pathogens. It triggers direct bacterial killing and recruitment of immune cells towards 
the site of infection[2]. At the site of infection, professional phagocytes form the first 
line of cellular defense against invading pathogens and expose these bacteria to a large 
number of antimicrobial proteins that can contribute to bacterial killing[3]. Here we 
review important recent discoveries in the complement field, focusing on interactions 
relevant for the defense against bacteria. Understanding the molecular interplay between 
complement and bacteria is of great importance for future therapies in infectious and 
inflammatory diseases. Antibodies that support complement-dependent bacterial killing 
are of interest for development of alternative therapies to treat infections with antibiotic-
resistant bacteria.

2. Complement in innate immune defenses against bacteria  
Complement is essential for this rapid elimination of invading bacteria. Complement 
proteins are present in the blood and body fluids as inactive precursors but are rapidly 
activated upon contact with bacterial cells. An activated complement cascade on the 
bacterial surface triggers a variety of responses that help to kill the bacterium. The 
most rapid response is the formation of ring-structured pores (the Membrane Attack 
Complex (MAC)) that directly kill Gram-negative bacteria within minutes (Figure 1A)
[4–6]. This potent bacteriolytic activity was recognized in 1895 by Nobel laureate Jules 
Bordet, who discovered complement as a system in serum that allows antibodies of 
vaccinated animals to kill bacteria without the help of immune cells[7]. Nowadays we 
understand that complement is not only essential for killing of Gram-negatives, but that 
it also triggers many other innate processes such as the production of chemoattractants, 
and the labeling of bacteria for phagocytosis and intracellular killing by professional 
phagocytes[4–6] (Figure 1). 

The main effector functions of complement are driven by the cleavage of two central 
complement proteins: C3 and C5[4,5]. The complement cascade is triggered by the 
recognition of bacteria via soluble pattern recognition molecules or antibodies that bind 
both Gram-positive and Gram-negative bacteria (separated based on different cell wall 
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composition)[6,8]. All recognition pathways converge in the formation of convertase 
enzymes on the surface of the bacterium. First, C3 convertases cleave complement 
protein C3 to generate C3b that exposes a reactive thioester bond; this can covalently 
attach to hydroxyl groups of carbohydrates on the bacterial surface[9,10]. When C3b 
molecules are covalently deposited onto the bacterial surface, these efficiently trigger 
and facilitate phagocytosis by immune cells. C3b (and its breakdown product iC3b) 
are recognized by complement receptors (CR) on myeloid (CR1, CR3, CR4) and 
Kupffer cells (CRIg), and enhance the engulfment of opsonized particles, leading to 
intracellular (microbial) killing[11,12] (Figure 1B). The labeling of bacterial cells with 
C3-derived activation products also stimulates an adaptive immune response (reviewed 
in [13]) by directing transport of bacteria to lymphoid organs and by enhancing 
antigen presentation to adaptive immune cells (Figure 1C)[13–15]. Another role of the 
deposited C3b molecules is to alter the specificity of the C3 convertase. At high local 
C3b densities, C3 convertases change into C5 convertases meaning that they switch 
substrate from C3 to C5[16]. Activation of C5 results in the release of peptide C5a, a 
strong chemoattractant that helps to recruit phagocytes towards the site of infection and 
induces an oxidative burst. Additionally, C5a-mediated stimulation of basophils and 
mast cells triggers the production of histamine and subsequent vasodilatation (reviewed 
in [17]). Concomitant generation of C5b triggers the assembly of the MAC (C5b-
9) (Figure 1A); this specifically kills Gram-negative bacteria. Gram-positive bacteria 
are protected from MAC-dependent killing, likely because their thick peptidoglycan 
outer layer prevents insertion of the MAC into the cell membrane[18]. Complement-
dependent bacterial killing is one of the most rapid ways to kill an invading bacterium 
(Figure 1). While both the labeling of bacteria with C3b and the MAC-dependent 
killing of Gram-negatives occurs within minutes; phagocyte attraction and subsequent 
intracellular killing takes longer (we estimate 30 minutes to an hour). The importance 
of complement in clearance of bacterial infections is clearly illustrated by the recurrent 
infections in patients with genetic complement deficiencies[19]. Furthermore, the 
fact that pathogenic bacteria have evolved mechanisms to resist various steps in the 
complement cascade strongly supports the crucial role of complement in human defense 
against bacteria[20].
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Figure 1. Anti-bacterial effector functions of  complement. 
A. Complement activation results in formation of the Membrane Attack Complex (MAC or C5b-9; blue) that 
rapidly kills Gram-negative bacteria (orange) without the help of immune cells. Gram-positive bacteria are 
resistant to the MAC. B. Complement labels bacteria with C3-derived products (C3b and C3bi (green)) that 
stimulate engulfment of bacteria by phagocytes. Release of complement peptide C5a is crucial for attraction 
of phagocytes to the site of infection. C. Bacterial labeling with C3-derived products also enhances antigen 
presentation to B-cells and thereby triggers the development of an adaptive immune response.

3. Molecular insights into complement activation 
In the past years, many excellent studies have opened up our molecular view of 
complement activation mechanisms. As outlined in figure 2, the complement cascade 
is a step-wise reaction that occurs in a defined order. The sequence of events is mostly 
determined by protein binding and enzymatic cleavage reactions[5,21]. Thanks to 
advances in structural biology, the structures of many complement proteins and their 
activation products have now been revealed and these have explained how conformational 
changes in complement proteins are crucial to control the order of the complement 
cascade. The complement cascade can be divided into three main steps: first, different 
recognition molecules bind ‘foreign’ elements on the microbial surface (‘Recognition’); 
second, recognition molecules drive the formation of convertase enzymes that cleave 
the major proteins C3 and C5 (‘Convertase formation’), third, newly generated C5b 
molecules initiate the formation of the MAC (‘MAC assembly’). Below we will, in 
more detail, explain how complement reactions occur and highlight some of the recent 
insights into complement activation mechanisms that, in our view, are important to 
understand the functioning of complement molecules on bacteria. 

APC

B-cell

Direct killing of Gram-negatives

minutes

Labeling bacteria for phagocytic killing 

minutes/hours

Stimulation of adaptive immune cells

neutrophil
macrophage
kuppfer cell

days/weeks

A B C

Figure 1. Anti-bacterial effector functions of complement

APC

B-cell

Direct killing of Gram-negatives

minutes

Labeling bacteria for phagocytic killing 

minutes/hours

Stimulation of adaptive immune cells

neutrophil
macrophage
kuppfer cell

days/weeks

A B C

Figure 1. Anti-bacterial effector functions of complement

APC

B-cell

Direct killing of Gram-negatives

minutes

Labeling bacteria for phagocytic killing 

minutes/hours

Stimulation of adaptive immune cells

neutrophil
macrophage
kuppfer cell

days/weeks

A B C

Figure 1. Anti-bacterial effector functions of complement



Chapter 1

14

Figure 2. The complement reaction. 
Recognition of bacterial cells occurs via soluble pattern recognition molecules (lectin pathway) or antibodies 
(classical pathway). Antibody-mediated complement activation is depicted here. C1 binds to antibodies on 
the surface and triggers formation of a C3 convertase enzyme that converts C3 into C3b. At high C3b 
densities on the surface, the C3 convertase switches substrate from C3 to C5 and is now called a C5 
convertase. C5 convertases convert C5 into the chemoattractant C5a and C5b that triggers formation of 
the MAC (C5b-9).

3.1 Recognition. 
An important route to trigger complement activation on a bacterial surface is via 
antibodies. Since antibody molecules, or immunoglobulins (Ig), are produced by cells 
of the adaptive immune system, this so-called ‘classical pathway’ can be viewed as an 
integrated response of both innate and adaptive immunity. While antibodies bound 
to surface epitopes can directly bind Fc receptors on phagocytes, the engulfment of 
bacterial cells is strongly enhanced in the presence of C3-derived opsonisation[22,23]. 
Complement activation via antibodies depends on the large C1 complex that consists of 
the recognition molecule C1q and the serine proteases C1r and C1s (ratio 1:2:2). C1q 
has 6 globular head residues that each can bind an antibody molecule[24]; C1r and C1s 
are pro-enzymes that, after activation, cleave C4 and C2  to deposit a C3 convertase 
enzyme (C4b2a) onto the target surface. Among the different Ig subclasses, IgM is the 
strongest complement activator. Likely, this is due to the structure of the IgM molecule, 
which comprises a multimer of 5 (pentamers) or 6 (hexamers) immunoglobulins[25] 
that allow the 6 globular C1q heads to bind multiple antibody subunits at the same time. 
Interestingly, recent cryo-electron tomography studies revealed that IgG molecules also 
need to form higher ordered structures (hexamers) to induce complement activation[26]. 
Structural analyses of C1q bound to antigen-coated liposomes revealed that the six 
antibody-binding headpieces of C1q could simultaneously bind to hexameric IgG, which 
is held together by non-covalent Fc-Fc interactions[26]. Since clustering of antibodies 
is most efficient on a target surface (where local densities are high), these insights help 
to understand how surface-bound antibodies efficiently trigger complement activation 
while these interactions are prevented in circulation. 

C3 convertase C5 convertase

C3

C3b C3b

C5 C5a
MAC
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Figure 2. The complement reaction
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Similarly, recognition of foreign microbes in the ‘lectin pathway’ is a surface-specific 
process. Recognition molecules of the ‘lectin pathway’ are collectins (collectin 11 and 
mannose-binding lectin, MBL) and ficolins (Ficolin-1 (also named M-Ficolin or p35-
related protein), Ficolin-2 (also named L-Ficolin, p35 or Hucolin) and Ficolin-3 (also 
named H-Ficolin, HAKA1 or hakata-antigen)). Collectins are bundles of different 
polypeptide chains that each have a carbohydrate recognition domain to bind terminal 
monosaccharides exposing horizontal 3’- and 4’-OH groups (eg. mannose, glucose 
and N-acetyl-glucosamine). Although the individual recognition domains bind with 
low affinity to monosaccharides, the simultaneous binding of multiple head groups to 
repeated sugar/acetyl patterns generates a stable interaction[27,28]. Since such repeated 
sugar/acetyl groups are uniquely present on bacteria and fungi, the collectins specifically 
recognize microbial surfaces. Similarly, ficolins use their fibrinogen-like domain to 
recognize repeated acetylated structures (like GlcNAc), which are commonly found on 
bacterial and fungal cell walls. Just as C1q associates with C1r and C1s in the classical 
pathway, collectins and ficolins are in complex with MBL-associated serine proteases 
(MASPs) that cleave C4 and C2 and form the C3 convertase C4b2a. Although it was 
previously thought that activated MASP-1 can cleave both C2 and C4, its ability to 
cleave C4 was later disproven[29]. Activation of MASP-2 turned out to be essential 
for cleavage of C4 and thus for C4b2a C3-convertase formation. The exact activation-
route of the MBL-MASP complex is strongly debated; some believe that auto-activated 
MASP-1 induces MASP-2 activation via trans-activation of the pro-enzymes[28]. 
Others speculate that MASP-2 can activate via cis-activation in the absence of MASP-1, 
leading to cleavage of C2 and C4. Lower complement activating efficiency of the MBL-
MASP-2 complexes in the absence of MASP-1, still implies that MASP-1 is important 
for lectin pathway activation[30].  

The ‘alternative pathway’ has two different roles in the complement reaction. First, the 
alternative pathway proteins factor B and factor D have a well-defined role in amplifying 
the number of C3b molecules deposited via the classical and lectin pathways. As 
outlined below, factor B and D can react with deposited C3b molecules to make an 
alternative pathway C3 convertase (C3bBb) that has similar functional properties as 
C4b2a. Ongoing C3 cleavage by C3bBb, and formation of new C3bBb convertases, 
creates an ‘amplification loop’ that dramatically increases the density of C3b molecules 
on the bacterial surface. Second, some also consider the alternative pathway as a third 
‘recognition’ pathway, next to the classical and lectin routes. Yet, the exact molecular 
mechanism by which the alternative pathway discriminates foreign surfaces from 
self-surfaces is less clear than in the other pathways and often debated. One route by 
which alternative pathway can directly be activated is via the spontaneous hydrolysis of 
circulating C3 into ‘hydrolyzed C3’ (C3H20). Since C3H20 adopts a similar structure as 
deposited C3b it can react with Factor B and D to make a convertase. Although such 
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low-level hydrolysis of C3 occurs in vitro, it remains uncertain (and difficult to prove) 
whether this really occurs in vivo. Furthermore, CP and LP independent complement 
activation may be triggered when other serum-derived (less specific) proteases convert 
C3 into C3b-like molecules, that are deposited on the bacterial surface[31]. Lastly, it 
was proposed that alternative pathway activation could be triggered via the molecule 
properdin. While multimeric properdin functions as a stabilizer of inherently labile 
C3bBb convertase, some studies suggest that properdin may directly bind to apoptotic, 
necrotic and microbial cells. Properdin binding to proteoglycans on apoptotic T-cells and 
DNA of late apoptotic and necrotic cells has been claimed to stimulate C3 convertase 
formation in a serum environment, in the absence of CP or LP activation[32,33]. These 
results should be interpreted carefully, given that the experiments were all done in a 
serum environment in the presence of intact C3. Others have shown that, in serum, 
properdin binding to multiple targets was fully dependent on C3[34]. In a non-serum 
environment, binding of purified properdin to Neisseria gonorrhoeae and Chlamydophila 
pneumoniae was claimed to stimulate alternative pathway activation by recruiting C3b 
and C3H20 that, upon addition of FB and FD, formed C3bBb convertases[35,36]. 
Whereas properdin did not bind to wild-type E. coli or S. typhimurium strains, it did bind 
to mutants lacking the O-antigens of their lipopolysaccharides (LPS). N. gonorrhoeae 
expresses lipooligosaccharides (LOS) on its surface, that also lacks O-antigens, suggesting 
that properdin binding sites on the bacterial surface are shielded in the presence of 
LPS. Indeed, shorter LPS was correlated with higher properdin binding and faster AP 
activation[37]. However, obtaining clear mechanistic results with purified properdin is 
hampered by the fact that this protein is prone to aggregation[38]. The physiological, 
non-aggregated properdin form turned out not to bind to Neisseria, even when LOS 
hexose extensions (that could prevent binding of native properdin) were mutated[39]. 
Altogether, whereas it is generally accepted that properdin functions as a stabilizer of the 
C3bBb convertase, the role of properdin as an innate recognition molecule is strongly 
debated.

3.2 Convertases. 
Central to the complement cascade are the convertase enzymes that generate main 
complement effectors via cleavage of C3 and C5. In recent years, significant progress 
has been made in understanding the molecular activation mechanisms of alternative 
pathway C3 convertases, which consist of the non-catalytic subunit C3b that is 
reversibly bound to protease fragment Bb. First, (crystal) structures of C3 and activated 
C3b[40,41] highlighted how C3 activation results in a large conformational change 
that translocates the thioester domain of C3b 85 Å away from its original position and 
allow it to covalently bind the target surfaces[40,41]. Later it became clear how the C3b 
molecule reacts with factor B to form a proconvertase C3bB, which can then be cleaved 
by factor D to generate C3bBb[42]. The structure of C3bBb, stabilized by an immune 
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evasion protein SCIN, suggested that C3b forms a dimer with its substrate C3 and since 
Bb is bound to a flexible domain in C3b it can swing towards the substrate and cleave the 
scissile bond in C3 to release C3a and generate more C3b[43]. Structures of C4b2a[44] 
revealed that the classical/lectin C3 convertase is very similar to the alternative pathway 
C3 convertase C3bBb. Ongoing C3 cleavage by C4b2a and C3bBb increases the density 
of C3b molecules on the bacterial surface. The non-catalytic subunits of C3 convertases 
(C4b or C3b) are thought to associate with extra C3b molecules and form multimeric 
C4b-C3bn or C3b-C3bn complexes that have an increased affinity for C5[16]. These 
complexes (C3bBbC3b and C4b2aC3b) are known as C5 convertases that cleave C5 
into C5a and C5b[45]. The exact molecular arrangement of C5 convertases is unclear 
and is complicated to study due to their surface-specific conformation.

3.3. The Membrane Attack Complex. 
Following conversion of C5 by convertases, newly formed C5b associates with 
components C6, C7, C8 and multiple copies of C9 to form the lytic MAC. Recent EM-
structures of MAC pores on liposomes revealed that the MAC indeed consists of single 
copies of C5b, C6, C7 and C8 and 18 C9 molecules[46,47]. Together, these molecules 
form a heterogeneous pore with an inner diameter of 100 Å, an outer diameter of 25 nm 
and a trans-membrane domain of less than 10 nm high[46]. Although these structural 
insights increase our knowledge on the composition of the MAC, it remains unclear 
how this pore disrupts the complex cell envelope of Gram-negative bacteria in which 
the cytoplasmic membrane (inner membrane) is protected by a thin peptidoglycan layer 
and an additional outer membrane with LPS[8].

3.4 Complement evasion strategies by pathogenic organisms
The important role of complement in clearance of invading microbes is evidenced 
by the fact that pathogenic bacteria have evolved mechanisms to resist complement 
attack[6,48–50]. There are several ways by which bacterial pathogens block the 
complement system; these include production of capsule[51,52], modification of 
LPS[53,54], recruitment of human complement regulators to the bacterial surface 
(C4BP, factor H and FHL-1) and production of proteases that cleave complement 
components[48]. Furthermore, bacteria also produce specific complement inhibitory 
molecules that block specific steps in the complement cascade; for example bacteria 
can frustrate activation of C1s[55,56], block C3 and C5 convertases[22,57], block C5 
cleavage[58,59], prevent C5aR activation[60] or inhibit MAC[61]. For more detailed 
information on these evasion mechanisms we refer to an extensive review on this 
topic[48].

4. Therapeutic complement inhibitors in inflammatory diseases
Understanding the interplay between complement and bacteria is also relevant for the 
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inflammatory disease therapeutic market. There is a large list of autoimmune diseases 
in which dysregulated complement activity causes damage to the body’s own cells. In 
the past decade, many promising complement inhibitors have been developed; two of 
these (the C5 blocking antibody Eculizumab and  a C1-inhibitor) have been approved 
for clinical use, and others are currently being evaluated in clinical trials[62]. Since these 
inhibitors target essential elements of the host response to bacteria and other pathogens, 
the use of complement-inhibitory therapies has raised concerns about the risk of 
increased infections[31,63]. Below, we discuss the associated risks and recommended 
preventive measures of Eculizumab therapy.

Complement-related diseases
Excessive complement activation on host cells may be caused by four different 
mechanisms. First, the presence of autoantibodies may drive classical pathway activation 
on host cells (e.g. autoimmune hemolytic anemia (AIHA)[64], neuromyelitis optica[65] 
and systemic lupus erythematosus (SLE)[66]). Second, ‘change-of-function’ mutations 
in specific complement proteins can make the system hyperactive, for example in 
atypical hemolytic-uremic syndrome (aHUS), which is often characterized by mutations 
in alternative pathway regulators (loss of function mutations) or components of the 
amplification loop such as C3 and Factor B (gain-of-function mutations)[67]. Third, 
autoantibodies to specific complement components can themselves result in both loss 
of function (e.g. anti-Factor H in aHUS) or gain of function (e.g. C3 nephritic factors). 
Finally, deficiencies in surface-bound complement regulators results in complement 
attack on human cells. This is evident in patients with paroxysmal nocturnal 
hemoglobinuria (PNH), where a deficiency for glycosylphosphatidylinositol-anchored 
regulators of convertase (CD55) and MAC (CD59), renders erythrocytes susceptible to 
uncontrolled MAC-dependent hemolysis [68].

Eculizumab
In 2007 the FDA approved Eculizumab (Soliris®, Alexion Pharmaceuticals, USA), 
a recombinant humanized monoclonal antibody targeting C5, for the treatment 
of patients with PNH[69]. Eculizumab forms a 1:1 complex with C5 and sterically 
hinders convertases from binding and cleaving C5 into C5a and C5b[70]. Eculizumab 
successfully prevents intravascular haemolysis and thrombosis and has revolutionized 
disease management of PNH[71]. Eculizumab has also been approved for the treatment 
of aHUS[72] and, most recently, myasthenia gravis[73] and its use in other clinical 
disorders is currently explored[63]. Since patients receiving eculizumab are at risk for 
infections with Neisseria, the FDA has requested implementation of a Risk Evaluation 
and Mitigation Strategy to minimize these infections. 
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Neisseria meningitidis (or meningococcus) is a Gram-negative bacterium that colonizes 
the nasopharynx in up to 35% of the population[74,75]. While colonization is often 
harmless, N. meningitidis occasionally penetrates mucosal barriers to enter the bloodstream 
and cause life-threatening sepsis[76] and/or cross the blood-brain barrier to cause 
meningitis[77]. The incidence of meningococcal disease is higher for children younger 
than 5 years and teenagers. Meningococcal meningitis and sepsis cause devastating 
consequences if not treated immediately; death or permanent disability occurs in 20-
50% of the patients within 24 hours after the first recognizable symptoms. Because 
of the known risk of Neisseria infection in individuals with C5 or later-acting MAC 
component deficiencies, vaccination against Neisseria, together with patient education 
and other elements of a risk and mitigation program, has always been mandatory 
for subjects treated with the eculizumab. Vaccination with meningococcal vaccines 
(MenACWY and MenB) before starting eculizumab therapy is regarded as the most 
important measure. Generation of complement-triggering antibodies is also considered 
important for the protective action of multivalent Neisseria vaccines triggering formation 
of antibodies that kill bacteria via the MAC or phagocytosis[78,79]. A potent vaccine 
candidate in N. meningitidis is factor H binding protein (fHBP), an outer membrane 
associated lipoprotein that recruits factor H and thereby downregulates complement 
activation. Two fHBP-targeting vaccines were recently approved when vaccine generated 
antibodies were demonstrated to kill Neisseria isolates in a serum bactericidal assay. In 
addition, it is recommended that patients receive antibiotic prophylaxis (penicillin V or 
ciprofloxacin) until 2 weeks after vaccination and patients are monitored for early signs of 
meningococcal infections. Furthermore, for patients younger than 18 years (and certain 
risk groups) vaccination against Haemophilus influenzae and Streptococcus pneumoniae 
infections is recommended. The exact relevance of meningococcal vaccination is still 
debated because it is still not fully sure whether antibodies can really support Neisseria 
killing in a patient treated with C5 inhibitors. Certainly, the ‘protective’ antibody titer, 
that is based on bactericidal killing assays with C5-sufficient serum, will not reflect the 
activity of the antibody under eculizumab therapy that blocks MAC formation.  

Finally, it is anticipated that complement inhibitory treatment might also predispose 
patients to other bacteria than Neisseria, especially if its use is extended to more 
immunocompromised patients. In general, there is a clear difference in a person’s 
susceptibility to bacterial infections if we compare community settings versus hospitalized 
patients. ‘True’ bacterial pathogens like Neisseria meningitides and Streptococcus 
pneumoniae can cause serious diseases in non-hospital settings. However, in the hospital, 
patients are much more susceptible to infections by ‘opportunistic’ microorganisms that 
are part of the patient’s own microbiota or have colonized during hospitalization. These 
naturally non-pathogenic bacteria infect immune-compromised patients that undergo 
medical procedures (surgery, ventilators, intravenous catheters) more readily than they 
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infect immune-competent individuals. An example is Staphylococcus aureus, well known 
for causing outbreaks in health care centers, but rarely causing an epidemic in the 
healthy population. In infected patients, more than 80 percent of disease is caused by 
endogenous carriage strains[80],[81]. Although it is often stated that C5 and MAC are 
only crucial to protect against Neisseria, we believe that the overall immune status of the 
patient receiving complement inhibitory therapy will determine their susceptibility to 
additional infections. Indeed recent case reports showed that eculizumab treatment also 
predisposes patients to bacteria other than Neisseria (Pseudomonas aeruginosa[82,83], 
Escherichia coli and Enterococcus faecium[84]), thus underscoring the eminent role of C5 
and MAC in defense against all invading bacteria.  

5. Exploiting the action of  complement in immune therapies against bacteria. 
Because complement activation can be specifically triggered via antibodies, development 
of complement-enhancing antibodies represents an attractive strategy for antibacterial 
therapies. The accelerated emergence of antibiotic resistance underscores the need 
to examine non-traditional antibacterial treatment strategies that offer more specific 
eradication of a certain pathogen. Thanks to the success of antibody therapy in cancer 
treatment[85], there is now growing interest in the use of monoclonal antibodies for 
treatment of bacterial infections. Complement-enhancing antibodies could offer several 
advantages over existing antibodies, currently in clinical human studies, that mainly 
function by neutralization of bacterial virulence factors. Since bacterial virulence factors 
are often associated with certain disease conditions (one bacterium can cause several 
different diseases), these neutralizing antibodies cannot be used to treat all infections by 
a certain pathogen. Complement-enhancing antibodies would not be condition-specific 
and could potentially be used as a global therapy. Furthermore, since complement is an 
enzymatic cascade with several amplification loops, it is expected that one complement-
enhancing antibody will provide stronger protection than an antibody neutralizing one 
bacterial virulence factor (since bacteria express hundreds of different virulence factors). 
The main challenge is still to identify antibodies and bacterial antigens that drive potent 
complement activation, but the first successes have been made in the field of Klebsiella 
pneumoniae[86,87] and Neisseria gonorrhoeae[88]. With advancement of new antibody-
discovery technologies (immune receptor identification), we believe that this promises 
to be a rapidly growing field in the near future. 

6. Knowledge gap and thesis outline
In order to identify and develop potent antibodies against invading bacteria, knowledge 
on how the human body clears infections with Gram-negative bacteria is crucial. Despite 
decades of research, it remains unknown how the Membrane Attack Complex disrupts 
the composite cell envelope of Gram-negative bacteria and what triggers cell death. In 
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addition, the interplay between complement and other antimicrobial factors in clearing 
infections with Gram-negative bacteria is largely unknown. 
This thesis aims to unravel the mechanism with which the Membrane Attack 
Complex kills Gram-negative bacteria. In Chapter 2, we describe that surface-bound 
C5 convertases are essential to properly insert MAC pores into the bacterial outer 
membrane. Whereas the purified MAC (C5b-9) can lyse single membrane particles and 
the bacterial outer membrane, we show that these pores lack bactericidal activity. In 
contrast, convertase-generated MAC pores efficiently trigger inner membrane damage 
and killing. In Chapter 3, we describe that C5 convertases on a bacterial surface (but 
not human cells) are stable and can trigger MAC formation for up to 90 minutes. This 
long-lasting activity can (at least partly) be attributed to properdin, a protein in serum 
that stabilizes the interaction between C3b and Bb[90]. In Chapter 4, we describe the 
dynamics of MAC-dependent outer and inner membrane disruption of Gram-negative 
bacteria and elucidate that the MAC efficiently damages the outer membrane and, after a 
delay, also the inner membrane. We show that complement-dependent outer membrane 
disruption sensitizes bacteria to naturally impermeable antibiotics leading to enhanced 
killing by these antibiotics. In Chapter 5, we find that the MAC also sensitizes Gram-
negative bacteria to peptidoglycan-degrading proteins, such as lysozyme, in- and outside 
neutrophils. This shows how different arms of the immune system work together to 
efficiently kill and degrade Gram-negative bacteria. Finally, the results of this thesis are 
summarized in Chapter 6, which also provides a critical view on the implications of 
these findings and on what research questions still remain to be answered.
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Abstract 

The immune system kills bacteria by the formation of lytic membrane attack complexes (MACs), 
triggered when complement enzymes cleave C5. At present, it is not understood how the 
MAC perturbs the composite cell envelope of Gram-negative bacteria. Here, we show that the 
role of C5 convertase enzymes in MAC assembly extends beyond the cleavage of C5 into the 
MAC precursor C5b. Although purified MAC complexes generated from preassembled C5b6 
perforate artificial lipid membranes and mammalian cells, these components lack bactericidal 
activity. In order to permeabilize both the bacterial outer and inner membrane and thus kill a 
bacterium, MACs need to be assembled locally by the C5 convertase enzymes. Our data indicate 
that C5b6 rapidly loses the capacity to form bactericidal pores; therefore bacterial killing requires 
both in situ conversion of C5 and immediate insertion of C5b67 into the membrane. Using flow 
cytometry and atomic force microscopy, we show that local assembly of C5b6 at the bacterial 
surface is required for the efficient insertion of MAC pores  into bacterial membranes. These 
studies provide basic molecular insights into MAC assembly and bacterial killing by the immune 
system.
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Membrane attack complex (MAC) formation is an evolutionarily conserved immune 
mechanism to kill bacteria and altered self-cells. It results from activation of the 
complement cascade (present in blood and most bodily fluids) (Ricklin et al, 2010; 
Kang et al, 2009), when newly formed C5b6 complexes bind C7, C8 and multiple 
C9 molecules to build hetero-oligomeric MAC pores into target cell membranes. 
The MAC has an essential role in human immune protection against Gram-negative 
bacteria; this is evident from recurrent infections in patients lacking MAC activity due 
to genetic deficiencies (Ram et al, 2010; Turley et al, 2015) or due to treatment with 
complement-inhibitory drugs (McNamara et al, 2017; Konar & Granoff, 2017; Ricklin 
et al, 2017). Since MAC-dependent cell lysis can be specifically triggered via antibodies, 
this killing mechanism is also exploited for therapeutic development of antibodies that 
target cancer cells or drug-resistant bacterial infections (de Jong et al, 2016; Szijártó et 
al, 2015). Despite its crucial role in immunity, it is currently not understood how the 
MAC kills bacteria.

In vivo, the MAC is generated via an enzymatic chain reaction on the target cell surface 
(Ricklin et al, 2010; Berends et al, 2014). Following recognition of a foreign cell 
via antibodies or pattern recognition molecules, proteins of the complement system 
(Ricklin et al, 2010; Ugurlar et al, 2018) rapidly organize into a proteolytic cascade 
that eventually results in cleavage – by C5 convertase enzymes – of precursor C5 into 
the anaphylatoxin C5a and C5b (Ricklin et al, 2010; Gros et al, 2008); C5b initiates 
the assembly of the MAC (C5b-9) (Bayly-Jones et al, 2017; Sharp et al, 2016; Serna et 
al, 2016; Hadders et al, 2012). Nascent C5b by itself is labile, but forms stable C5b6 
complexes by rapid association with C6 (Cooper & Müller-Eberhard, 1970; Hadders 
et al, 2012). Next, C5b6 complexes bind C7, which changes conformation to expose a 
hydrophobic domain that renders the complex lipophilic (Preissner et al, 1985). Once 
C5b-7 is bound to the target membrane, its assembly with C8 and 18 copies of C9 results 
in the formation of the MAC (Bayly-Jones et al, 2017; Parsons et al, 2018)). Recent in-
vitro structural studies (Sharp et al, 2016; Serna et al, 2016; Menny et al, 2018; Parsons 
et al, 2018) have revealed detailed information on how MAC proteins form toroid-
shaped pores with an inner diameter of 10 nm, spanning a single phospholipid (bilayer) 
membrane. Despite these structural insights, it remains unclear how these pores can kill 
Gram-negative bacteria. Since the cytoplasmic membrane of Gram-negative bacteria 
is physically protected by a peptidoglycan layer and an outer membrane (Silhavy et 
al, 2010), it is unclear how MAC pores, with a transmembrane region of less than 
10 nm (Sharp et al, 2016; Serna et al, 2016), can perturb this composite cell wall. 
Furthermore, it is not known if the MAC can perturb both membranes and if other 
serum components, such as the peptidoglycan-degrading enzyme lysozyme (Wright & 
Levine, 1981), are required to kill a bacterium. 
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In this paper, we demonstrate that although the purified MAC components (C5b-9) 
form pores in artificial lipid membranes (Sharp et al, 2016; Serna et al, 2016), they 
require additional complement components to be bactericidal. Specifically, we find that 
MAC-dependent killing critically depends on the prior labeling of the bacterial surface 
with C5 convertase enzymes. Using novel membrane perturbation analyses and atomic 
force microscopy, we here show that in situ cleavage of C5 by convertases at the microbial 
surface and immediate insertion of newly formed C5b67 complexes into the membrane 
is essential for MAC to perturb both bacterial membranes and to be bactericidal. Our 
data highlight a critical role for complement activation mechanisms at the cell surface 
to induce bacterial killing. 

Results
MAC in serum perturbs both the outer and inner membrane of  Gram-negative bacteria
To better understand bacterial killing by the MAC, we developed a flow cytometry-
based approach that can distinguish between outer and inner membrane perforation 
in Gram-negative bacteria following exposure to human serum, which contains all 
complement proteins and has potent bactericidal activity against Gram-negative bacteria 
(Berends et al, 2014). Outer membrane integrity was monitored by measuring release of 
mCherry from the periplasmic space of genetically engineered E. coli MG1655 cells (Fig 
1a,b). Inner membrane integrity was monitored by detecting release of cytosolic Green 
Fluorescent Protein (GFP) or by the influx of small molecule DNA dyes (Lebaron et al, 
1998). Upon exposure of these cells to human serum, the periplasmic mCherry signal 
decreased in the entire population, indicating permeabilization of the outer membrane 
(Fig 1c, Fig EV1a). Although cytosolic GFP signals remained constant, human serum 
induced effective passage of small DNA dyes (Fig 1c, Fig EV1a). 



The role of  C5 convertases in MAC-dependent killing of  Gram-negative bacteria

Ch
ap

te
r 

2

33

A

peri
mCherry/

cyto
GFP E. coli

†

Buffer Serum ∆C5 ∆C8    ∆lysozyme
0

10
20
30
40
50
60
70
80
90

100
110

%
 p

os
iti

ve
 (S

yt
ox

)

E. coli MC1061
E. coli MG1655

S. maltophilia

**

*

**
*

*

**

*

Buffer Serum ∆C5 ∆C8    ∆lysozyme
103

104

105

106

107

108

109

C
FU

/m
l 

E. coli MG1655

S. maltophilia
E. coli MC1061

**

***** *******

**

****

B

C D

E

Figure 1. MAC in serum perturbs both the outer and inner membrane of  Gram-negative bacteria. 
(A) Schematic representation of engineered perimCherry/cytoGFP E. coli cells that express mCherry in the 
periplasmic space (between the outer and inner membrane) and GFP in the cytosol. 
(B) Structured illumination microscopy image of perimCherry/cytoGFP E. coli confirming localization of mCherry 
(red) in the periplasm and GFP (green) in the cytosol. Scale bar = 3 µm. 
(C) Outer membrane damage (mCherry intensity) and inner membrane damage (% Sytox positive) of 
perimCherry/cytoGFP E. coli bacteria exposed to (different concentrations of) human serum. Inner membrane 
damage correlates with killing (samples where bacteria are killed are indicated with gray shadings and a cross, see 
CFU data in Fig EV1b). 
D, E (D) Serum-induced inner membrane damage (% Sytox positive) and (E) killing (CFU/ml) of different 
Gram-negative strains depends on MAC components C5 and C8, but not on lysozyme (10% serum). Dotted 
line represents the detection limit of the assay. 
Data information: (D, E) The cfu/ml (Figs 1E and 2C) and Sytox measurements (Figs 1D and 2E) of “Buffer”, 
“Serum”, “ΔC5”, “ΔC8”, “Δlysozyme”, and “C5b6MAC” were all generated from the same experiment. (C-E) 
Data represent mean ± SD of 3 independent experiments. (D, E) Statistical analysis was done using a ratio paired 
two-tailed t-test and displayed only when significant as * p≤0.05, ** p≤0.01, *** p≤0.001 or **** p≤0.0001.
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By carefully titrating concentrations of serum (and thus complement components), we 
found that the influx of DNA dyes, but not mCherry release, strongly correlated with 
bacterial cell death (Fig 1c, Fig EV1b). Also, in two wild-type E. coli strains and a 
clinical isolate of Stenotrophomonas maltophilia (S. maltophilia), we observed that serum-
induced inner membrane disruption correlated with bacterial killing (Fig 1d,e). Both 
inner membrane disruption and killing by human serum fully relied on the presence 
of MAC components but not on the peptidoglycan-degrading lysozyme (Fig 1d,e, Fig 
EV1c). Taken together, these data suggest that MAC-mediated disruption of the inner 
membrane is an essential requirement for killing of Gram-negative bacteria in human 
serum. 

Purified MAC components lack the bactericidal activity of  serum
To assess how the MAC can damage both membranes, we used purified MAC 
components instead of serum. Although nascent C5b is unstable, rapid association with 
C6 (Cooper & Müller-Eberhard, 1970; Hadders et al, 2012) leads to formation of stable 
C5b6 complexes that initiate the assembly of the MAC (C5b6-9) (Bayly-Jones et al, 
2017; Sharp et al, 2016; Serna et al, 2016; Hadders et al, 2012) (Fig 2a). Such stable 
C5b6 complexes can be generated by activating C5 and C6 on activating surfaces (in C7-
deficient serum) and subsequently purify released C5b6 from the supernatant (van den 
Berg, 2000). Upon incubation with C7, C8 and C9, such purified, preassembled C5b6 
complexes can form MAC pores in various cell types. This protocol was recently used 
for structure determination of the MAC following its formation in liposomes (Serna 
et al, 2016; Menny et al, 2018). In concordance with literature, we also observed that 
preassembled C5b6 complexes can associate with proteins C7, C8 and C9 to assemble 
lytic MAC pores (henceforward denoted as C5b6MACs) in liposomes (Fig EV2a) (Sharp 
et al, 2016) and mammalian erythrocytes (human (Fig 2b) and rabbit (Fig EV2b 
(Lachmann & Thompson, 1970)). 
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Figure 2. Purified MAC components lack the bactericidal activity of  serum. 
(A) Purified MAC (denoted as C5b6MAC) can be formed by mixing preassembled C5b6 complexes with C7, 
C8 and C9. 
(B) Lysis of human erythrocytes after exposure to a concentration range of preassembled C5b6 in the 
presence of 100 nM C7. After washing, erythrocytes were exposed to 20 nM C8 and 100 nM C9 for 30 
minutes after which the OD405 nm of the supernatant was measured. 
(C) Bacterial viability of three Gram-negative strains after exposure to buffer, 10% human serum or C5b6MAC. 
Buffer and serum conditions of figure 1E were included in the graph to allow direct comparison with C5b6MAC.
(D) Permeabilization of the outer, but not inner membrane of perimCherry/cytoGFP E. coli cells exposed to 
C5b6MAC (different concentrations of C5b6 with fixed concentrations of C7-C9). 
(E) Inner membrane damage of three Gram-negative strains exposed to buffer, 10% serum or C5b6MAC. 
Buffer and serum conditions of figure 1E were included in the graph to allow direct comparison with 
C5b6MAC. Data information: (C, E) The cfu/ml (Figs 2C and 1E) and Sytox measurements (Figs 2E and 
1D) of “Buffer”, “Serum”, “ΔC5”, “ΔC8”, “Δlysozyme”, and “C5b6MAC” were all
generated from the same experiment. (B–E) Data represent mean ± SD of 3 independent experiments. (C, 
E) Statistical analysis was done using a ratio paired two-tailed t-test and displayed only when significant 
as * p≤0.05, ** p≤0.01, *** p≤0.001 or **** p≤0.0001. Normal concentrations of MAC proteins in 100% 
human serum are ± 375 nM C5, 550 nM C6, 600 nM C7, 350 nM C8 and 900 nM C9. 

However, when preassembled C5b6 triggers MAC formation on bacteria, these pores 
lack the bactericidal activity of human serum (Fig 2c), even at protein concentrations 
exceeding those in blood (Fig EV2c). Although C5b6MAC is not bactericidal, it decreased 
mCherry signals in the entire population, indicating permeabilization of the outer 
membrane (Fig 2d). While C5b6MAC pores perturb the bacterial outer membrane, they 
– unlike serum – lack the ability to damage the inner membrane of Gram-negative 
bacteria (Fig 2d,e). We conclude that C5b6MAC lacks bactericidal activity in spite of its 
effectiveness in perturbing the outer membrane.
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Reconstituting bactericidal MAC assembly via surface-bound C5 convertases
To identify which additional factors in serum are needed to form bactericidal MAC 
pores, we next attempted to more closely mimic in vivo MAC assembly via cell-bound 
C5 convertases (Fig 3a, Fig EV3a) (Berends et al, 2014). In serum, antibodies or pattern 
recognition molecules specifically drive the deposition of C5 convertases onto the target 
cell surface (Ricklin et al, 2010; Berends et al, 2014; Gros et al, 2008). This occurs in a 
step-wise manner (Fig EV3a): firstly, all three recognition pathways deposit C3 convertase 
enzymes that cleave protein C3 into C3b, which covalently attaches to the cell surface 
via a reactive thioester. At high densities of surface-bound C3b, C3 convertases associate 
with deposited C3b to form a C5 convertase. Although their surface-specific nature 
and covalent attachment make it technically challenging to generate C5 convertases 
in a purified manner, we here show that pre-incubation of bacteria with human serum 
devoid of C5 (ΔC5 serum) results in functionally active (mainly alternative-pathway) 
C5 convertases on the bacterial surface (Fig EV3b-d). 

When such convertase-labeled bacteria were next washed and then incubated with 
uncleaved C5 and components C6, C7, C8 and C9, we found that the resulting MAC 
pores (denoted as Conv-MAC) effectively killed bacteria (Fig 3b) in a C5 dose-dependent 
manner (Fig 3c). As is the case in vivo, C5 convertases here were essential for bacterial 
killing, since no killing was observed when bacteria were pre-incubated with convertase-
negative serum (heat-inactivated ΔC5 serum (Fig 3c), which lacks the capacity to 
deposit C3b (Fig EV3c) and to convert C5 (Fig EV3d)). In addition, bacterial killing 
was fully inhibited when convertase formation was blocked by compstatin (Sahu et al, 
1996) (Fig 3d), which specifically inhibits surface deposition of C3b (Fig EV3c) and 
formation of functional C5 convertases (Fig EV3d). The here observed bacterial killing 
was MAC-specific, as it required the presence of C5-C9 to be fully effective (Fig 3d). In 
the presence of C5-C8 alone (no C9), bacterial killing was much less effective but not 
insignificant (Fig 3d), supporting previous reports on bactericidal effects of C5b-8 in the 
absence of C9 (O’Hara et al, 2001). Similar to these results based on alternative pathway 
C5 convertases, specific labeling of bacteria with classical/lectin pathway C5 convertases 
also led to bacterial cell death upon incubation with C5-C9 (Fig 3e). Altogether, these 
data demonstrate that purified MAC can kill bacteria when its assembly is driven by 
cell-bound C5 convertases.
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Figure 3. Reconstituting bactericidal MAC assembly via surface-bound C5 convertases. 
(A) Schematic overview for Conv-MAC formation. Bacteria were labeled with C5 convertases by pre-
incubation with C5-deficient serum (Fig EV3). Following a washing step (@), convertase-labeled bacteria 
were incubated with uncleaved C5, C6, C7, C8 and C9 (termed ‘Conv-MAC’). 
(B) Bacterial viability of convertase-labeled bacterial strains exposed to buffer (Conv) or C5-C9 (Conv-
MAC). 
(C) Bacterial viability of convertase-labeled E. coli MG1655 exposed to a concentration range of C5 in 
the presence of 100 nM C6, 100 nM C7, 20 nM C8 and 100 nM C9. ‘Ctrl’ indicates bacteria that are 
pretreated with heat-inactivated ΔC5 serum. Dotted line represents the detection limit of the assay. 
(D) Bacterial viability of convertase labeled E. coli MG1655 exposed to C5-C9 or conditions lacking one 
MAC component. As an extra control, convertase formation was blocked during ΔC5 serum incubation 
by adding 5 µM compstatin. 
(E) Bacterial viability of E. coli MG1655 exposed to FB depleted serum in the presence of 20 µg/ml OmCI 
(to deposit C4b and C3b without Bb). After washing, bacteria were exposed to C5-C9 in the presence or 
absence of C1 and C2 (to generate classical pathway C5 convertases, C4b2aC3b). 
Data information: (B–E) Data represent mean ± SD of 3 independent experiments. (B, D, E) Statistical 
analysis was done using a ratio paired two-tailed t-test and displayed only when significant as * p≤0.05, ** 
p≤0.01, *** p≤0.001 or **** p≤0.0001.

MAC assembly via surface-bound C5 convertases leads to inner membrane damage
Given that MAC assembly via surface-bound C5 convertases results in bacterial 
cell death, we assessed whether it also results in inner membrane damage. To study 
this, perimCherry/cytoGFP bacteria were labeled with C5 convertases of the alternative 
pathway, washed, and next incubated with components C5-C9, as described above. 
In concordance with its bactericidal activity, we found that convertase-driven MAC 
assembly perturbed both the outer and inner membrane of perimCherry/cytoGFP E. coli, 
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in a C5 dose-dependent manner (Fig 4a). In accordance with the killing data in Fig 3c 
and d, we observed that inhibition of C5 convertase formation via heat inactivation or 
by adding compstatin prevented MAC-mediated inner membrane damage (Fig 4b). 
Furthermore, C5 convertase generated MAC pores (Conv-MAC) also induced inner 
membrane damage in wild-type E. coli and S. maltophilia strains (Fig 4c). Consistent 
with the flow cytometry results, confocal microscopy further confirmed that the 
combination of surface-bound C5 convertases and MAC induces inner membrane 
damage in bacteria (Fig 4d). In conclusion, when the MAC is assembled from purified 
C5-C9 by surface-bound convertases, these pores trigger inner membrane damage and 
subsequent bacterial killing.

Local assembly of  C5b6 by surface-bound C5 convertases is required for killing
Having established a protocol to generate bactericidal MACs under semi-purified 
conditions, we next investigated the difference between the non-bactericidal MACs 
formed by preassembled C5b6 and fully functional, convertase-generated MACs formed 
from C5 and C6. To this end, we labeled bacteria with C5 convertases as described 
above, and subsequently generated MACs by incubation with preassembled C5b6 and 
C7-C9 (Conv-C5b6MAC) or by incubation with uncleaved C5 and C6 and C7-C9 
(Conv-MAC) (Fig 5a). In this direct comparison, only the Conv-MAC killed bacteria 
(Fig 5b) and triggered inner membrane damage (Fig 5c), whereas both Conv- C5b6MAC 
and Conv-MAC triggered outer membrane damage (Fig 5d). These results indicate that 
the role of C5 convertases extends beyond the cleavage of C5 into C5a and C5b: in 
particular, the C5 convertase should be present on the cell surface and locally assemble 
C5b6 to generate bactericidal pores. Interestingly, and fully consistent with the lytic 
function of C5b6MAC on liposomes (Fig EV2a) and mammalian erythrocytes (Fig 2b, 
Fig EV2b), local assembly of C5b6 by surface-bound C5 convertases was not essential 
to kill human cells (Fig EV4) (note that this experiment was performed on human 
(HAP1) cells deficient in complement regulators CD46, CD55, CD59 (Thielen et al, 
2018) that, if present, would prevent any C3b or MAC deposition on the cell surface). 

Given that C5b6MAC (Fig 2d) and Conv-C5b6MAC (Fig 5d) pores both perturb the 
bacterial outer membrane, but not the inner membrane, the local assembly of C5b6 via 
surface-bound C5 convertases seems particularly important to generate pores that can 
damage the complete, composite cell envelope of a Gram-negative bacterium.
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Figure 4. MAC assembly via surface-bound C5 convertases leads to inner membrane damage. 
(A) Outer membrane damage (mCherry intensity) and inner membrane damage (% Sytox positive) of 
convertase-labeled perimCherry/cytoGFP E. coli cells incubated with a concentration range of C5 and fixed 
concentrations of C6-C9. 
(B) Inner membrane damage of perimCherry/cytoGFP E. coli exposed to a concentration range of ΔC5 serum 
and, after washing, to C5-C9. As controls, bacteria were incubated with heat inactivated ΔC5 serum or 5 
µM compstatin was added to the ΔC5 serum to block C3b deposition. 
(C) Inner membrane damage of three different convertase-labeled bacteria exposed to buffer (Conv) or 
C5-C9 (Conv-MAC). 
(D) Confocal microscopy images of convertase-labeled perimCherry/cytoGFP E. coli exposed to buffer (Conv) 
or C5-C9 (Conv-MAC). Unlabeled bacteria exposed to 1% serum served as control. Green = GFP, Red = 
To-pro-3 DNA dye. Scale bars = 3 µm. 
Data information: (A–C) Data represent mean ± SD of 3 independent experiments. (C) Statistical analysis 
was done using a ratio paired two-tailed t-test and displayed only when significant as * p≤0.05 or ** p≤0.01.

C5b6 rapidly loses the capacity to form bactericidal pores
To understand why local formation of C5b6 is required, we next focused on the early 
assembly steps of the MAC, involving C5b, C6 and C7. In the experiments described 
above, bactericidal pores (Conv-MAC) were generated when convertase-labeled bacteria 
were simultaneously incubated with C5-C9 (Fig 4) (or when directly compared to 

C5b6MAC, with C5-C7 and after washing C8 and C9 (Fig 5)). Next, we studied whether 
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we could introduce a washing step between the formation of C5b6 and the addition 
of C7. Interestingly, we found that washing after C5b6 assembly did not affect the 
formation of MAC pores that permeabilize the outer membrane (Fig 6a), but strongly 
blocked formation of MAC pores that trigger inner membrane damage (Fig 6b). In 
contrast, when C5b6 was formed in the presence of C7, we observed that washing 
did not affect the ability of MACs to permeabilize the outer and inner membrane (Fig 
6a,b). This suggests that locally assembled C5b6 requires immediate insertion into the 
membrane via C7. In a different experimental set-up, we did not wash the bacteria 
following incubation with C5 and C6, but instead blocked the generation of new C5b6 
molecules using Eculizumab, a clinically approved C5 inhibitor that blocks recognition 
and cleavage of C5 by the convertase (Rother et al, 2007). We observed that Eculizumab 
blocked formation of bactericidal MAC pores when it was added after C5b6 assembly 
but before the addition of C7 (Fig 6a). In contrast, Eculizumab could not prevent 
bactericidal MAC formation when added after the addition of C5, C6 and C7  (Fig 6a 
and b). These data show that although C5b6 complexes that are formed in the absence 
of C7 can form pores that damage the outer membrane, these complexes rapidly lose 
the ability to form bactericidal pores. In contrast, when newly generated C5b6 can 
immediately bind C7 at the bacterial surface, these complexes can form a bactericidal 
MAC. Together with the fact that purified, preassembled C5b6 complexes lack the 
capacity to form bactericidal MAC pores, these data indicate a previously unrecognized 
short-lived ability of C5b6 to induce bacterial killing and further explains why local 
assembly of C5b6 by C5 convertases on the target surface is so crucial for bacterial 
killing via the MAC.
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Figure 5. Local assembly of  C5b6 by surface-bound C5 convertases is required for killing. 
(A) Schematic overview of MAC assembly on convertase labeled bacteria by C5b6 that is locally generated 
by incubation with C5 and C6 (top) or by preassembled C5b6 (bottom). 
(B) Bacterial viability of convertase-labeled E. coli MG1655 exposed to Buffer (Conv), preassembled C5b6 
(Conv + C5b6MAC) or a mixture of C5 and C6 (Conv-MAC), in the presence of C7, C8 and C9. Dotted 
line represents the detection limit of the assay. 
C and D (C) Inner membrane damage (% Sytox positive) and (D) outer membrane damage (mCherry) of 
convertase-labeled perimCherry/cytoGFP E. coli exposed to a concentration range of preassembled C5b6 or a 
mixture of C5 and C6, in the presence of 100 nM C7. After washing, bacteria were exposed to 20 nM C8 
and 100 nM C9. 
Data information: (B–D) Data represent mean ± SD of 3 independent experiments. (B) Statistical analysis 
was done using a ratio paired two-tailed t-test and displayed only when significant as ** p≤0.01.
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Figure 6. C5b6 rapidly loses the capacity to form bactericidal pores. 
A, B Step-wise assembly of MAC on convertase-labeled bacteria. Convertase-labeled bacteria were 
incubated with C5/C6 or C5/C6/C7 for 15 minutes, and subsequently washed (@) or treated with 10 μg/
ml Eculizumab (Ecu). Then, the remaining MAC components (C7-9 for C5/C6 or C8-9 for C5/C6/C7 
respectively) were added to the incubation mixture. In the control conditions (Conv-MAC), the remaining 
MAC components were added to the incubation mixture without washing or adding an inhibitor. (A) 
Outer membrane (mCherry) and (B) inner membrane damage (% Sytox positive) were determined. 
Data information: (A-B) Data represent mean ± SD of 3 independent experiments. Statistical analysis was 
done using a ratio paired two-tailed t-test in which the test conditions were compared to Conv-MAC and 
displayed only when significant as * p≤0.05.

Inner membrane damage is driven by MAC assembly at the outer membrane
Next, we investigated how bactericidal MAC pores perturb the bacterial cell envelope. 
Specifically, we analyzed whether inner membrane damage results from MAC formation 
in the outer or inner membrane. We performed step-wise assembly of MAC pores on 
convertase-labeled bacteria and assessed damage of both membranes at each step. First of 
all, we observed that the labeling of bacteria with convertases, and subsequent assembly 
of C5b-7 (in absence of C8 and C9), did not affect permeability of either membrane 
(Fig 7a). Convertase-driven formation of C5b-8 allowed some passage of small molecule 
DNA dyes (Sytox, Fig 7a) but not of proteins (mCherry) (Fig 7a). As shown before, 
the formation of a full MAC pore (C5b-9) is required to effectively permeabilize both 
membranes (Fig 7a). To further disentangle the effect of MAC formation on the outer 
and inner membrane, we introduced a washing step after the incubation with C5-C8. 
At this stage, the outer membrane did not show significant permeability for proteins 
(mCherry, Fig 7a), leading us to conclude that all remaining C5b-8 must be bound 
to the outer membrane surface only. Intriguingly, subsequent incubation of (washed) 
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bacteria with C9 led to both outer and inner membrane permeabilization (Fig 7a,b). 
This suggests that assembly of bactericidal MAC pores takes place in the bacterial outer 
membrane only and that destabilization of the inner membrane is of a different nature 
than outer membrane permeabilization, not requiring the stepwise assembly of new 
convertases or C5b-9 pores. 

Figure 7. Inner membrane damage is driven by MAC assembly at the outer membrane. 
(A) Outer and inner membrane damage of convertase-labeled bacteria exposed to different combinations of 
MAC components. ‘@’ indicates a washing step. 
(B) Outer and inner membrane damage of convertase-labeled bacteria exposed to C5-C8 and after washing, 
to a concentration range of C9. 
Data information: Data represent mean ± SD of 3 independent experiments. (A) Statistical analysis was 
done using a one-way ANOVA and displayed only when significant as ** p≤0.01 or **** p≤0.0001. 

Local formation of  C5b6 is required for efficient insertion of  MAC pores into the 
outer membrane
Since the above experiments indicate that formation of bactericidal MAC pores mainly 
takes place on the outer membrane, we more closely analyzed pore formation on the 
bacterial surface. First, we quantified the total number of MAC assemblies on convertase-
labeled bacteria using flow cytometry (Fig 8a). We compared C9-Cy3 incorporation on 
convertase-labeled bacteria when MAC formation was triggered via uncleaved C5 and 
C6 (Conv-MAC) or preassembled C5b6 (Conv-C5b6MAC) (solid lines in Fig 8a). The 
dose-response curves indicate that MAC formation was up to ~3-fold more efficient 
with locally formed C5b6 (Conv-MAC), although the difference was absent at higher 
(100 nM) concentrations of C5b6 (Fig 8a). This is in apparent contradiction with the 
vast differences in inner membrane damage between Conv-MAC and Conv-C5b6MAC 
at these concentrations (Fig 5c). Since these differences could not be explained by a 
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different distribution of Conv-C5b6MAC and Conv-MAC pores at the cell surface either 
(Fig 8b), we next tested how well Conv-C5b6MAC or conv-MAC pores are inserted into 
the bacterial membrane by measuring their resistance to trypsin after MAC formation. 
Trypsin is commonly used as a shaving method to determine surface exposure of 
membrane associated proteins (Moskovich & Fishelson, 2007; Besingi & Clark, 2015). 
While trypsin treatment effectively reduced the amount of C9-Cy3 incorporation for 
the preparations with preassembled C5b6, it had no effect on MAC pores generated 
via C5 and C6 (Fig 8a). Altogether, these data indicate that the C5b6MACs are less well 
attached to and therefore presumably less well inserted into the bacterial membrane 
than Conv-MACs. 
Next, we visualized MAC assembly in the outer membrane using atomic force microscopy 
(AFM) on live bacteria. Immobilized, untreated E. coli cells appeared as smooth 
rods (Fig 8c), which at high resolution showed densely packed, ~7 nm wide porins, 
characteristic of the bacterial outer membrane (Yamashita et al, 2012). By contrast, 
following exposure of convertase-labeled bacteria to C5-C9 (Conv-MAC), the bacterial 
surface was covered with nanometer-scale protrusions that at higher resolution appeared 
as 10 ± 2 nm high and 17 ± 2 nm (peak to peak) wide pores, including – depending on 
AFM resolution – signatures of a C5b stalk extending upwards from the pore (Fig 8c). 
These dimensions and appearance are consistent with cryo-EM maps of MACs built 
up from preassembled C5b6 on liposomes (Serna et al, 2016; Sharp et al, 2016). At the 
surface of the immobilized, convertase-labeled bacteria, Conv-MAC pores were further 
accentuated in the phase image (see Methods), which provides an alternative means to 
differentiate MAC pores from the underlying bacterial surface since it is sensitive to 
the local material properties (Fig 8d, Fig EV5a). However, when MACs were formed 
from preassembled C5b6 on convertase labeled bacteria (Conv-C5b6MAC), it became 
extremely challenging to discern pore structures at the bacterial surface (Fig 8d and Fig 
EV5b,c). This is consistent with previous AFM experiments on related pore forming 
proteins (Leung et al, 2017, 2014), in which inserted pores were readily detected on 
supported lipid bilayers, but mobile, non-inserted pores were harder to resolve due to 
the invasiness of the AFM measurement and/or insufficient temporal resolution. Hence, 
the trypsin shaving and AFM results could be explained by inefficient insertion of Conv-

C5b6MACs into the membrane, implying that local assembly of C5b6 by surface-bound 
convertases is essential for priming the efficient insertion of MAC pores into bacterial 
membranes. 
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Figure 8. Local formation of  C5b6 is required for efficient insertion of  MAC pores into the outer 
membrane. 
Surface-bound MAC pores were quantified by flow cytometry or confocal microscopy. 
(A) Convertase-labeled bacteria were exposed to a concentration range of either preassembled C5b6 
(C5b6MAC) or a mixture of C5 and C6 (Conv-MAC), in the presence of 100 nM C7. After washing, 20 nM 
C8 and 100 nM C9-Cy3 was added. Controls at 0 nM C5b6 or C5-C6 confirm that the detected C9-Cy3 
deposition is specifically related to MAC formation (solid lines). Proper insertion of pores was assessed by 
a previously described shaving method with trypsin (Moskovich & Fishelson, 2007). Bacteria were first 
incubated with MAC components for 30 minutes and subsequently treated with 20 µg/ml trypsin for 15 
min at 37°C (dotted lines). 
(B) Convertase labeled perimCherry/cytoGFP bacteria (Green) exposed to C5b6MAC or Conv-MAC. 
Conditions were similar to those in (A), however C9-Cy5 was used to detect MAC pores (Red). 100 nM of 
C5 and C6 or C5b6 were used in combination with 100 nM C7, 20 nM C8 and 100 nM C9-Cy5. Conv 
+ C5b6MAC and conv-MAC images were taken in separate experiments in which laser settings were adjusted 
to the staining intensity of C9-Cy5 to properly visualize pore distribution. Scale bars = 3 µm.
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(C, D) Atomic force microscopy analysis of E. coli BL21 and MG1655 immobilized using the Poly-L-Lysine 
protocol. (C) Entire bacteria and high-resolution comparisons of untreated and convertase-labeled E. coli 
BL21 exposed to C5-C9 (Conv-MAC) for 10 minutes. Scale bars: 800 nm (left) and 30 nm (right). Height 
Scales: 1.01 µm (left), 8 nm (top right), 22 nm (bottom right). Width of magnification boxes (left): 42 nm, 
height scales: 8 nm (top left) and 13 nm (bottom left). Arrows highlight E. coli porin structures, an asterisk 
highlights the C5b-7 stalk. Height profiles (bottom) are shown for the white dashed lines in the images. 
(D) Atomic force microscopy (height and phase images) of convertase-labeled E. coli MG1655 exposed to a 
mixture of C5 and C6 (Conv-MAC) or preassembled C5b6 (Conv + C5b6MAC), in the presence of C7, C8, 
C9, FB and FD. Scale bars: 50 nm. Height scales: 15 nm. 
Data information: (A) Data represent mean ± SD of 3 independent experiments.

Finally, to further validate this explanation, we more closely analyzed the efficiency by 
which Conv-C5b6MAC and Conv-MAC pores damage the bacterial outer membrane. 
At high (0.3 nM) C8 concentrations, it appeared that Conv-C5b6MAC and Conv-MAC 
pores are equally efficient in inducing leakage of mCherry through the outer membrane 
(Fig EV5d), consistent with the findings in Fig 5d. However, by carefully titrating 
the concentration of C8, we observed that less pores (>100 fold) are needed to induce 
maximum mCherry leakage in the conditions of locally assembled MAC (Conv-MAC) 
compared to preassembled Conv-C5b6MAC (Fig EV5d). Together with the trypsin shaving 
and AFM results, these data indicate that local assembly of MAC pores triggers more 
efficient membrane insertion and subsequently more effective damage to the bacterial 
outer membrane. Future experiments are required to determine whether subsequent 
destabilization of the inner membrane (Fig EV5e) results directly from a more extensively 
damaged outer membrane or whether other mechanisms are at play to kill the cell. 

Discussion 
Although recent in-vitro structural studies (Sharp et al, 2016; Serna et al, 2016; 
Dudkina et al, 2016; Menny et al, 2018) have significantly advanced our understanding 
of MAC formation in liposomes, it is still not understood how these pores can damage 
the composite envelope of Gram-negative bacteria. Here we reveal that the assembly 
and insertion of MAC pores into bacterial membranes differs from liposomes and 
erythrocytes. While MAC pores generated from preassembled C5b6 can efficiently 
perforate single membrane particles, these MACs lack bactericidal activity. In order to 
kill a Gram-negative bacterium, MACs need to be assembled locally by cell-bound C5 
convertase enzymes. Our data indicate that both the in situ conversion of C5 by surface-
bound convertases and immediate association of C5b with C6 and C7 is needed to 
guide proper insertion of bactericidal MAC pores. 

Our data imply that the C5b6 complex has a hitherto unrecognized limitation in its 
ability to induce bacterial killing. The purified C5b6 complex used in this study was 
generated by cleaving C5 in the presence of C6, but in the absence of C7, on an activating 
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surface. The released C5b6 complexes were purified from the solution (van den Berg, 
2000). Numerous reports have shown that these ‘preassembled’ C5b6 complexes can 
efficiently form MAC pores in eukaryotic membranes (Iida et al, 1991) and liposomes 
(Sharp et al, 2016; Michaels et al, 1976; Serna et al, 2016; Hu et al, 1981; Menny et al, 
2018; Parsons et al, 2018). We here found that the same preassembled C5b6 complexes 
lack the capacity to generate MACs that kill bacteria. In contrast, C5b6 that is formed 
locally by surface-bound C5 convertases efficiently forms bactericidal MAC pores. The 
fact that locally assembled C5b6 rapidly loses the ability to form bactericidal pores (Fig 
6), suggests that C5b6 somehow becomes inactivated. Although the exact molecular 
mechanism for C5b6 inactivation is yet unknown, we here propose several possible 
explanations. First, cleavage of C5 by C5 convertases (hypothetical model in Fig 9a) 
results in a major conformational change in which the C5d domain of C5 (colored dark 
green) translocates away from its original position. It is long known that newly formed 
C5b is hydrophobic and therefore unstable in solution (DiScipio et al, 1983); the rapid 
association with C6 (within ~2.5 min (Cooper & Müller-Eberhard, 1970; Shin et al, 
1971)) is needed to form stable C5b6 complexes. We wonder whether local cleavage 
of C5 would allow these hydrophobic sites of C5b to directly bind to membranes (Al 
Salihi et al, 1988). Alternatively, we speculate that locally assembled C5b may have 
more flexibility to properly guide the localized insertion of following MAC components 
into the bacterial membrane. The position of C5d in Fig 9a is based on structures 
of preassembled C5b6 (Aleshin et al, 2012; Hadders et al, 2012). However, the exact 
position of C5d in locally assembled C5b may be different. Although the nature of 
the conformational change from C5 to C5b is similar to that observed in conversion 
of the highly homologous C3 into C3b (Janssen et al, 2006; Aleshin et al, 2012), C5d 
translocation is less pronounced than C3d (Fig 9b). Since the C5d domain is bound to a 
flexible arm, we speculate that the functional differences between locally assembled C5b6 
and preassembled C5b6 could be due to more conformational flexibility of C5b during 
local assembly (Fig 9c). These hypotheses seem in contrast with a recent manuscript by 
Menny et al,  showing that the core of C5b remains largely unchanged during MAC 
assembly in liposomal membranes (Menny et al, 2018). However, since Menny et al 
used preassembled C5b6 to generate MAC pores, the C5b6 structure within these pores 
may differ from that of convertase-generated C5b6 on a bacterial surface. Potential 
structural differences in locally assembled C5b6 may be crucial to stably insert pores 
into bacterial (outer) membranes that have a very heterogenous lipid composition and 
varying lengths of lipopolyaccharide (LPS) (Silhavy et al, 2010). Interestingly, Menny 
et al also describe how C6 undergoes marked domain rearrangements upon integration 
into the MAC. In contrast to its conformation in preassembled C5b6 in solution, C6 in 
membrane-inserted MAC pores have transmembrane hairpin regions inserted into the 
membrane. The authors suggest that binding of C7 is needed to induce this structural 
change in C6 (Menny et al, 2018). Potentially, such structural changes in C6 occur 
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less efficient on bacterial membranes, but are enhanced upon local C5b6 assembly, 
immediate binding of C7 and insertion into the membrane. In addition, a direct and 
stable interaction between the C5 convertase may be needed to maintain a different 
conformation of C5b6 that is lost upon release of C5b6 from the surface. Although it has 
been postulated that C5b6 remains bound to the C5 convertase (Morgan et al, 2016), it 
is currently difficult to assess such complexes because of limited tools to study the multi-
component C5 convertase enzymes that have a surface-specific conformation (Rawal 
& Pangburn, 2001). Please note that the structural models of (a subunit of the) C5 
convertase enzyme bound to C5, C5b and C5b6 (Fig 9a,b,cI,cII) are not experimentally 
proven. Furthermore, the fact that such interactions are likely very transient (washing 
abrogates C5b6 activity (Fig 6)), will further complicate demonstrating the existence of 
such intermediary complexes. Finally, different forms of MAC assemblies may exist as 
has been observed in liposomes, such as open versus closed pores (Menny et al, 2018) 
or clustered pores (Sharp et al, 2016). Potentially, the local generation of MAC pores 
by surface-bound C5 convertases may influence the structure or clustering of pores 
on bacterial membranes. Nevertheless, the here-proposed models do not exclude other 
scenarios of C5b6 inactivation and further studies are needed to determine what causes 
the rapid inactivation of C5b6. 

In all, our data imply that the natural assembly of MAC via surface-specific complement 
activation mechanisms is essential to induce bacterial killing. Our findings that (high 
concentrations of ) preassembled C5b6 can trigger MAC-mediated perforation of 
mammalian cells could be relevant for future studies on complement-mediated human 
diseases, where the MAC attacks the body’s own cells. Some studies suggest that C5b6 
can be released from activating surfaces (erroneously recognized host cell or bacterium) 
and associate with neighboring host cells, thereby causing unwanted ‘bystander’ lysis 
(Podack & Tschopp, 1984). The information that bacterial and human cells have 
different sensitivities for ‘released’ C5b6 may guide the development of complement 
inhibitors that specifically block bystander lysis by released C5b6 without affecting the 
assembly of bactericidal MAC pores.
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A B

C

Figure 9. Structural model for C5b6 assembly by C5 convertases. 
(A) Hypothetical model for C5 cleavage by the alternative pathway C5 convertase. The AP C5 convertase 
is a multimeric complex between a dimeric C3 convertase enzyme (comprised of surface-bound non-
catalytic C3b in complex with protease Bb), together with additional surface-bound C3b molecules (not 
depicted here), which are required to strengthen the affinity for C5. Hypothetical model of C3bBb (surface 
representation, C3b in gray, Bb in orange) bound to substrate C5 (light green, C5d domain in dark green). 
C3bBb is derived from the dimeric C3bBb-SCIN complex (PDB 2WIN (Rooijakkers et al, 2009)), and C5 
is modeled based on superposition of the CVF-C5 complex (PDB 3PVM (Laursen et al, 2011)) on the C3b 
molecule from C3bBb. The right panel shows C3bBb bound to C5b (light green, C5d in dark green). The 
structure of C5b is derived from the structure of the C5b6 complex (PDB 4A5W (Hadders et al, 2012)), 
and superimposed on C5 from the model in the left panel. 
(B) Superposition of C5b with the C5d domain in the pC5b6 (dark green) and C3b-like (light blue) 
orientation. The C3b-like conformation of C5d was generated based on superposition of the C5d structure 
(extracted from the pC5b6 structure, PDB 4A5W) on the C3d domain of the second C3b subunit from 
the dimeric C3bBb-SCIN structure (PDB 2WIN). 
(C) Hypothetical structural models for C5b6 assembly by convertases. (I) Model of pC5b6 bound to C3bBb, 
as in (A, right). (II) Model of pC5b6, with C5d-C6 superimposed on C5d in the C3b-like orientation, as in 
(B). Note that this orientation allows C6 to extend further toward the membrane relative to the convertase. 
(III) Model in which C5b6 has dissociated from C3bBb, but adopted the orientation shown in (II). All 
structural models and superpositions were generated using UCSF Chimera (Pettersen et al, 2004).

Finally, our data also shed new light on the strongly debated mechanism of bacterial 
killing via the MAC. The potent bacteriolytic activity of serum was recognized in 1895 
by Jules Bordet who discovered complement as a potent system that allows antibodies to 
directly kill bacteria (Schmalstieg & Goldman, 2009). However, the exact mechanism of 
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MAC-mediated bacterial killing has been strongly debated (Bhakdi et al, 1987; Taylor, 
1992; Dankert & Esser, 1987; Berends et al, 2014; Morgan et al, 2017). The fact that 
we now have tools to form bactericidal MAC pores in a purified manner will allow 
mechanistic studies to unravel how bactericidal MACs damage the bacterial cell envelope. 
The data with step-wise MAC formation (Fig 7) rule out the idea that formation of 
convertases and/or C5b-9 underneath the outer membrane is required to make pores 
in the inner membrane. Washing experiments show that convertase-mediated MAC 
assembly mainly takes place on the outer membrane. Up till the formation of C5b-8, 
we did not observe extensive damage to both membranes. Addition of C9 was required 
to efficiently perturb the outer and inner membrane. This leaves us with two potential 
hypotheses for bactericidal effects at the inner membrane. First, MAC pores in the outer 
membrane could allow C9 to go through the pores and reach the inner membrane 
(as was suggested earlier (Wang et al, 2000; Dankert & Esser, 1987)). Given that 
peptidoglycan has a pore-size distribution of 4-16nm (Turner et al, 2013), C9 (61kDa) 
might be able to reach the inner membrane where it may have cytotoxic effects (Berends 
et al, 2014). This would mean that pores formed in the inner membrane (by C9) are 
different from the pores formed in the outer membrane (C5b-9). However, since we 
observed no GFP leakage from the cytoplasm of E. coli upon exposure to the MAC (Fig 
EV1a), it seems less likely that large pores are formed in the inner membrane. Second, 
inner membrane damage may directly result from MAC-dependent damage of the outer 
membrane. The fact that we measure influx of DNA dyes does not necessarily mean that 
large pores are formed in the inner membrane. Others have reported that extensive outer 
membrane stress by itself may cause destabilization of the inner membrane and passage 
of DNA dyes (Lebaron et al, 1998). Outer membrane degradation may disrupt protein 
connections between the outer and inner membrane that influence envelope stability 
(Silhavy et al, 2010) or bacteria may turn on self-death machinery in response to outer 
membrane stress, for example via the production of regulatory RNAs (Konovalova et al, 
2016). Exposing a bacterial knockout library to the MAC may reveal whether bacterial 
factors and active processes are involved in triggering OM-mediated IM damage. This 
hypothesis would be consistent with the idea that local assembly of MAC is required 
to more efficiently perforate the outer membrane and thereby indirectly cause inner 
membrane damage. Since the outer membrane is a major permeability barrier for 
most antibiotics, the mechanisms by which complement disrupts Gram-negative cell 
envelopes may hold information crucial for development of antimicrobial strategies 
against drug-resistant Gram-negative bacteria (Laxminarayan et al, 2013). 

Materials and methods
Serum, reagents and bacterial strains: Normal human serum and heat-inactivated serum 
was obtained from healthy volunteers as previously described (Berends et al, 2013). 
Sera depleted of complement factors and complement factors C5b6, C7 and C8 were 
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obtained from Complement Technology. His-tagged C5, C6, C9, FB and FD were 
expressed in and purified from HEK293E cells (U-Protein Express). Lysozyme depleted 
serum was prepared as described below. PerimCherry/cytoGFP E. coli was prepared by 
transforming a pPerimCh plasmid into E. coli MG1655. pPerimCh was modified from 
plasmid pFCcGi containing a constitutively expressed mCherry and a L-arabinose 
inducible GFP (kindly provided by Sophie Helaine). A pelB leader was added in front 
of the mCherry sequence to direct mCherry to the periplasmic space. Gram-negative 
isolate S. maltophilia 566954.1 was obtained from the diagnostic Medical Microbiology 
department of the University Medical Center Utrecht. OmCI was produced in 
HEK293E cells and purified as previously described (Nunn et al, 2005). Eculizumab 
was kindly provided by Frank Beurskens (Genmab, Utrecht, The Netherlands). Normal 
concentrations of MAC proteins in 100% human serum are: ± 375 nM C5, 550 nM 
C6, 600 nM C7, 350 nM C8 and 900 nM C9. Hybridoma cells producing MoAb bH6 
to C3b were kindly provided by Peter Garred (University of Copenhagen) and Tom 
Eirik Mollnes (University of Oslo). Antibodies were purified as previously described 
(Garred et al, 1988). Purified antibodies were labeled with Alexa Fluor 488 reactive 
molecules (ThermoFisher) following the supplier’s protocol. 

Preparation of lysozyme-depleted serum: The sequence of lysozyme inhibitor LprI of 
M. tuberculosis without signal peptide was synthesized (IDT) (Sethi et al, 2016). The 
sequence was cloned into a modified, N-terminal His-tag followed by a TEV cleavage 
site, pRSETB vector (Thermofisher) digested with BamHI/NotI using Gibson assembly 
(NEB). The protein of interest was expressed in BL21(DE3) (Thermofisher) by adding 
1 mM IPTG. LprI was isolated under denaturing conditions using a Histrap column 
(GE Healthcare).  For lysozyme depletion, a Histrap column was charged with CoCl2 
and loaded with 1.1 mg His-tagged LprI. The protein was covalently linked to the 
column by adding 0.05% H2O2 in PBS for 1 hour at RT. After washing with PBS, 4 ml 
of human pooled serum in the presence of 10 mM EDTA was loaded on the column. 
To the flow-through, containing lysozyme-depleted serum, 10 mM CaCl2 and 10 mM 
MgCl2 was added. Lysozyme-depleted serum was analyzed for complement activity by 
performing a CH50 (Fig EV1c). Complement activity was comparable to serum before 
lysozyme depletion. Successful depletion was demonstrated using a lysozyme ELISA 
(Abcam), which showed over 99% depletion of lysozyme.

Haemolytic and liposome assay: Rabbit erythrocytes (1x108/ml) or liposomes (Wako 
CH50 Auto kit) were incubated with buffer or purified MAC components for 30 
minutes, non-shaking at 37°C. 10 nM C5b6, 20 nM C7, 20 nM C8 and 100 nM C9 
was used. Incubations were done in Veronal + 2.5 mM MgCl2 and 0.5 mM CaCl2, 
VBS++). As positive controls, erythrocytes were incubated with MQ, liposomes with 
0.05% PBS-Tween. After incubations, erythrocytes were spun down and absorbance of 
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the supernatant at OD405 nm was measured. The percentage of lysed rabbit erythrocytes 
was calculated by comparing the OD405 nm of the test sample with the OD405 nm of 
the MilliQ control sample, which was set at 100% lysis. NADH production as a result 
of G6PDH leakage from liposomes was determined by measuring the absorbance at 
OD340 nm. Human erythrocytes were collected from freshly drawn blood, which was 
spun down, washed 3 times in PBS after which the cells were collected. Cells (1x108/ml) 
were exposed to a concentration range of C5b6 or C5 and C6 in the presence of 100 nM 
C7. After washing, cells were exposed to 20 nM C8 and 100 nM C9 for 30 minutes, 
spun down and absorbance of the supernatant at OD405 nm was measured.

Convertase labeling of bacteria: In all experiments, bacteria were grown overnight (o/n) in 
Lysogeny broth (LB) medium (containing 50 µg/ml ampicillin for PerimCherry/cytoGFP 
E. coli MG1655). Next day, subcultures were grown to mid-log phase (OD660~0.5), 
washed and resuspended in RPMI+0.05% HSA. Unless stated differently, all incubations 
with bacteria were performed in RPMI+0.05% HSA. Bacteria with OD660~0.1 were 
incubated with 10% C5 depleted serum (ΔC5 serum) for 30 minutes 37°C, washed 
and resuspended to OD660~0.05. Complement activation in ΔC5 serum was blocked 
by heat inactivation or by adding 5 µM compstatin. For labeling with classical pathway 
convertases, bacteria were incubated with ΔFB serum in the presence of 20 µg/ml OmCI 
for 30 minutes at 37°C. C5a generation was measured in a calcium mobilization assay as 
previously described (Bestebroer et al, 2010). 

HAP1 cell lysis assay: ΔCD46/ΔCD55/ΔCD59 HAP1 cells (Thielen et al, 2018) were 
kindly provided by Sanquin (Amsterdam, The Netherlands). Cells were cultured in 
Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% fetal bovine 
serum, penicillin and streptomycin (Gibco) at 37°C with 5% CO2. Cells were washed 
in PBS and harvested using trypsin. The collected cells were washed 2 times in PBS and 
resuspended to a concentration of 4x106 cells/ml in VBS++. These cells were incubated 
with Buffer (VBS++) or 25% C5 depleted serum for 30 minutes at 37°C under shaking 
conditions. Unlabeled or opsonized cells were washed twice in VBS++ (2 minutes at 
300 g) after which 50 µl (100.000 cells/well) was incubated with 100 nM C5b6 or C5 
and C6 in the presence of 100 nM C7, 10 µg/ml FB and 1 µg/ml FD for 15 minutes at 
37°C. Cells were washed twice and incubated with 100 nM C8 and C9 for 30 minutes 
at 37°C in the presence of Sytox green. Cells were diluted 1:1 with PBS and Sytox 
intensity was measured by flow cytometry.

Membrane permeabilization and bacterial viability assay: Unlabeled or convertase labeled 
bacteria were prepared as described above and incubated with 10% serum or purified 
MAC components. Unless stated differently, 10 nM C5, 10 nM C6, 10 nM C5b6, 
20 nM C7, 20 nM C8 and 100 nM C9 was used. These concentrations are similar 
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to protein concentrations in 2-10% serum. All incubations with serum and purified 
MAC components were done for 30 minutes at 37°C. However, in experiments with 
preassembled C5b6, a washing step was introduced to prevent fluid phase MAC 
formation. Incubations with preassembled C5b6 were done in the presence of C7 for 
15 minutes at 37°C. Samples were washed 3 times after which C8 and C9 were added 
for 30 minutes at 37°C. The washing step after C7 was also introduced when uncleaved 
C5 and C6 were tested in the same experiment as preassembled C5b6. For the C5b6 
stability experiments, convertase labeled bacteria were incubated with C5 and C6 in 
the presence or absence of C7 for 15 minutes at 37°C. Then, bacteria were washed 
or incubated with RPMI or 10 µg/ml Eculizumab for another 15 minutes at 37°C. 
Subsequently, the remaining MAC components were added for 30 minutes at 37°C, 
after which samples were diluted and measured by flow cytometry. In all experiments, 
2.5 µM Sytox Blue Dead Cell stain (Thermofisher) was added to the final incubation 
step of the experiments. mCherry, Sytox and GFP intensities were measured by a 
MACSQuant flow cytometer. 

Bacterial viability assay: After incubating bacteria with serum or purified MAC 
components as described above, samples were serially diluted in PBS and plated onto 
LB agar plates. Colonies were counted after overnight incubation. 

Complement deposition and trypsin treatment: Convertase-labeled bacteria were prepared 
as described above. To measure C3b deposition, bacteria were incubated with 3 µg/
ml Alexa-488 labeled mouse-anti-C3b (described above) for 30 minutes at 4°C. C9 
deposition was measured by C-terminal sortagging C9-LPETG-His with GGG-N3, 
which was then coupled to Cy3-DBCO or Cy5-DBCO. For trypsinization, bacteria 
were first incubated with MAC components for 30 minutes and subsequently treated 
with 20 µg/ml trypsin for 15 min at 37°C. C3b and C9 deposition was measured by 
flow cytometry. 

Confocal microscopy: Samples were prepared as described above, concentrated to 
OD600~1.5 and dried onto 1% agar pads. To-pro-3 (1µM, Thermofisher) was used as 
a DNA dye. Agar pads were placed onto a coverslip and samples were imaged using a 
Leica SP5 confocal microscope with a HCX PL APO CS 63×/1.40–0.60 OIL objective 
(Leica Microsystems, the Netherlands). 

Structured Illumination Microscopy: 8-well microslide (Ibidi) chambers were washed 3 
times with 500 µl 1 M HCL/70% EtOH solution and rinsed with 500 µl MQ for 3 
times. Chambers were coated with 150 µl 1 M sodium acetate/0.01 M NaOH and 4 
µl Cell-Tak solution (Corning) for 20 min (RT), washed 3 times with MQ and dried. 
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PerimCherry/cytoGFP E. coli were grown to mid-log phase in the presence of 0.1% 
arabinose, washed 3 times in MQ and immobilized onto the coverslip for 30 minutes. 
Samples were washed with RPMI+0.05% HSA and images were obtained using the GE 
Healthcare LifeSciences “Deltavision OMXV4 blaze” microscope using 60x Olympus 
lens (U-PLAN APO, NA 1.42) and immersion oil 1.516 (Cargille labs). GFP and 
mCherry signals were measured using the 488 nm and 561 nm lasers respectively with 
suited dichroics and emission filter setting of 528/48 and 609/37. Reconstructions and 
registrations were performed using softWoRx (GE-healthcare). 

Atomic force microscopy: Mid-log phase bacteria (E. coli – MG1655/BL21) were washed 
3 times in PBS or PB (10mM), concentrated 4 times and immobilized onto Cell-Tak 
or poly-L-lysine (0.01%) covered glass slides (Corning/Sigma Aldrich). Both methods 
of immobilization were found to yield equivalent results. Care was taken not to allow 
the bacteria to dry out during immobilization. Immobilized bacteria were incubated 
with 10% ΔC5 serum in VBS++ containing 0.1% bovine serum albumin (BSA) for 20 
minutes at 37ºC. Glass slides with immobilized, serum-treated bacteria were rinsed 3 
times with PBS/PB. Bacteria were then treated with a solution of 25 µg/ml C5b6, 20 
µg/ml C5, 12 µg/ml C6, 12 µg/ml C7, 50 µg/ml FB, 5 µg/ml FD (all in VBS++) and 
incubated for 5 min at RT. Following this, 15 µg/ml C8 and 70 µg/ml C9 in VBS++ 
were added for a 10-40 min incubation at 37°C. Glass slides with immobilized, treated 
bacteria were rinsed 3 times in PBS/PB before atomic force microscopy imaging. 

Atomic force microscopy topographic images of E. coli (MG1655) in Fig 8d and Fig EV5 
were obtained using a Nanowizard III AFM with an UltraSpeed head (JPK, Germany) 
operated in liquid at room temperature. The microscope was operated in intermittent 
contact mode using FastScan-D probes (k = 0.25 N/m) (Bruker). Images were processed 
using Gwyddion(Nečas & Klapetek, 2012) (http://gwyddion.net/) for 1st order line-
by-line flattening to remove tilt. Images of bacterial surfaces were then processed using 
an additional 2nd order polynomial fit to remove the curvature of the bacteria. The data 
on E. coli (BL21) shown in Fig 8c were obtained using a Bruker FastScan Bio AFM, 
operated in PeakForce Tapping mode in liquid at 8kHz using FastScan-D probes (k = 
0.25 N/m) (Bruker). Images were processed using NanoScope Analysis (Bruker) for 1st 
order line-by-line flattening to remove tilt. Images of E. coli surfaces were processed using 
an additional 2nd order polynomial fit to remove the curvature of the bacteria and using 
a ~1.5 nm lowpass filter to remove high frequency noise. Images are displayed as height 
data in 3D. Cross-sectional analysis was performed in NanoScope Analysis and plotted 
in Origin (OriginLab), along the dotted lines indicated in Fig 8c. For measurements of 
bacterial height, the cross-sectional profile was taken over a 500 nm width to obtain an 
average for the bacterium.
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Data analysis and statistical testing: Flow cytometry data was analyzed in FlowJo, 
percentage positive cells was based on gating for positive controls. Graphpad 6.0 was 
used for graph design and statistical analysis. Statistical analysis was done using a ratio 
paired two-tailed t-test or a one-way ANOVA as indicated in the figure legends, in 
which each condition was compared with a control sample (buffer treated) unless stated 
differently. Three experimental replicates were performed to allow statistical analysis.
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Figure EV1. Serum-induced inner membrane damage is essential for bacterial killing. 
(A) Representative flow cytometry plots of perimCherry/cytoGFP E. coli after 30 minutes of exposure to buffer 
or 10% human serum. 
(B) Bacterial viability (via colony enumeration on agar plates) of perimCherry/cytoGFP E. coli exposed to a 
concentration range of serum (samples identical to Fig 1c). 
(C) Successful depletion of serum from lysozyme (lysozyme-specific ELISA (black line)), but sustained 
complement activity (CH50 (red)). 
Data information: (B, C) Data represent mean ± SD of 3 independent experiments. (B) Statistical analysis 
was done using a ratio paired two-tailed t-test and displayed only when significant as * p≤0.05.

Supplementary figures

buffer C5b6MAC MilliQ
0

20

40

60

80

100

%
 R

ab
bi

t e
ry

th
ro

cy
te

 ly
si

s 

*

T=0
bu

ffe
r

C5b
6

C5b
6-7

C5b
6-8

C5b
6-9

C5b
6-9

 co
nc

. e
qu

als
 10

0%
 se

rum

10
% nh

s 
104

105

106

107

108

C
FU

/m
l 

**

A B

bu
ffe

r
C5b

6

C5b
6-7

C5b
6-8

C5b
6-9

0.5
% tri

ton
X

0.00

0.25

0.50

0.75

1.00

1.25

1.50

A
bs

or
ba

nc
e 

O
D

34
0 

nm

**
**

C

Figure EV2. MAC assembled from purified C5b6 lacks bactericidal activity. 
(A) Lysis of liposomes after exposure to preassembled C5b6 with or without C7, C8 and C9. Calcein release 
from liposomes was determined by measuring absorbance at OD340 nm, 0.5 % Triton X-100 was used as 
a positive control. 
(B) Percentage lysis of rabbit erythrocytes exposed to buffer or C5b6MAC, compared to Milli-Q (MQ) water 
as control (set at 100% lysis). 
(C) Killing of E. coli MG1655 after exposure to preassembled C5b6 with or without C7, C8 and C9 (at 
concentrations similar to (B) or at concentrations exceeding those of 100% serum (highlighted by an 
arrow); ± 100 nM C5b6, 600 nM C7, 350 nM C8, 900 nM C9). 
Data information: Data represent mean ± SD of 3 independent experiments. Statistical analysis was done 
using a ratio paired two-tailed t-test and displayed only when significant as * p≤0.05 or ** p≤0.01. 
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Figure EV3. Successful labeling of  the bacterial surface with C5 convertases. 
(A) Schematic overview of complement activation and MAC formation on the bacterial membrane. 
Different recognition pathways (classical, lectin and alternative) generate C3 convertases (C4b2a in the 
classical/lectin pathway, C3bBb in the alternative pathway) on the target cell surface that cleave the major 
complement protein C3 into C3b. C3b covalently attaches to the cell surface via a reactive thioester. At 
high C3b densities, C3 convertases associate with deposited C3b to form C5 convertases (C4b2aC3b in 
the classical/lectin pathway, C3bBbC3b in the alternative pathway). The C5 convertase then catalyzes 
conversion of C5 into C5a and C5b. C5b triggers MAC formation by sequential binding to C6, C7, C8 
and multiple copies of C9. 
(B) Incubation of E. coli MG1655 with a concentration range of C5-depleted serum (ΔC5 serum) results 
in surface labeling with alternative pathway convertases (C3bBbC3b, evidence by flow cytometry analysis 
of surface-bound C3b and Bb). 
(C, D) Successful labeling of E. coli with C5 convertases. (C) E. coli MG1655 was pre-incubated with 10% 
ΔC5 serum (labeled as: C5 convertase), heat inactivated ΔC5 serum (Ctrl) or ΔC5 serum supplemented 
with 5 µM compstatin (Ctrl). After washing, C3b deposition was measured by flow cytometry. (D) Bacteria 
were labeled as described in (C) and (after washing) incubated with a concentration range of C5. Release of 
C5a into supernatants was measured by a calcium flux-based assay (Bestebroer et al, 2010). 
Data information: (B–D) Data represent mean ± SD of 3 independent experiments. (B) Statistical analysis 
was done using a ratio paired two-tailed t-test and displayed only when significant as ** p≤0.01 or *** 
p≤0.001.
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Figure EV4. Local assembly of  C5b6 by surface-bound C5 convertases is not essential to lyse human 
HAP1 cells. 
Percentage lysis of non-opsonized or convertase labeled HAP1 cells exposed to 100 nM C5b6 (C5b6MAC) 
or C5 and C6 (Conv-MAC) in the presence of 100 nM C7, C8 and C9. Data represent mean ± SD of 2 
independent experiments. 
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Figure EV5. Local assembly of  C5b6 is required for stable insertion of  MAC pores and efficient outer 
membrane damage. 
(A) Atomic force microscopy height (left) and phase (right) images of E. coli MG1655 incubated with 
buffer (untreated), convertases, and convertases plus either C5-C8 (Conv + C5-C8) or C5-C9 (Conv-
MAC). Scale bars: 50 nm. Height scales: 5 nm (untreated), 9 nm (convertase) and 6 nm (conv + C5-C8/
MAC). 
(B, C) Atomic force microscopy height (B) and phase (C) images of convertase labeled E. coli MG1655 
exposed to either C5 and C6 or preassembled C5b6 (Conv-MAC vs Conv + C5b6MAC) in the presence of 
C7-C9, FB and FD. Data shown corresponds to four separate experiments, of which the upper one is also 
presented in figure 8D. Scale bars: 50 nm. Height scales: 15 nm.
Data information: (A–C) Experiments were carried out using either the Poly-L-lysine (*) or CellTak (^) 
immobilization protocols, in 10 mM PB or PBS respectively. 
(D, E) (D) Outer membrane damage (mCherry) and (E) inner membrane damage (% Sytox positive) of 
non-opsonized or convertase labeled bacteria incubated with 10 nM of C5 and C6 or C5b6 in the presence 
of 10 nM C7. After washing, a concentration range of C8 and 100 nM C9 was added. Data represent mean 
± SD of 3 independent experiments.
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Abstract

Clearance of Gram-negative bacteria that invade the human body critically depends on the 
bactericidal action of the complement system, a protein network circulating in the blood. 
Complement activation labels the bacterial surface with convertases, which are multimeric, 
enzymatic complexes (C4b2a and C3bBb). Convertases consist of proteins that are covalently 
linked to the surface (C4b/C3b) and of serine proteases (C2a/Bb), which are loosely associated 
to these proteins. C5 convertases are crucial to cleave complement component C5 into C5b, 
which triggers the formation of membrane attack complexes (MACs) that can directly kill Gram-
negative bacteria. Although convertase enzymes are described to be inherently instable, little is 
known about the stability of these complexes on bacterial surfaces. Here we characterized the 
stability of C5 convertases on the surface of Gram-negative bacteria and human cells by means 
of functional experiments. E. coli bacteria were labeled with convertase by using ΔC5 serum and 
washed to allow dissociation of serine proteases. Using these assays, we show that surface-bound 
C5 convertases can trigger MAC formation for at least 90 minutes. In contrast, we show that C5 
convertases are much less stable on human cells indicating that convertase stability varies between 
target cells. By labeling bacteria with C5 convertases in a fully purified way (via click chemistry) 
we found that properdin, a positive complement regulator, plays a critical role in forming stable 
C5 convertases on the surface of E. coli. Altogether, these results help to understand how the 
stability of surface-bound C5 convertases contributes to clearance of Gram-negative bacteria. 
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Introduction
Gram-negative bacteria that invade the human body are immediately recognized by the 
complement system, a protein network in serum that can directly eliminate bacteria 
via formation of bactericidal Membrane Attack Complexes (MACs). The complement 
system can be activated via three different pathways, the classical pathway (CP), the lectin 
pathway (LP) and the alternative pathway (AP). All three activation routes converge in the 
formation of C3 convertases on the bacterial surface that cleave the central complement 
component C3 into C3b. C3b is covalently deposited onto the bacterial surface via its 
thioester domain. Two types of C3 convertases exist; C4b2a and C3bBb. C4b and C3b 
molecules are covalently linked to the bacterial surface. C2a is generated when C1 cleaves 
C2 into C2a, which remains loosely associated with C4b. Similarly, Factor D (FD) cleaves 
Factor B (FB) into Bb, which remains loosely bound to C3b. C2a and Bb function as 
serine proteases that are responsible for cleaving more C3. Both forms of C3 convertases 
trigger the ongoing deposition of C3b molecules onto the bacterial surface. When 
C3b densities are high, these proteins associate with existing C3 convertases forming a 
multimeric, enzymatic complex called a C5 convertases (C4b2aC3b or C3bBbC3b). 
These C5 convertases cleave C5 into C5b, thereby triggering the formation of MAC pores 
by sequential binding of C5b to C6, C7, C8 and C9 (forming C5b-9)[1–3]. 

The complement system is tightly regulated via soluble and membrane-bound proteins 
that prevent undesired damage to host cells. Many of these regulators inhibit convertase 
activity to prevent ongoing cleavage of complement proteins C3 and C5. Convertase 
activity is inhibited by the soluble proteins Factor H (FH) and Factor I (FI) that accelerate 
dissociation of the serine proteases and inactivate membrane-bound C4b and C3b. On 
human cells, convertases are inactivated by membrane-bound decay-accelerating factors, 
such as CD55 or CD35[4]. The only known positive regulator of the complement 
system is properdin, a serum protein that stabilizes the interaction between C3b and Bb 
and prevents recognition of C3b by complement regulators such as FH or CD55[5–7].

Convertase enzymes are inherently instable; soluble C3bBb complexes have a half-life of 
approximately 90 seconds, after which they lose the ability to convert C3[8]. Properdin 
is known to extend the stability of C3 and C5-convertases on artificial surfaces for at 
least ten times, as was measured by surface plasmon resonance (SPR)[6,7]. Currently, 
it is unknown how stable C5 convertases are on a bacterial surface. We have recently 
developed assays to label Gram-negative bacteria with C5 convertases. Bacteria were 
incubated with serum devoid of C5 (ΔC5 serum) (Fig. 1a)[9] to covalently deposit C3b  
onto the bacterial surface. Although we expected that a washing step would rapidly 
inactivate convertases (because of dissociation of Bb), we observed that these bacteria 
could still form bactericidal MAC pores in the absence of new Bb proteases[9]. In this 
study, we further characterized the stability of C5 convertases on the surface of E. coli.
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Results
Stability of  C5 convertases on the surface of  E. coli
In order to functionally characterize convertase stability on the bacterial surface, we 
pre-labeled E. coli with ΔC5 serum, washed the bacteria and introduced a decay step 
to allow dissociation of Bb from the surface (Fig. 1b). For this, bacteria were left in 
PBS for 90 minutes or overnight, after which the samples were washed and exposed to 
C5-C9 (to form MAC pores). This incubation was done in the presence or absence of 
FB and FD (FD cleaves FB into Bb, which is required to form new C5 convertases). 
The naturally membrane impermeable DNA Dye Sytox was added to determine MAC-
dependent inner membrane damage, which correlates with bacterial killing[9]. When 
pre-labeled bacteria were left in PBS for 90 minutes and subsequently exposed to C5-
C9, we observed efficient inner membrane damage in the absence of newly formed 
convertases (Fig. 1c). This indicates that after 90 minutes of decay, the bacterial surface 
is still labeled with functional convertases that trigger the formation of bactericidal MAC 
pores. In contrast, no inner membrane damage was observed after an overnight decay 
step and subsequent exposure to C5-C9. Only when FB and FD were added together 
with C5-C9 in these conditions, the bactericidal effect was (largely) restored (Fig. 1c). 
This indicates that there is insufficient functional Bb left at the bacterial surface after 
an overnight incubation, but that newly added FB and FD can react with deposited 
C3b molecules to form functional C5 convertases. Taken together, we find that C5 
convertases are stable for at least 90 minutes on the surface of E. coli, but lose their 
activity after an overnight incubation. 
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Figure 1. Stability of  C5 convertases on the surface of  E. coli MG1655.
A) Schematic overview of complement activation and convertase formation on a bacterial surface. For a 
detailed description, see Figure EV3 of Heesterbeek et al, 2018[9]. B) Schematic overview of C5 convertases 
on a bacterial surface. C4b and C3b (grey) are covalently deposited onto the bacterial surface. In contrast, 
C2a and Bb (yellow) are loosely associated to the C4b or C3b molecule and may dissociate from the surface, 
leading to inactivation of the convertase. C) Inner membrane damage (% Sytox positive) of E. coli bacteria 
that were pre-labeled with C5 convertases, incubated in PBS for 90 minutes or overnight at 37°C and 
subsequently exposed to Buffer, C5-C9, in the presence or absence of FB and FD, or 10% serum. Error bars 
represent mean ± SD of at least 2 independent experiments. 

C5 convertases are instable on ΔCD46/ΔCD55/ΔCD59 HAP1 cells
Next, we wondered whether the observed stability of C5 convertases is specific for 
Gram-negative bacteria, or whether such stable convertases also form on human cells. 
Since wild-type human cells express regulators to prevent complement activation and 
MAC formation, we used cells that are deficient of complement regulators CD46, 
CD55 and CD59[10]. First, we determined that ΔCD46/ΔCD55/ΔCD59 HAP1 
cells were efficiently lysed by human serum as evidenced by the influx of Sytox (Fig. 
2a). Lysis was dependent on the MAC, since the C5 inhibitor Eculizumab blocked 
the effect (Fig. 2a). Next, we pre-labeled ΔCD46/ΔCD55/ΔCD59 HAP1 cells with 
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ΔC5 serum to analyze the stability of surface-bound C5 convertases. When convertase-
labeled HAP1 cells were washed and immediately exposed to C5-C9, hardly any lysis 
was observed (Fig. 2b) despite the presence of high levels of C3b (Fig. 2c). This suggests 
that C5 convertases on the surface of HAP1 cells are inactivated by a washing step. In 
contrast, when the proteases FB and FD were added together with C5-C9 to allow 
new convertase formation, cells were efficiently lysed (Fig. 2b), showing that convertase 
activity can be restored. In summary, these data suggest that C5 convertases on human 
cells are less stable than those on the surface of E. coli. 

a b c

Figure 2. C5 convertases are instable on ΔCD46/ΔCD55/ΔCD59 HAP1 cells. 
A) Membrane damage (% Lysis) of ΔCD46/ΔCD55/ΔCD59 HAP1 cells exposed to a concentration range 
of nhs, in the presence or absence of 20 µg/ml Eculizumab (Ecu) B) Lysis of ΔCD46/ΔCD55/ΔCD59 
HAP1 cells (% Sytox positive) pre-labeled with C5 convertases, washed and exposed to buffer, C5-C9 in the 
presence or absence of FB and FD. C) C3b deposition on ΔCD46/ΔCD55/ΔCD59 HAP1 cells, exposed to 
25% ΔC5 serum. A-C) Cells were analyzed by flow cytometry.

Properdin stabilizes AP C5 convertases on the bacterial surface
Although incubation of E. coli with ΔC5 serum leads to formation of C5 convertases 
by the classical, lectin and alternative pathways, we recently showed that CP convertases 
are relatively unstable on bacteria [9] and therefore we hypothesized that the stable 
C5 convertases are mainly AP derived. Since properdin is well-known as a stabilizer 
of AP convertases[6], we next questioned whether the observed convertase stability 
on the surface of E. coli in serum could be attributed to properdin. To analyze the 
role of properdin in the formation of stable C5 convertases, we labeled E. coli with 
C3b molecules in a fully purified manner using ‘click chemistry’ (Fig. 3a). Specifically, 
the LPS of E. coli was first labeled with azide by growing bacteria in the presence of 
azide-carrying keto-deoxyoctulosonate  (KDO), a sugar that is part of the inner core 
of LPS[11]. These KDO-azide labeled bacteria were then incubated with cyclooctyne 
(DBCO)-labeled C3b (with the DBCO group linked to the thioester domain) allowing 
C3b to bind the  surface in its natural orientation.
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Figure 3. Properdin stabilizes C5 convertases on the surface of E. coli. 
A) Schematic overview of how E. coli was labeled with C5 convertases in a purified way. First, bacteria 
were incubated overnight with KDO-azide, after which C3b-PEG4-DBCO was added to chemically label 
bacteria with C3b. Then, bacteria were incubated for three times with 200 µg/ml C3, 20 µg/ml FB and 0.5 
µg/ml FD in the presence or absence of 1 µg/ml properdin for 30 minutes at 37°C to mimic the natural 
way of C5 convertase formation. B) C3b deposition on E. coli that were labeled as described in A. An 
unlabeled control (without C3b-DBCO) was included as a negative control. C) Inner membrane damage 
(mean fluorescence intensity, MFI) and C) C5a generation of E. coli bacteria that were labeled with purified 
C5 convertases as described in A and exposed to purified MAC components. As a positive control, bacteria 
were pre-labeled with ΔC5 serum. After washing, bacteria were exposed to C5-C9 and FD in the presence 
or absence of FB after which C5a generation and Sytox intensity was analyzed by flow cytometry. 
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To further amplify C3b deposition and mimic a natural way of C3b deposition (and 
thus C5 convertase formation), C3b-labeled bacteria were then incubated for three times 
with a mixture of C3, FB and FD, in the presence or absence of properdin. In both 
conditions, this led to C3b deposition levels that were comparable to those in ΔC5 serum 
(Fig. 3b). Next, these convertase labeled bacteria were washed, to prevent new convertase 
formation, and incubated with purified MAC components and FD in the presence or 
absence of FB (C5-C9). Bacteria that were labeled with C5 convertases in the absence 
of properdin were not lysed by C5-C9 and FD in the absence of FB. In contrast, the 
inner membrane of these bacteria was efficiently damaged upon incubation with C5-C9, 
FB and FD (Fig. 3c). When bacteria were labeled with C5 convertases in the presence 
of properdin, no additional FB was required to form bactericidal MAC pores (Fig. 3c), 
indicating that the surface-bound C5 convertases were still active after several washing 
steps. This correlated with the activity of C5 convertases that were formed in ΔC5 serum 
(Fig. 3c). We then further analyzed C5 convertase activity by measuring the amount of 
C5a in the supernatant as previously described[12]. In the presence of FB, we could detect 
high levels of C5a in the supernatant of bacteria that were labeled with convertases in the 
presence and absence of properdin (Fig. 3d). When no FB was added to the incubations 
with C5-C9, no C5a generation was detected in samples where convertases were generated 
in the absence of properdin. In contrast, when convertases were generated in the presence 
of properdin, these were still able to generate C5a in the absence of FB, however, to a lesser 
extent than in the presence of FB (Fig. 3d). As for the inner membrane damage, these 
results correlated with those of bacteria that were pre-incubated with ΔC5 serum to allow 
convertase formation (Fig. 3d). Altogether, these data indicate that properdin is responsible 
for stabilizing C5 convertases on the surface of E. coli. Although C5 convertases do lose 
some functionality in the absence of newly added FB, the amount of C5 that is cleaved is 
still sufficient to form MAC pores that efficiently damage the bacterial inner membrane.

Discussion
In this study, we characterized the stability of C5 convertases on the surface of E. coli and 
observed that these surface-bound complexes remain active for at least 90 minutes. 
We recently showed that CP C5 convertases are relatively instable on the surface of E. coli[9], 
therefore we believe that stable C5 convertases are mainly AP derived. In line with this, we 
observed that properdin, which stabilizes the interaction between C3b and Bb, is (at least 
partly) responsible for the stabilizing effect. In line with previous SPR experiments revealing 
that properdin can increase the half-life of C3bBb that is bound to an artificial surface for over 
ten times[5,7], we showed that properdin also increases convertase stability on the bacterial 
surface. The fact that we did observe a decrease in C5 conversion activity in the absence 
of new proteases suggests that not all C5 convertases are stable. However, the remaining 
convertase activity is sufficient to form functional MAC pores, that efficiently damage the 
bacterial inner membrane. What the exact role of properdin is in our assays remains to be 
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elucidated. Next to stabilizing the interaction between C3b and Bb, properdin also directly 
limits the recognition of C3b molecules by Factor H (in serum) and CD55 (on human 
cells)[7], which could prevent inactivation of surface-bound convertases. However, since we 
observed increased properdin-dependent convertase stability in a fully purified setup, this 
is likely due to its ability to stabilize the interaction between C3b and Bb. In addition, it 
has been proposed that properdin can directly bind to microbial, apoptotic and necrotic 
cell surfaces after which it could function as a complement activation molecule[13–15]. 
The observed differences in convertase stability between bacterial cells and human cells may 
be caused by intrinsic differences between the two cell types. Since properdin is positively 
charged, it may favor to bind to the surface of Gram-negative bacteria, which is fully covered 
with negatively charged LPS molecules[16]. 

In contrast to the observed C5 convertases stability on a bacterial surface, these complexes 
are rapidly inactivated on human (HAP1) cells. Noteworthy, the HAP1 cells that were 
used in our assays lack three essential complement regulators, two of which (CD46 and 
CD55) are involved in the inactivation of C5 convertases[10]. The fact that we still 
observe C5 convertases instability on the tested HAP1 cells could be explained by the 
fact that these cells still express convertase regulators such as CD35[4,17]. In addition, 
these cells may still express other unknown complement regulators that influence MAC 
formation. Finally, if low levels of properdin would bind to the surface of HAP1 cells, 
this could explain why convertases on these cells are less stable. 

We recently demonstrated that C5 convertases are not only important for cleaving C5 
into C5b, but that these enzymes are also responsible for the proper insertion of MAC 
pores that trigger bacterial killing[9]. Since properdin influences convertase stability, 
it may therefore also play a direct role in the formation of functional MAC pores. In 
this study, we measured C5 convertase activity by C5a generation and the formation 
of functional MAC pores. Follow-up experiments in which C3 and C5 conversion are 
measured in time, in combination with more direct quantification of surface-bound 
Bb are crucial to gain more detailed insight into the exact half-life of C3/C5 convertase 
on relevant surfaces. Such experiments could shed more light on the exact role of C5 
convertases in MAC-mediated killing of Gram-negative bacteria. 

Materials and methods
Serum and reagents
Normal human serum was obtained as previously described[18]. Sera depleted of C5 and 
purified proteins C8 and properdin were obtained from Complement Technology. His-
tagged C5, C6, C7, C9, FB and FD were expressed in and purified from HEK293E cells 
(U-protein express). Eculizumab was kindly provided by Frank Beurskens (Genmab, 
Utrecht, The Netherlands).
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Convertase labeling of  bacteria 
E. coli MG1655 was grown o/n in Lysogeny broth (LB) medium. The next day, 
subcultures were grown to an OD600~0.5, washed and resuspended in RPMI + 0.05% 
human serum albumin (HSA). Bacteria (OD600~0.01) were then incubated with 10% 
ΔC5 serum for 30 minutes at 37°C. After washing, samples were left in PBS for 90 
minutes or overnight at 37°C. In a different setup, the bacterial LPS was labeled with 2 
mM KDO-azide in LB as previously described[11]. Next, KDO-azide labeled bacteria 
were incubated with 1.25 µM C3b molecules in which the thioester domain was coupled 
to a PEG4-DBCO linker. This incubation was done in RPMI + 0.05% HSA, overnight 
at 4°C. C3b-labeled bacteria were incubated for three times with 200 µg/ml C3, 20 µg/
ml FB and 0.5 µg/ml FD in RPMI + 0.05% HSA in the presence or absence of 1 µg/ml 
properdin for 30 minutes at 37°C. C3b deposition was measured by incubating samples 
with 3 µg/ml Alexa-488 labeled mouse-anti-C3b for 30 min at 4°C.

Membrane permeabilization assay and C5a generation.
Bacteria were labeled with convertases as described above and incubated with purified 
MAC components for 30 minutes at 37°C in RPMI + 0.05% HSA. 10 nM C5 and 
C6, 20 nM C7 and C8 and 100 nM C9 was used in the presence or absence of 5 µg/
ml FB and 0.5 µg/ml FD. All incubations were done in the presence of 2.5 µM Sytox 
Blue (Thermofisher), which was measured by Flow cytometry (MACSQuant, Miltenyi 
Biotec). C5a generation was measured as previously described[12,19]. In short, we used 
a calcium-mobilization assays in which the supernatants of the incubations were added 
to C5aR expressing U937 cells. C5a binding to the C5aR mediates calcium release, 
which can be detected by a fluorescent indicator. 

HAP1 cell lysis
ΔCD46, ΔCD55, ΔCD59 HAP1 cells[10] were kindly provided by Sanquin. Cells were 
cultured and prepared for lysis assays as previously described[9]. All incubation steps 
were performed in veronal buffer + 2.5 mM MgCl2 and 0.5 mM CaCl2 (VBS++) at 37°C 
under shaking conditions. To test for complement sensitivity, cells (4 x 106 cells/ml) were 
incubated with serum in the presence or absence of 20 µg/ml Eculizumab and Sytox 
Blue Dead Cell Stain (Thermofisher) for 30 minutes. For convertase labeling, cells with 
a concentration of 4 x 106 cells/ml were incubated with 25% ΔC5 serum for 30 minutes 
at 37°C. C3b deposition was measured as previously described[9]. After washing, cells 
were incubated with 100 nM C5, C6 and C7 in the presence or absence of 10 µg/ml FB 
and 1 µg/ml FD for 15 minutes. Cells were washed and subsequently incubated with 20 
nM C8 and 100 nM C9 in the presence of Sytox Green (Thermofisher) for 30 minutes. 
Cell lysis was analyzed by flow cytometry (MACSQuant, Miltenyi Biotec). 
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Abstract

Gram-negative bacteria are refractory to the action of many antibiotics due to their impermeable 
outer membrane. An important player of the immune system is the complement system, a 
protein network in serum that directly kills Gram-negative bacteria through pore-formation by 
the Membrane Attack Complexes (MAC). We here show that the MAC rapidly perforates the 
outer membrane but that inner membrane damage, which is essential for killing, is relatively 
slow. Importantly, we demonstrate that MAC-induced outer membrane damage sensitizes 
Gram-negative bacteria to otherwise ineffective, Gram-positive-specific, antimicrobials. Synergy 
between serum and nisin was observed for 22 out of 53 tested Gram-negative clinical isolates 
and for multi-drug resistant (MDR) blood isolates. The  in vivo  relevance of this process is 
further highlighted by the fact that blood sensitizes a MDR K. pneumoniae strain to vancomycin. 
Altogether, these data imply that antibiotics that are considered ineffective to treat infections 
with Gram-negatives may have different functional outcomes in patients, due to the presence of 
the complement system.
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Introduction
Gram-negative bacteria form a major threat for human health in community and 
hospital settings. The increasing rates of multi-drug resistant (MDR) Gram-negative 
bacteria form a major obstacle for successful treatment of infections[1–3]. Drug-resistant 
forms of pathogenic  Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa and Enterobacter species are considered the most problematic since there are 
limited therapeutic options left for these infections. The number of newly developed 
antibiotics is historically low and new antimicrobial strategies are desired to prevent 
further rise of untreatable infections with MDR bacteria[4,5]. This is supported by the 
World Health Organization, which strongly prioritizes the development of new “out 
of the box” strategies to treat infections with MDR bacteria[6]. Development of novel 
antibiotics against Gram-negative bacteria is hampered by the bacterial outer membrane 
(OM) that functions as a physical barrier to most antibiotics[7]. Whereas antibiotics 
targeting the peptidoglycan (PG) layer and the inner membrane (IM) can generally 
access their targets on Gram-positive bacteria, the OM of Gram-negative bacteria 
(comprising phospholipids and lipopolysaccharides (LPS)) forms a physical barrier for 
many antibiotics[7–10]. Outer membrane permeability for antibacterial compounds 
largely depends on the size, polarity and lipophilicity of these compounds, which 
influence the efficiency with which antimicrobials diffuse over the outer membrane via 
porins[11,12]. This limits the number of antibiotics suitable for treating infections with 
Gram-negative bacteria.

The action of antibiotics may be influenced in vivo by a patient’s immune system that 
has mechanisms to affect bacterial membrane permeability. In previous studies, synergy 
was observed between serum and antibiotics for Gram-negative bacteria, however the 
mechanism of synergy remains unclear[13,14]. We hypothesized that complement 
proteins, present in the blood and most bodily fluids, are responsible for these synergistic 
effects. Upon contact with invading bacteria, a step-wise activation process results in 
the rapid decoration of bacteria with complement proteins and insertion of Membrane 
Attack Complex (MAC) pores into bacterial membranes. This can lead to direct killing 
of Gram-negative, but not Gram-positive bacteria. These evolutionary conserved MACs 
are large, multi-molecular ring-structured pores with an inner diameter of ~10 nm[15], 
that consist of 5 different proteins (C5b, C6, C7, C8 and 18 copies of C9)[16]. Recently 
we observed that when the MAC properly forms pores in the outer membrane of E. 
coli, this triggers inner membrane damage and killing[17]. Here we show that MAC-
dependent outer membrane damage is much faster and more efficient than loss of inner 
membrane integrity and killing, which is a relatively inefficient process. However, the 
fast perforation of the outer membrane by the complement system allows naturally 
impermeable antibiotics to reach their target sites and kill Gram-negative bacteria. We 
observed that the Gram-positive specific antibiotics nisin and vancomycin can be active 
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against Gram-negatives in the presence of complement. We show for the first time that 
complement sensitizes a broad range of clinical isolates (including MDR strains) to 
antibiotics that are currently considered ineffective for treatment of Gram-negative 
bacteria.

Results

Complement-mediated outer membrane damage is more efficient than inner 
membrane damage
In order to study how the MAC kills bacteria, we used a flow cytometry based assay 
to measure serum-induced outer and inner membrane damage in E. coli[17]. In short, 
we generated an E. coli strain that expresses mCherry in the periplasm and GFP in the 
cytoplasm (Suppl. Fig. 1a,b). Upon exposure to human serum, the leakage of fluorescent 
proteins from the different cell compartments was measured by flow cytometry. In 
addition, incubations were performed in the presence of the small, IM impermeable 
DNA dye Sytox that becomes fluorescent upon binding to DNA[18]  (Suppl. 
Fig. 1c). Although we recently found that killing of Gram-negative bacteria by human 
complement requires permeabilization of both membranes, the dynamics and efficiency 
of this process remained unclear. To study how fast serum perturbs the inner membrane 
and thus triggers killing of E. coli, we incubated bacteria with a concentration range of 
serum, measured inner membrane damage in a multi-well plate reader and determined 
bacterial viability. Although 1, 3 and 10% serum efficiently killed  E. coli  within an 
hour (Fig. 1a), it took 20 to 60 minutes to actually damage the inner membrane and 
kill the bacteria (depending on the serum concentration) (Fig. 1b). Sytox influx and 
bacterial killing was fully blocked by complement inhibitor OmCI, confirming that 
IM damage was caused specifically by the MAC (Fig. 1a,b)[19]. Then we measured the 
dynamics of MAC-dependent outer membrane damage using mCherry/GFP bacteria. 
mCherry release was measured in real-time by flow cytometry. In contrast to the slow 
Sytox influx, we found a rapid decrease of the periplasmic mCherry signal after addition 
of serum (Fig. 1c and Suppl. Fig. 1d). OM permeabilization started after around 7 min 
and maximal mCherry leakage was reached after 15 minutes at room temperature, 
when bacteria still had an intact inner membrane (Fig.  1b,c). Serum did not affect 
the levels of cytosolic GFP, again indicating that only the OM is damaged within this 
time frame (Fig. 1c). The mCherry release specifically depended on MAC components 
C8 and C9 (Suppl. Fig.  1e). To directly compare the dynamics of outer and inner 
membrane damage on a single cell level, we incubated mCherry/GFP E. coli with serum 
in the presence of Sytox and measured mCherry and Sytox intensity in time by flow 
cytometry. We observed that the outer membrane is damaged faster and more efficiently 
than the inner membrane (Fig. 1d). Whereas 3% serum efficiently damaged the outer 
membrane within 10 minutes, influx of Sytox started only after 30 minutes and reached 
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its maximum after more than 40 minutes at room temperature. In addition, while 1% 
serum fully damaged the bacterial outer membrane within 30 minutes, inner membrane 
damage was much less efficient (Fig. 1d).

In summary, we show that MAC-dependent perturbation of the OM precedes IM 
destabilization. Whereas the MAC efficiently permeabilizes the OM of Gram-negative 
bacteria, longer incubation times or higher serum concentrations are necessary for IM 
perturbation by complement alone.
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Figure 1. Complement-dependent outer membrane permeabilization is more efficient than inner 
membrane destabilization. 
(a) E. coli was exposed to a serum concentration range for 60 minutes at 37 °C. Viability was determined 
using colony counting before and after exposure to buffer, different concentrations of serum, heat inactivated 
(HI) serum or 10% serum + 20 µg/ml MAC inhibitor OmCI. Viability was calculated relative to the CFU/
ml of untreated samples at t = 0. (b) Dynamic analysis of IM destabilization of E. coli following incubation 
with 0-0.1-0.3-1-3-10% serum at 37 °C. Sytox intensity was measured every minute for 90 minutes in a 
microplate fluorometer. Complement specificity was confirmed using 20 µg/ml OmCI and 10% HI serum. 
(c) Dynamic analysis of outer membrane integrity of MG1655-pPerimCh upon exposure to 3% serum at 
RT. mCherry and GFP intensity were measured in time by flow cytometry. (d) Outer membrane (mCherry, 
left) and inner membrane (% Sytox positive, right) damage of MG1655-pPerimCh after exposure to 
buffer, 1% or 3% serum. mCherry and Sytox intensities were measured at different time-points using flow 
cytometry. (b,c) A representative graph of at least three independent experiments is shown. (a,d) Data 
represent mean ± SD of three individual experiments.
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The MAC forms pores in the outer membrane that allow nisin to reach the inner 
membrane
The observation that serum triggers rapid OM damage without interfering with the 
IM suggests that human complement can allow influx of antimicrobial agents that are 
normally ineffective against Gram-negatives. To study whether there is a window for 
antibiotics to improve bacterial killing by serum, we studied whether complement may 
sensitize E. coli  for the lantibiotic nisin. Nisin kills a range of Gram-positive bacteria 
by binding to lipid II on the cytoplasmic membrane to disturb PG synthesis and 
by forming pores in the IM[20–23]. Since it is a large (3.4 kDa) molecule, nisin cannot 
pass the outer membrane of Gram-negative bacteria[24–26]. Indeed, we confirmed 
that nisin could not induce Sytox influx in E. coli (Fig. 2a). However, nisin efficiently 
permeabilized the E. coli inner membrane in the presence of sublethal concentrations 
of human serum (0.3%). In addition, whereas 1% serum was sufficient to eventually 
destabilize the inner membrane of E. coli, inner membrane damage was much faster 
and more efficient when serum and nisin were combined (Fig. 2a). Flow cytometry 
analysis confirmed that 0.3% serum sensitized the entire bacterial population to nisin 
concentrations of 1 µg/ml and higher (Fig.  2b,c). Microscopic imaging of bacteria 
treated with serum or serum and nisin confirmed these observations, showing no effect 
of nisin on mCherry leakage, but an increase in Sytox positive bacteria when serum and 
nisin were present together (Fig. 2d).

To study whether the MAC indeed allows nisin to pass the OM, we determined how 
nisin affects OM and IM damage simultaneously in time. As expected, nisin itself 
showed no additional effect on OM permeabilization in the presence of serum when 
compared to bacteria treated with serum only (Fig. 2e). However, nisin rapidly induced 
IM permeabilization when the OM was damaged by serum (Fig. 2e). In another setup 
to show that the activity of nisin requires OM permeabilization by the MAC, we blocked 
MAC formation at different time points using the C5 inhibitor OmCI. Using this 
approach, we generated bacteria with a damaged OM, but with an intact IM. Analysis 
of cells after 30 minutes of incubation showed that mCherry leakage is not influenced 
by nisin (Suppl. Fig. 2). In contrast, nisin damages the IM in mCherry low bacteria 
that have a perturbed OM (Suppl. Fig. 2). The disruption of the IM correlated with 
reduced bacterial viability, whereas OM damage itself was not sufficient for bacterial 
killing (Suppl. Fig. 2). In conclusion, in the presence of serum, nisin can access the 
periplasm via pores in the OM. In this way, nisin can reach its target sites and rapidly 
permeabilize the IM of Gram-negative bacteria.
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Figure 2. The MAC forms pores in the outer membrane that allow influx of  nisin. 
(a) Inner membrane damage (Sytox intensity) of E. coli MG1655 treated with buffer, 0.3% or 1% serum in 
the presence or absence of 10 µg/ml nisin at 37 °C. Sytox intensity was measured in a multi-well plate reader. 
(b) Flow cytometric analysis of Sytox green signal of bacteria incubated with different nisin concentrations 
in the presence or absence of serum. (c) Flow cytometric analysis of inner membrane damage (% Sytox 
positive) of MG1655 treated with 0-0.2-0.3% serum in the presence of various nisin concentrations for 
60 min at 37 °C. (d) Reconstructed SIM image of MG1655-pPerimCh incubated with 3% serum in presence 
and absence of 3 µg/ml nisin for 0, 15 or 30 minutes at RT. Sytox blue, GFP and mCherry were measured 
using the 405, 488 and 561 nm lasers. (e) Flow cytometry time-lapse experiments of outer membrane 
(left) and inner membrane (right) integrity of MG1655-pPerimCh exposed to 3% serum in the presence 
or absence of 3 µg/ml nisin at RT. (a,b,e) Representative graph of at least three independent experiments 
is shown. (c) Data represent mean ± SD of three individual experiments. (d) SIM images represent two 
independent experiments.

The MAC allows nisin to kill E. coli in serum and whole blood
To test whether the increase in inner membrane damage upon combination of serum 
and nisin also leads to more efficient bacterial killing, we evaluated the impact on 
bacterial viability. In addition, we included the clinically used antibiotic vancomycin, 
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which interferes with peptidoglycan synthesis, to test whether serum can synergize with 
a broader range of antibiotics. Incubating bacteria with 0.3% serum in the presence of 
10 µg/ml nisin or vancomycin resulted in increased killing on plate (Fig. 3a). In a whole 
blood assay we observed similar effects, both nisin and vancomycin enhanced killing 
of E. coli  in the presence of freshly isolated blood (Fig. 3b). Using the complement 
inhibitor OmCI, we verified that this effect was MAC-mediated. Overall, we conclude 
that complement can sensitize bacteria to nisin, which can then efficiently trigger IM 
damage and bacterial killing of the laboratory E. coli strain MG1655 and potentially 
more Gram-negative bacteria.
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Figure 3. Complement sensitizes E. coli for killing by nisin and vancomycin. 
(a) Bacterial viability of E. coli MG1655 (OD600nm = 0.01) treated with 0 and 0.3% serum in the presence 
or absence of 10 µg/ml nisin or vancomycin for 60 min at 37 °C. Samples were serially diluted and plated 
to analyze the number of surviving bacteria. (b) Bacterial viability of E. coli MG1655, treated with 0-0.3-
0.6-1.2% freshly isolated blood from healthy volunteers in combination with buffer or 10 µg/ml nisin or 
vancomycin for 60 minutes at 37 °C. Complement specificity was confirmed by adding 10 µg/ml of the 
MAC inhibitor OmCI. Data represent mean ± SD of three individual experiments. A ratio paired Student’s 
t-test was used to compare samples in which serum and antibiotics were combined to the ones treated 
with the same concentration of serum alone. Significant differences are indicated with asterisks (*p < 0.05, 
**p < 0.01).

Complement sensitizes various Gram-negative clinical isolates to nisin and 
vancomycin
To translate our findings to clinically relevant bacteria, we studied whether serum can also 
sensitize clinical isolates to nisin. We screened a collection of 53 Gram-negative patient 
isolates (including C. freundii, S. maltophilia, Enterobacter spp., E. coli, Klebsiella spp., P. 
aeruginosa and others) that were isolated from different body sites. Clinical isolates were 
exposed to 3% serum, 10 µg/ml nisin or a combination of both for 30 minutes, after 
which inner membrane damage was analyzed in our multi-well assay. The tested strains 
were divided into three categories dependent on their sensitivity to each condition: 
serum sensitive, synergistic or resistant strains. An example of each category is shown 
in Fig. 4a. We identified 16 strains (28% of total) that were susceptible to serum alone 
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(Fig. 4b). Nisin had no additional effect on 8 of these 16 strains (15% of total, classified 
as serum sensitive), whereas nisin increased IM damage in 8 of these strains (classified 
as synergistic). Interestingly, 14 strains (26% of total) were only susceptible to the 
combination of serum and nisin (classified as synergistic). 42% of the tested strains 
(mostly Enterobacterisolates) were completely resistant to serum, nisin or a combination 
thereof (Fig. 4b). We speculate that these bacteria are relatively resistant to complement-
mediated outer membrane damage. Taken together, we found a synergistic effect between 
complement and nisin in 42% of the tested clinical isolates (all C. freundii, 66% of 
the S. maltophilia  isolates and 44% of the tested P. aeruginosa and Klebsiella isolates). 
These data show that complement can sensitize a variety of Gram-negative species for 
nisin, which is normally inactive against these strains.

Two isolates (P. aeruginosa and K. pneumoniae) in which the combination of serum and 
nisin enhanced IM damage were analyzed in more detail for synergy between serum and 
nisin or vancomycin. In the presence of serum, nisin induced inner membrane damage 
in the tested strains in a dose-dependent manner (Suppl. Fig.  3a–d). As for nisin, 
vancomycin alone showed no activity towards these Gram-negative bacteria (Fig. 4c,d). 
In concordance with the increase in IM damage, nisin and vancomycin more efficiently 
killed the P. aeruginosa  clinical isolate in the presence of serum (Fig. 4c). For the K. 
pneumoniae isolate, nisin and vancomycin showed a less pronounced additive effect in 
bacterial killing compared to serum only (Fig. 4d). In summary, complement sensitizes 
Gram-negative clinical isolates to killing by nisin and vancomycin, which are typically 
not active against such strains.

Activity of  nisin in multi-drug resistant clinical blood isolates
Finally, we selected nine multi-drug resistant (MDR) Gram-negative isolates to test 
whether complement can also sensitize these strains to Gram-positive specific antibiotics. 
The selected isolates were all resistant to at least one or more compound of three 
different classes of antibiotics (cephalosporin, aminoglycosides and fluoroquinolone). 
When incubated with 3% serum, all isolates maintained their IM integrity for at least 
half an hour (Suppl. Fig.  4a). Three of these strains were sensitized to nisin in the 
presence of 3% serum as evident by an increase in IM damage (Suppl. Fig. 4a). To 
test whether the other MDR blood isolates required higher serum concentrations or 
longer incubation times to induce pore formation, we repeated the screen with 30% 
serum for 2 hours. Indeed, 30% serum more efficiently induced IM damage in almost 
all of the MDR isolates (Suppl. Fig. 4b). In three of these isolates, the combination 
of serum and nisin caused an increase in IM damage compared to serum alone. We 
selected a  K. pneumoniae strain that was fully resistant to 30% serum, but sensitive 
to the combination of serum and nisin (Fig. 5a) to further study bacterial killing by 
serum in combination with a panel of antibiotics. As expected, the selected isolate was 
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resistant to all the individually tested antibiotics (Fig. 5b). Resistance to vancomycin, 
gentamycin (an aminoglycoside) and ciprofloxacin (a fluoroquinolone) was not affected 
by the presence of serum (Fig. 5b). In contrast, the combination of serum and nisin 
as well as serum and ceftazidime decreased the number of surviving bacteria (Fig. 5b).
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Figure 4. Complement sensitizes various Gram-negative clinical isolates to nisin and vancomycin. 
(a) Inner membrane damage (relative Sytox intensity) of a variety of Gram-negative clinical isolates, 
treated with 3% serum, 10 µg/ml nisin or both in the presence of Sytox green. Fluorescence was analyzed 
after 30 min at 37 °C using a microplate fluorometer. The fold increase of the Sytox signal compared to 
the background was calculated, upon which the isolates were classified into different groups. Left panel: 
example of a serum sensitive P. aeruginosa strain in which inner membrane permeabilization occurs within 
30 minutes when treated with serum only. Middle panel: example of synergy between serum and nisin 
in  S. maltophilia. Right panel: example of an  E. cloacae  strain that belongs to the resistant group, no 
IM permeabilization with serum, nisin or the combination of both. (b) 53 Gram-negative isolates were 
analyzed as described above and classified as being serum sensitive, synergistic or resistant. Serum sensitive 
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strains show an average increase of at least 2-fold in Sytox signal over background. In the synergy group, 
strains have an average increase of at least 1.5-fold when treated with serum and nisin compared to serum 
only. When no increase in Sytox signal was measured after 30 minutes, isolates were classified as resistant. 
(c,d) Viability of a P. aeruginosa and K. pneumoniae strain incubated with different serum concentrations 
in the presence or absence of 10 µg/ml nisin or vancomycin for 1 hour at 37 °C. (a,c and d) Data represent 
mean ± SD of three independent experiments. (c,d) Data were analyzed by a Student’s t-test and significant 
differences are indicated with asterisks (*p < 0.05, **p < 0.01).
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Figure 5. Complement sensitizes multi-drug resistant clinical blood isolates to antibiotics. 
(a) Inner membrane damage (relative Sytox intensity) of  K. pneumoniae  strain 24A013 after 2 hours 
of exposure to 10 µg/ml nisin, 30% serum or a combination of both. (b) Synergy between serum and 
antibiotics: viability of K. pneumoniae strain 24A013 exposed to buffer or 10 µg/ml of different antibiotics 
in the presence or absence of 60% serum for 3 hours at 37 °C. Samples were serially diluted and viability 
was determined by counting the colony forming units. CFU counts were normalized to buffer controls. (c) 
Synergy between antibiotics and blood: relative viability of K. pneumoniae strain 24A013 exposed to buffer 
or 10 µg/ml antibiotics in the presence or absence of 60% blood. Samples in which blood and antibiotics 
were combined were normalized per donor for the ones treated with 60% blood only. (a,b) Data represent 
mean ± SD of three independent experiments. (c) Data points are shown for seven individual donors. (b,c) 
Data were analyzed by a one-way ANOVA and significant differences are indicated with asterisks (*p < 0.05).
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To more closely mimic a bloodstream infection, we performed the same assay in freshly 
isolated blood from 7 different healthy donors. As for serum, the tested strain maintained 
its resistance to killing by gentamycin and ciprofloxacin in the presence of blood 
(Fig. 5c). However, combining whole blood with vancomycin and ceftazidime showed a 
significant drop in viable bacteria, which was present in all 7 donors (Fig. 5c). In contrast 
to serum, whole blood did not significantly sensitize the tested K. pneumoniae strain to 
killing by nisin, although in 6 out of 7 donors a decrease in bacterial survival was visible. 
In conclusion, complement can enhance the killing of multi-drug resistant bloodstream 
isolates by different antibiotics.

Discussion/Conclusion
The development of novel antibiotics against Gram-negative bacteria is severely hampered 
by the outer membrane barrier. Whereas 12 out of 15 newly developed antibiotics 
in the past years were active against Gram-positives, only four had  in vitro  activity 
against Gram-negative bacteria[5]. The results presented in this study indicate that 
human complement sensitizes Gram-negative bacteria to antibiotics that are currently 
considered to be specific for Gram-positives. This action depends on the Membrane 
Attack Complex (MAC). We recently showed that proper insertion of the MAC into 
the outer membrane triggers inner membrane damage, which is essential for killing[17]. 
However, the dynamics of membrane permeabilization by the MAC remained unclear. 
We here show that the MAC rapidly damages the bacterial outer membrane and only 
after a delay the bacterial inner membrane. This provides a window for antibiotics to 
cross the outer membrane barrier and kill Gram-negative bacteria. Although it remains 
to be elucidated how the MAC eventually damages the bacterial inner membrane, we 
speculate that this is triggered by extensive outer membrane damage.

The idea that outer membrane permeabilization allows access of larger antimicrobial 
compounds to underlying structures is in line with previous studies showing that 
chemical outer membrane perturbing agents sensitize Gram-negative bacteria to several 
antibiotics[25,27–31]. Furthermore, analogues of naturally impermeable antibiotics with 
chemical alterations that enhance porin-mediated transport over the outer membrane 
(e.g. increased lipophilicity, charge or the addition of side groups) show increased 
activity against Gram-negatives[32–34]. Importantly, since complement proteins are 
present in most body fluids, our study suggests that several classes of antibiotics that 
appear ineffective against Gram-negative bacteria in standard  in vitro  assays may in 
fact be functional in vivo, without the need of additional chemical OM destabilizers. 
Antibiotic activity is normally analyzed in the presence of artificial nutrient rich 
media that does not mimic a natural environment during infection, and may thus 
underestimate the  in vivo  effect of the tested compound[35]. Evaluating these and 
existing antibiotics in the presence of human complement may uncover antimicrobial 
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activity towards certain Gram-negative bacteria, which would not be identified using 
standard testing procedures. Furthermore, combinations may lower the effective 
antibiotic concentration as shown for a serum sensitive E. coli strain, which was killed 
by a lower gentamycin concentration in the presence of serum[36]. The here-described 
multi-well inner membrane permeabilization assay provides an easy platform to screen 
for potential synergy between serum and antibiotics on clinical isolates. Since nisin 
efficiently forms pores in the inner membrane when the outer membrane is disrupted, 
this could function as an initial screening tool to measure whether patient serum may 
sensitize clinical isolates to antibiotics. The observed synergy of serum with vancomycin 
indicates that a broad range of antibiotics can be potentiated by complement.

The ability of complement to potentiate antibiotics for Gram-negative bacteria suggests 
that infections with these bacteria could be treated with Gram-positive-specific 
antibiotics. However, since several pathogenic bacteria have evolved mechanisms to 
resist complement lysis[37,38], we questioned whether these antibiotics would also 
work on clinical isolates. Screening of a broad range of clinical isolates revealed that, in 
our experimental conditions, 70% of the patient-derived Gram-negative bacteria were 
insensitive for lysis by human serum alone. To our surprise, the IM of 42% of the isolates 
was more efficiently damaged by a combination of nisin and serum. Of these isolates, 
26% was insensitive to IM damage by serum alone, indicating that human complement 
may not directly kill these bacteria but still form pores in the OM that grant access 
for naturally impermeable antibiotics. For those strains resistant to the combination of 
serum and nisin, a higher serum concentration may be required to damage the outer 
membrane. Alternatively, resistant strains in which the MAC fails to properly insert into 
the outer membrane may benefit from outer membrane permeabilizing agents, which 
could both enhance MAC insertion into the outer membrane and allow antibiotics to 
more efficiently cross the outer membrane[31,39]. So whereas complement alone can 
damage both the outer and inner membrane of E. coli MG1655 and some clinical isolates, 
a subset of the strains is only sensitive to complement-dependent outer membrane, but 
not to inner membrane destabilization in our experimental setup.

In addition, we found that serum can sensitize MDR strains to nisin and ceftazidime, 
an antibiotic that also interferes with cell wall synthesis. Although the effect of nisin 
in whole blood was less pronounced, we observed a (non-significant) drop in viable 
bacteria in 6 out of 7 tested donors. It is unlikely that nisin is less active in blood 
due to degrading enzymes, since these are probably also present in serum. Therefore, 
we are yet unable to explain the difference between nisin functionality in serum and 
whole blood. In contrast, while serum did not increase bacterial killing of the tested 
MDR strain by vancomycin, this was the case when vancomycin was combined with 
whole blood. Also ceftazidime was efficiently potentiated for killing of K. pneumoniae in 
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the presence of blood. In contrast to nisin and vancomycin, Gram-negative bacteria 
are normally slightly susceptible to ceftazidime. However, ceftazidime has a low rate 
of entry due to its low sensitivity for outer membrane porins[11]. In line with our 
results,  killing of a  MDR  P. aeruginosa  is enhanced when ceftazidime is combined 
with OM disrupting agents such as colistin[40]  or rabbit serum supplemented with 
arachidonic acid[41]. We here show that human complement, and potentially other 
blood components, can also increase the killing efficiency of ceftazidime on a MDR K. 
pneumoniae. Altogether, our data implies that complement can especially enhance the 
efficiency of antibiotics that have low permeation through the outer membrane and are 
therefore ineffective. In contrast to ceftazidime, fluoroquinolones and aminoglycosides 
can cross the outer membrane via porins[42,43]. The fact that complement did not 
enhance bactericidal activity of these antibiotics in our assays confirms that resistance 
is not dependent on the outer membrane but that other resistance mechanisms are 
involved. Taken together, the enhancing effect of complement may especially be relevant 
for antibiotics that lack bactericidal activity due to low permeation through the outer 
membrane, like erythromycin, clindamycin or rifampicin[31]. This, together with the 
observed differences between isolates suggest that a ‘personalized’ functional screening 
of antibiotics on the patient’s isolate in combination with the patient’s serum or blood 
would be ideal to determine the therapeutic regimen. In the future, when therapeutic 
antibodies against Gram-negatives are clinically available[44], a combination therapy of 
antibodies (driving complement-mediated lysis) and antibiotics may present an effective 
and tailored option for treating Gram-negative infections.

In conclusion, we show that human complement can effectively sensitize Gram-negative 
bacteria for antimicrobial agents that are naturally ineffective against these bacteria. 
Testing antibiotics in the presence of complement may therefore reveal antimicrobial 
activity towards certain Gram-negative bacteria, which would not be identified using 
conventional testing procedures and expand the applicability of existing and novel 
antibiotics.

Materials and Methods 
Bacterial strain and plasmid preparation: The plasmid pFCcGi containing a constitutive 
expressed mCherry and an L-arabinose inducible GFP (kindly provided by Sophie 
Helaine[45] was modified to direct mCherry to the periplasmic space by adding a pelB 
leader in front of the mCherry sequence. The new plasmid, pPerimCh, was transformed 
into MG1655.

Serum preparation and reagents: For normal human serum preparation, blood was drawn 
from healthy volunteers and allowed to clot for 15 minutes at RT. After centrifugation 
(10 min, 4000 rpm), serum was collected, pooled and stored at −80 °C. Heat inactivated 
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(HI) serum was obtained by incubating serum for 30 min at 56 °C. Sera deficient for 
complement components C8 and C9 were obtained from Complement Technology. 
OmCI was produced in HEK 293E cells (U-Protein Express, Utrecht) and purified as 
previously described[19].

Bacterial IM destabilization in multi-well Sytox assay: Bacteria were grown to midlog phase 
(OD600nm ~ 0.5) in Lysogeny Broth (LB) medium, pelleted and resuspended to OD600nm of 
1.0 in RPMI 1640 (ThermoFisher) supplemented with 0.05% HSA. Ten-fold diluted 
bacteria were incubated (at an end concentration of OD600nm ~ 0.05) with 0–10% serum, 
10% heat-inactivated serum or 10% serum + 20 µg/ml OmCI. Incubations were done in 
the presence of 1 µM Sytox Green Nucleic Acid stain (Thermofisher). Fluorescence was 
measured in a microplate reader (CLARIOstar, Labtech) at 37 °C under non-shaking 
conditions.

Synergy experiments were performed by incubating bacteria with the indicated 
concentrations of nisin (Handary SA, Brussels) in the presence of serum. The clinical 
isolates were classified as serum sensitive if the fluorescent signal was at least 2 times 
higher when treated with 3% serum as compared to the buffer control after 30 minutes 
of incubation at 37 °C. Strains with a 50% increase in Sytox Green fluorescence when 
treated with both 3% serum and 10 µg/ml nisin compared to serum only were classified 
as synergistic. The resistant group contains strains that are insensitive to serum, nisin or 
a combination thereof. Multi-drug resistant strains were incubated with 3% serum for 
half an hour or with 30% serum for 2 hours after which similar criteria were applied to 
classify these strains as being serum sensitive, synergistic or resistant.

Flow cytometry: Bacteria were grown to midlog phase (OD600nm ~ 0.5) in Lysogeny Broth 
(LB) medium, pelleted and dissolved to a density of OD600nm = 0.1 in RPMI-0.05% 
HSA. Bacteria (end concentration OD600nm = 0.05) were incubated with indicated serum 
concentration in the presence of 5 µM Sytox Blue Nucleic Acid stain (Thermofisher). 
Flow cytometry analysis was performed using the MACSQuant (Miltenyi biotech) by 
analyzing 10,000 events per condition, except for measurements in time. Bacteria were 
gated based on forward and side scatters or in the case of L-arabinose induced MG1655-
pPerimCh on GFP. The percentage of Sytox positive cells was determined by analyzing 
the number of cells that show an increase in Sytox signal based on the negative peak of 
the buffer control. For MG1655 expressing periplasmic mCherry, the geometric mean 
of the bacterial population was determined. The data were analyzed in FlowJo.

Bacterial viability assay: Bacteria were prepared as described above and incubated with 
buffer, serum or blood (drawn from healthy volunteers) in the presence or absence of 
antibiotics (10 µg/ml nisin, vancomycin, gentamycin, ciprofloxacin or ceftazidime). For 
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CFU/ml determination, serial dilutions were made in PBS and bacteria were plated 
onto agar plates followed by colony enumeration after overnight incubation. Relative 
viability was calculated as the number of CFU/ml relative to the number of CFU/ml at 
t = 0 or to the buffer control (as indicated in the figure legends).

Structured Illumination Microscopy: 8-well microslide (Ibidi) chambers were washed 3 
times with a 500 µl 1 M HCL/70% EtOH solution and rinsed with 500 µl MilliQ (MQ) 
for 3 times. Chambers were incubated with 150 µl 1 M sodium acetate/0.01 M NaOH 
and 4 µl Cell Tak solution (Corning) for 20 min (RT). Chambers were rinsed 3 times 
with MQ and dried. MG1655 with periplasmic mCherry and L-arabinose inducible 
cytosolic GFP were grown to a midlog phase (OD600nm ~ 0.5) in the presence of 0.1% 
L-arabinose. Bacteria were washed 3 times in MQ and 150 µl of 4 times concentrated 
bacteria was added to the chambers. After 30 min, chambers were rinsed 3 times in MQ 
(avoid drying out) and RPMI/0.05% HSA containing 5 µM Sytox Blue Nucleic Acid 
Stain (Thermofisher) and 0.5 µM Trolox (Sigma-Aldrich) was added. A T = 0 image was 
taken, 3% serum or 3% serum and 3 µg/ml nisin was added and bacteria were imaged 
after 15 and 30 minutes. Images were obtained using the GE Healthcare LifeSciences 
“Deltavision OMXV4 blaze” microscope using 60x Olympus lens (U-PLAN APO, NA 
1.42) and immersion oil 1.516 (Cargille labs). Sytox blue, GFP and mCherry signals 
were measured using the 405 nm, 488 nm and 561 nm lasers respectively with suited 
dichroics and emission filter setting of 436/31, 528/48 and 609/37. Reconstructions 
and registrations were performed using softWoRx (GE-healthcare). Linear adjustments 
in brightness levels of the images were performed similarly on each sample using FIJI 
software.

Statistical testing: Statistical analysis was performed using the ratio paired two-tailed 
Student’s t-test or a one-way ANOVA. The tests and n-values used to calculate p-values 
are indicated in the figure legends.

Ethics statement
Human blood was isolated after informed consent was obtained from all subjects in 
accordance with the Declaration of Helsinki. Approval was obtained from the medical 
ethics committee of the UMC Utrecht, The Netherlands.

Data availability
All data generated or analyzed during this study is included in the published article and 
its Supplementary Information.
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Supplementary figures
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Supplementary figure 1. Analysis of  membrane damage using bacteria expressing mCherry in the 
periplasm and GFP in the cytoplasm. 
(a) Schematic overview of MG1655-pPerimCh bacteria with cytoplasmic GFP (green) and periplasmic 
mCherry (red). Cell membranes are depicted in black. (b) Structured illumination microscopy image to 
verify localization of cytoplasmic GFP (green) and periplasmic mCherry (red) in E. coli. (c) Schematic 
overview of a membrane permeabilization assay setup in which outer membrane damage is measured via 
leakage of mCherry from the periplasm, and where inner membrane damage is measured via Sytox influx 
and GFP leakage. (d) MG1655-pPerimCh was exposed to 3% serum for 30 minutes at RT, after which 
mCherry and GFP intensities were measured by flow cytometry. Graphs show data from a representative 
experiment of at least three independent experiments. (e) MG1655-pPerimCh was cultured in the presence 
of 0.1% L-arabinose to induce cytosolic GFP. Bacteria were treated with buffer, 1% serum, 1% C8 depleted 
serum or 1% C9 depleted serum for 30 minutes at 37⁰C. Cells were analyzed for GFP and mCherry signal 
by flow cytometry. 
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Supplementary figure 2. MAC-dependent outer membrane damage sensitizes E. coli to nisin. 
MG1655-pPerimCh was incubated with 3% serum in presence or absence of 3 µg/ml nisin. After 0-1-3-5-
10-15-30 minutes 10 µg/ml OmCI was added to the incubation mixture to block MAC formation. After 
30 minutes bacteria were analyzed for mCherry intensity and percentage Sytox blue positive cells by flow 
cytometry. The same samples were diluted and analyzed for viability by determining the number of colony 
forming units. A representative graph of at least three independent experiments is shown. 
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Supplementary figure 3. Complement sensitizes Gram-negative bacteria for inner membrane 
damage by nisin. 
(a) Inner membrane damage (Sytox intensity) of P. aeruginosa 547966.3 and (c) K. pneumoniae 5709879.1 
treated with buffer or serum (1% or 3% respectively) in the presence or absence of a concentration range 
of nisin. Inner membrane damage was analyzed by measuring Sytox intensity in a microplate fluorometer. 
Graphs show data from a representative experiment of at least three independent experiments. (b) Inner 
membrane damage (% Sytox positive) of P. aeruginosa 547966.3 and (d) K. pneumoniae 5709879.1  treated 
with buffer, 1% or 3% serum in the presence of a concentration range of nisin. Sytox intensity was measured 
by flow cytometry. Data represent mean ± SD of three independent experiments.
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Supplementary figure 4. Complement sensitizes multi-drug resistant clinical blood isolates to inner 
membrane damage by nisin. 
(a) Relative Sytox intensity of a panel of 9 MDR strains after 30 minutes of exposure to 10 µg/ml nisin, 
3% serum or a combination of both. (b) Relative Sytox intensity of a panel of 9 MDR strains after 2 hours 
of exposure to 10 µg/ml nisin, 30% serum or a combination of both. Data represent mean ± SD of three 
independent experiments.
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Abstract

The human immune system employs humoral and cellular mechanisms to kill invading bacteria. 
The bactericidal activity of human serum against Gram-negative bacteria largely depends on the 
action of the complement system, a family of proteins that generates bactericidal membrane 
attack complex (MAC) pores. Additional protection against Gram-negative bacteria is provided 
by human phagocytes that can engulf bacteria and destroy them intracellularly. The role of other 
human antimicrobial proteins and peptides in the defense against Gram-negatives is not well 
understood. This is mainly due to the fact that these factors cannot penetrate the impermeable 
Gram-negative outer membrane that physically surrounds the inner membrane and peptidoglycan 
layer. Recently we showed that killing of Gram-negative bacteria in human serum depends on 
the MAC that efficiently kills bacterial cells by damaging both the outer and inner membrane. 
By assembling the MAC in a purified manner, we also noticed that MAC pores effectively 
trigger cell death, but do not affect the intactness of bacterial cell particles. Here we show that 
additional factors in serum can collaborate with the MAC to further degrade Gram-negative 
bacteria. For instance, our data suggest that formation of MAC pores in the outer membrane 
allows lysozyme (a muramidase) to disrupt the underlying peptidoglycan layer. In this way, the 
MAC and lysozyme can together change Gram-negative cells from rods into spheres. In flow 
cytometric analyses, exposure of Gram-negatives to a combination of the MAC and lysozyme 
results in both leakage of cytoplasmic contents and decreased cell counts. Finally, we show that 
the MAC also enhances the disruption and killing of Gram-negative bacteria inside neutrophils 
after phagocytosis. Altogether, these data provide insight into how different arms of the immune 
system work closely together to degrade and kill Gram-negative bacteria. 
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Introduction
The human body fights invading bacteria via cellular and humoral immune components. 
The humoral immune response largely depends on the action of the complement system, 
a family of proteins circulating in serum that can directly kill Gram-negative bacteria. 
Activation of the complement system results in three major effector mechanisms: it 
labels the bacterial surface with complement molecules (C3b, iC3b) to stimulate 
phagocytosis, it produces chemo-attractants (C5a) to recruit immune cells, such as 
neutrophils, towards the site of infection and it forms bactericidal Membrane Attack 
Complex (MAC) pores that directly kill Gram-negative bacteria1. The MAC is formed 
when surface-bound C5 convertases cleave C5 into C5a and C5b that immediately 
associates with complement proteins C6, C7, C8 and multiple copies of C9 to form a 
MAC pore (C5b-9). 

Human phagocytes, such as neutrophils, engulf and destroy invading bacteria and thereby 
provide cellular protection. For intracellular killing by neutrophils, Gram-negative bacteria 
are first taken up in a phagosome. After phagocytosis, phagosomes fuse with intracellular 
granules that release their content, forming phagolysosomes2. These phagolysosomes 
contain a large number of antimicrobial proteins and peptides3, including lysozyme which 
is a 14.7 kDa protein4,5 that degrades peptidoglycan by hydrolyzing the β-1,4 glycosidic 
bonds6. Next to being present in neutrophils, lysozyme is also found in the blood, liver and 
different body fluids (such as saliva, milk, tears, urine and mucus). Although lysozyme can 
readily degrade the peptidoglycan layer of Gram-positive bacteria5, it is considered to be 
inactive against Gram-negative bacteria because the outer membrane prevents lysozyme to 
attack the underlying peptidoglycan layer4. 

In our recent work we studied how MAC pores formed in human serum kill Gram-
negative bacteria. The cell envelope of Gram-negative bacteria consists of an inner 
membrane, an outer membrane and a peptidoglycan layer in-between7. The outer 
membrane of Gram-negative bacteria forms a physical barrier to a large number of 
antimicrobial compounds. By developing tools to distinguish between outer and 
inner membrane perforation in Gram-negative bacteria, we determined that MAC 
in serum should perturb both the outer and inner membrane to kill a Gram-negative 
bacterium8,9. These studies also revealed that although complement can efficiently kill a 
Gram-negative cell, MAC pores cannot destroy bacterial particles and they remain rod-
shaped. Here we find that the complement system can sensitize Gram-negative bacteria 
to human lysozyme. Specifically, the MAC allows lysozyme to efficiently disrupt the cell 
wall of Gram-negative bacteria and enhance killing. In addition, we observe that MAC 
pores accelerate killing and disruption of bacterial particles by human neutrophils. Our 
data show how different elements of the immune system work together to effectively 
clear invading bacteria. 
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Results
Exogenous addition of  lysozyme enhances the bactericidal activity of  human serum
The concentration of lysozyme in normal human serum from healthy individuals is 
relatively low (approximately 1 µg/ml in undiluted serum (100%)). Previously we 
observed that at these concentrations, lysozyme does not contribute to serum-induced 
inner membrane damage and killing (determined for two E. coli strains and a clinical 
isolate of S. maltophilia, exposed to 10% serum)8. Here we tested the contribution of 
lysozyme in more detail. As described previously, we used a genetically engineered E. coli 
strain that expresses mCherry in the periplasm and GFP in the cytoplasm (perimCherry/

cytoGFP E. coli MG1655)8 to study potential damage to both bacterial membranes. In 
addition, we included a naturally impermeable DNA dye (Sytox) to measure inner 
membrane damage and measured bacterial viability via the number of colony forming 
units (CFU) after overnight incubation on agar plates. 

To determine whether lysozyme affects the killing of Gram-negative bacteria by human 
serum, we first incubated perimCherry/cytoGFP E. coli MG1655 with two concentrations 
of normal serum or lysozyme-depleted (Δlysozyme) serum. Similar to previous 
observations in 10% serum8, 1% serum triggered outer and inner membrane damage 
and killing of E. coli in a lysozyme independent way (Fig. 1a). No inner membrane 
damage was observed at 0.3% serum (Fig. 1a). Lysozyme levels in serum and other 
bodily fluids can increase during inflammation10. The exact lysozyme concentration at 
inflammation sites or in inflamed serum is not well defined, however, we mimicked 
inflamed serum by adding 5 µg/ml extra lysozyme. Now we observed that lysozyme 
enhanced both the killing and inner membrane damage of E. coli by 0.3% and 1% serum 
(Fig. 1a). As expected, lysozyme did not affect the integrity of the outer membrane (Fig. 
1a). Membrane damage and killing by the MAC and lysozyme was fully blocked by 
the C5 cleavage inhibitor OmCI (Fig. 1b). Altogether, our data indicate that the MAC 
allows lysozyme to cross the impermeable outer membrane and damage the bacterial cell 
wall. While the concentrations of lysozyme in normal serum are too low to affect killing, 
increased concentrations of lysozyme in inflamed serum can enhance the bactericidal 
activity of serum. 

Lysozyme in serum causes loss of  E. coli particles measured by flow cytometry 
While we previously observed that the MAC itself does not affect the cell shape of 
Gram-negative bacteria, we now wondered whether the combined action of complement 
and lysozyme might influence the intactness of Gram-negative bacteria. We first used 
flow cytometry to test this. To this end, we changed the acquisition settings of our 
flow cytometry experiment: instead of analyzing a fixed number of bacteria (figure 1 
and 8,9), we now quantified the number of particles in our sample by counting the 
number of bacterial particles within a fixed volume (10 µl). Bacteria were selected as 
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particles that have the same forward scatter (FSC) and side scatter (SSC) as untreated 
bacteria (Fig. 2a). This allowed us to rapidly analyze how different serum conditions 
can change the number of particles in our samples. In the absence of serum, we 
counted approximately 40,000 events in a volume of 10 µl (Fig. 2b). Exposing bacteria 
to increasing concentrations of normal human serum led to a strong decrease in the 
number of particles within the gate (>95%, Fig. 2b). This indicates that these bacteria 
were affected in such a way that our flow cytometry instrument could no longer detect 
them. The observed serum-induced particle loss was almost absent in Δlysozyme serum 
(Fig. 2b). Also, lysozyme by itself did not affect the number of particles in the absence of 
the complement system (0% serum). In contrast, the combination of Δlysozyme serum 
and lysozyme triggered efficient particle loss (Fig. 2b). 

a

b

Figure 1. Exogenous addition of  lysozyme enhances the bactericidal activity of  human serum. 
A) Outer membrane damage (mCherry leakage), inner membrane damage (% Sytox positive) and viability 
(CFU/ml) of E. coli exposed to buffer, 0.3% or 1% normal human serum or ΔLysozyme serum in the 
absence or presence of 5 µg/ml lysozyme (for 30 minutes at 37°C). B) The same experiment was performed 
as in A, however MAC formation was blocked using the C5 inhibitor OmCI (20 µg/ml). Data represents 
mean ±SD of 2 individual experiments.

Next, we wondered what the role of lysozyme is in inducing leakage of cytoplasmic 
proteins. Therefore, we analyzed the intensity of cytoplasmic GFP versus Sytox of 
bacterial particles that were measured in figure 2b. Whereas non-treated (0% serum) 
bacteria were GFP positive and Sytox negative (measured ~40,000 events), increasing 
serum concentrations (to 0.6% serum) triggered a shift towards Sytox positive cells and 
a loss of particles of ~60%. The particles loss was even more pronounced at higher serum 
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concentrations of 2.5%. In these conditions, we also could not detect any GFP negative/
Sytox negative bacteria (Fig. 2c). This suggests that as soon as GFP leaks out, the shape 
and composition of bacteria is changed in such a way that it is no longer recognized 
as a bacterial particle, when using our flow cytometer settings (Fig. 2c). The serum-
induced loss of GFP was dependent on lysozyme, since we still detected GFP/Sytox 
positive particles in Δlysozyme serum (Fig. 2c). In addition, the particles that lose GFP 
in the absence of lysozyme are still detected by the flow cytometry, suggesting that these 
particles are still intact (Fig. 2c). 
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Figure 2. Lysozyme in serum causes loss of  E. coli particles measured by flow cytometry. 
A) Flow cytometry plots (FSC/SSC) of E. coli bacteria exposed to buffer, nhs or Δlysozyme serum with 
or without 5 µg/ml lysozyme (for 60 minutes at 37°C). A gate was set on untreated bacteria to determine 
loss of bacteria upon treatment with different serum conditions. B) Cell count and C) flow cytometry plots 
(GFP/Sytox) of E. coli treated with a concentration range of nhs or Δlysozyme serum with or without 5 
µg/ml lysozyme for 60 min 37°C. The number of cells and GFP/Sytox plots represent the events that were 
measured within the gates depicted in A. B) Data represent mean ±SD of 2 individual experiments.
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Thus, we here show that the levels of lysozyme in normal serum are sufficient to 
contribute to the disruption of E. coli particles. Noteworthy, the fact that lysozyme 
alters the detection of particles by flow cytometry could influence the measurements 
of outer and inner membrane damage in figure 1. Hence, since we measured a fixed 
number of events in these experiments, the results may be biased to particles that are not 
fully disrupted by lysozyme. 

Lysozyme requires the MAC to induce cell wall disruption
To investigate whether lysozyme-dependent particle loss in serum is dependent on the 
MAC, we repeated the same experiment in the presence of the C5 inhibitor OmCI to 
block MAC formation. No particle loss was observed in the absence of MAC pores, 
showing that the activity of lysozyme in serum is dependent on the MAC (Fig. 3a). To 
exclude the contribution of other serum components and to test whether a full MAC 
pore is required for particle loss, we next pre-labeled bacteria with ΔC9 serum, leading to 
C5b-8 complex formation on the bacterial surface but no killing. In addition, since no 
mCherry leaks out through C5b-8 pores8, we assume that no serum proteins can enter 
the periplasmic space at this stage. C5b-8-labeled bacteria were washed, after which 
purified C9 was added in the presence or absence of lysozyme. Samples were measured 
by flow-cytometry and similar to figure 2, the number of particles was determined by 
gating on untreated bacteria. We observed a decrease in the number of particles when 
lysozyme was added in combination with increasing C9 concentrations (Fig. 3b). The 
lysozyme-induced particle loss coincided with leakage of mCherry from the periplasm, 
which was most efficient at C9 concentrations of 3 nM and higher (Fig. 3c). 
No particle loss was observed when lysozyme was added to bacteria with C5b-8 pores in 
the absence of C9, indicating that a full MAC pore is required for lysozyme to induce 
this effect (Fig. 3b). Furthermore, the particle count remained stable with increasing 
concentrations of C9 in the absence of lysozyme (Fig. 3b). These data indicate that a 
full MAC pore, that allows proteins to cross the outer membrane, is required to allow 
lysozyme to trigger particle loss. Given that the loss of particles in this purified setup 
is less pronounced than in full serum, this could mean that other serum components 
contribute to the ability of lysozyme disrupt E. coli particles.
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Figure 3. Lysozyme requires the MAC to induce cell wall disruption. 
A) Cell count of E. coli bacteria after 60 minutes of exposure to Δlysozyme serum with 5 µg/ml lysozyme 
in the presence or absence of 20 µg/ml OmCI (at 37°C). A gate was set on untreated bacteria, in which the 
number of events was counted after treating bacteria with different conditions. B) Cell count and C) outer 
membrane damage of PerimCherry/cytoGFP E. coli that were labeled with C5b-8 via an incubation with 10% 
C9 depleted serum. Bacteria were washed and incubated with a concentration range of C9 in the presence or 
absence of 5 µg/ml lysozyme for 60 minutes at 37°C. The number of cells and mCherry signal was measured 
within the gates that were set on untreated bacteria. D) Confocal microscopy images of PerimCherry/cytoGFP E. 
coli bacteria that were treated with 5% Δlysozyme serum with or without 5 µg/ml lysozyme in the presence of 
To-pro-3. Images were taken after 0, 20 and 40 minutes. E) 3D image of PerimCherry/cytoGFP E. coli incubated 
with buffer, 5% Δlysozyme serum with 5 µg/ml lysozyme (repleted serum), in the presence or absence of 
20 µg/ml OmCI and Eculizumab (repleted + OmCI/Ecu). Images were taken after 40 minutes. A-C) Data 
represent mean ±SD of 2 individual experiments. D, E) Images represent data of 2 individual experiments.
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Particle loss by lysozyme is likely induced by its cell wall degrading properties. It 
has been suggested that lysozyme in serum can induce shape loss of Gram-negative 
bacteria11,12. To study this in more detail, we treated perimCherry/cytoGFP E. coli with 
Δlysozyme serum with or without additional lysozyme and analyzed the morphology 
by confocal microscopy. The naturally impermeable DNA dye ToPro-3 was added as a 
marker for inner membrane damage. When bacteria with cytoplasmic GFP were treated 
with 5% Δlysozyme serum, we observed influx of Topro-3 within 40 minutes (Fig. 3d), 
confirming that the inner membrane is damaged in the absence of lysozyme8. In the 
absence of lysozyme, bacteria remained rod-shaped and GFP positive, suggesting that 
the cell wall of these bacteria was not severely damaged (Fig. 3d). In contrast, when 5 
µg/ml lysozyme was added to the Δlysozyme serum, this triggered efficient shape-loss 
and eventually also led to loss of GFP or Topro-3 positive particles (Fig. 3d). The fact 
that we could still image round GFP/Topro-3 positive bacteria, suggests that shape loss 
precedes the leakage of cytoplasmic proteins. The effects of lysozyme were dependent 
on the presence of MAC pores, since no shape loss was observed in the presence of C5 
inhibitors OmCI and Eculizumab (Fig. 3e). Altogether, this shows that whereas the 
MAC can damage the inner membrane of E. coli, lysozyme is essential to trigger shape 
loss. These findings are in line with previous data showing that E. coli bacteria that are 
treated with purified MAC components remain rod-shaped8.

The MAC enhances killing and degradation of  Gram-negative bacteria by neutrophils
Given that the MAC enhances cell wall degradation and killing of Gram-negative bacteria 
by lysozyme in (inflamed) human serum, we hypothesized that the MAC may also 
support killing of Gram-negative bacteria inside phagocytes where bacteria are exposed 
to high concentrations of antimicrobial proteins and peptides in the phagolysosome 
(such as lysozyme, lactoferrin, elastases, LL-37, α-defensins and BPI)5,13–15. Even though 
some of these proteins can destabilize the bacterial outer membrane, pore formation by 
the MAC may drastically enhance the efficiency with which proteins, such as lysozyme, 
can exert their functions. To test whether the MAC influences intracellular disruption 
of E. coli by neutrophils, we first treated GFP positive bacteria with Δlysozyme serum, 
to allow MAC formation while maintaining the cell shape (Fig. 4a). These bacteria 
were subsequently exposed to neutrophils, to allow phagocytosis. We observed efficient 
disruption of bacteria inside neutrophils, as evidenced by the diffused GFP signal and 
the absence of clear rod shape bacteria (Fig. 4a). When MAC formation was blocked 
with OmCI, bacteria remained rod-shaped inside the neutrophil, showing that the 
observed particle disruption inside the neutrophils was dependent on the MAC.

To exclude a role of other serum components in the observed particle disruption inside 
neutrophils, we then used a semi-purified approach to pre-label bacteria with MAC pores. 
For this, bacteria were incubated with ΔC5 serum to label the bacterial surface with C5 
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convertase as described before8. When these convertase-labeled bacteria were internalized 
by neutrophils, all bacteria remained rod-shaped within the measured time-period (Fig. 
4b). Instead, when convertase-labeled bacteria were first exposed to MAC components 
(C5-C9) and then internalized by neutrophils, these were efficiently disrupted (Fig. 4b). 
Importantly, higher laser intensity was needed to detect GFP in the samples in which all 
MAC components were present, showing that the GFP inside the neutrophil decreased 
(Fig. 4b). To test whether a full MAC pore is required for intracellular particle disruption, 
we included a condition in which we did not add C9, to allow MAC formation up to 
C8. The outer membrane of E. coli that contains C5b-8 pores is still impermeable for 
proteins as was also shown for mCherry in figure 3. Bacteria that were pre-labeled with 
C5b-8 pores still appeared as rod-shaped particles inside the neutrophil, indicating that 
intracellular proteins could not affect cell wall integrity (Fig. 4b). This shows that a full 
MAC pore (C5b-9) is essential to enhance particle disruption inside neutrophils. Next, we 
used flow cytometry and conventional plating assays (CFU/ml) to test whether the MAC 
also increases bacterial killing by neutrophils. Bacteria that were treated with all MAC 
components except for C8 (to prevent the formation of full MAC pores) were efficiently 
taken up by neutrophils, as the neutrophils became GFP positive (Fig. 4c). Neutrophils 
remained GFP positive when bacteria were labeled with C5b-8 pores, in the absence of 
C9. Only when bacteria were incubated with all MAC components, we observed a clear 
C8 and C9 dependent decrease in GFP signal within the neutrophil population (Fig. 4c). 
This is in line with the confocal experiments, in which higher laser intensity was required 
to detect GFP inside neutrophils when bacteria were treated with a full MAC pore (Fig. 
4b). Future studies are required to elucidate what causes the decrease in GFP signal. Two 
potential explanations could be that GFP is degraded inside the phagolysosome or that a low 
pH influences the fluorescence intensity. Loss of GFP signal inside neutrophils correlated 
with reduced bacterial viability on plate (Fig. 4d). Bacteria were more efficiently killed 
by the combination of a full MAC and neutrophils than by the MAC, or by neutrophils 
alone. Altogether, we conclude that the MAC enhances intracellular particle disruption 
and killing of E. coli by neutrophils. 

Discussion
The bactericidal potential of serum is often determined by measuring colony formation on 
agar plates after exposing bacteria to serum. Although these assays are relevant to determine 
whether bacteria can divide or not, it does not give any information on what happens to the 
bacterial cell particle. We previously showed that although MAC in serum can destabilize 
the bacterial inner membrane (which correlates with killing on plate), it does not affect the 
shape of Gram-negative bacteria8. Here we show that lysozyme can help the complement 
system to trigger shape loss and disruption of Gram-negative cell walls. These observations 
correlate with previous studies, in which no lysis of Gram-negative bacteria was observed 
in serum depleted of lysozyme, although bacteria were efficiently killed16,17. We speculate 
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that the disruption of bacteria by lysozyme may facilitate and accelerate clearance of these 
particles from the body, for example by neutrophils. Faster clearance of Gram-negative 
bacteria from the body could prevent ongoing immune activation on the surface of these 
bacteria that are already killed. Furthermore, cell wall degradation may lower the efficiency 
with which the complement system is activated and thereby reduce inflammation. However, 
future experiments are required to further test if disruption of the cell wall of bacteria indeed 
triggers faster clearance of bacteria and whether it lowers inflammation. 
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Figure 4. The MAC enhances killing and degradation of  Gram-negative bacteria by neutrophils. 
A) Confocal microscopy images of PerimCherry/cytoGFP E. coli (green) treated with 5% Δlysozyme serum for 
60 minutes at 37°C. Bacteria were incubated with buffer or neutrophils for 20 minutes at 37°C, fixated in 
1.5% paraformaldehyde and imaged. 20 µg/ml OmCI was added to the Δlysozyme serum to block MAC 
formation. B) Confocal images of PerimCherry/cytoGFP E. coli inside neutrophils that were pre-labeled with 10% 
ΔC5 serum (C5 convertase), washed and exposed to buffer, C5-C8 or C5-C9 for 30 minutes at 37°C. 10 nM 
C5 and C6, 20 nM C7 and C8 and 100 nM C9 was used. These images were taken in separate experiments in 
which the laser settings were adjusted to the staining intensity of GFP. C) Phagocytosis of PerimCherry/cytoGFP 
E. coli by neutrophils. Bacteria were pre-labeled with 10% C8 depleted serum and, after washing, exposed to a 
concentration range C8 in the presence or absence of 2.5 nM C9 for 30 minutes at 37°C. The GFP signal was 
measured inside the neutrophil population by flow cytometry after 20 minutes at 37°C. Empty neutrophils were 
measured as a negative control. D) Bacterial viability (CFU/ml) of PerimCherry/cytoGFP that were pre-treated with 
MAC components similar to C, and exposed to buffer or neutrophils. After 20 minutes, neutrophils were lysed 
for 15 minutes in MQ, after which bacterial survival was determined (CFU/ml). A, B) Images represent data of 
2 individual experiments. C, D) Data represent mean ±SD of 2 individual experiments. 
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Although lysozyme is generally known as an antimicrobial protein against Gram-positive 
bacteria, several Gram-negative species (among which E. coli and N. gonorrhoeae) have 
also evolved resistance mechanisms against lysozyme6,18,19. The fact that exogenously 
added lysozyme can contribute to killing of Gram-negative bacteria in the presence 
of the complement system may explain why these bacteria have developed such 
evasion strategies. Although the exact mechanism with which the MAC and lysozyme 
trigger killing and disruption of bacterial particles remains to be elucidated, our data 
indicate that the MAC damages the bacterial outer membrane, which probably allows 
lysozyme to cross the outer membrane and degrade the peptidoglycan layer. Since the 
peptidoglycan layer is essential for the integrity and the turgor of the cell wall of Gram-
negative bacteria20, this likely results in inner membrane damage, particle disruption and 
shape loss. It remains unknown whether the MAC also triggers others alterations in the 
bacterial cell wall (for example by disrupting connections between the outer and inner 
membrane) that are crucial for the observed lysozyme-dependent particle disruption.

At infection sites, lysozyme is secreted by epithelial cells and by immune cells4. As described 
before, immune cells can also internalize bacteria, thereby exposing them to intracellular 
lysozyme and other antimicrobial peptides and proteins. Amongst these proteins are 
lactoferrin, defensins and bactericidal permeability increasing protein (BPI), which can 
all enhance outer membrane permeability5,13–15,21. The complement system enhances 
phagocytosis of Gram-negative bacteria by depositing C3b on the surface. However, 
within the time frame of our experiments, neutrophils did not trigger degradation and 
killing of E. coli bacteria that were labeled with C3b molecules in the absence of the MAC. 
Instead, bacterial particles were efficiently degraded and killed in the presence of full MAC 
pores (C5b-9) that allow proteins to cross the outer membrane8. This suggests that not 
only C3b, but also the MAC enhances clearance of Gram-negative bacteria by neutrophils. 
Although we cannot exclude that other factors than lysozyme are crucial for intracellular 
killing and particle disruption, it is likely that lysozyme is involved. When bacteria are 
treated with serum depleted of lysozyme, their cell wall is not degraded, showing that 
the effects in serum are fully dependent on lysozyme and not on other secreted factors. 
The enhanced killing and particle degradation of bacteria inside neutrophils is similar to 
conditions outside neutrophils, where only lysozyme is added. This suggests that lysozyme 
plays a crucial role in intracellular, MAC-dependent degradation of E. coli. However, 
since particle loss was much more pronounced in a serum environment than in purified 
conditions, other serum factors may also contribute to the observations in serum. The fact 
that intracellular degradation of E. coli is only enhanced in the presence of a full MAC 
pore, suggests that it depends on proteins that need to cross the outer membrane. The 
principle of synergy between the MAC and antimicrobial proteins was shown for lysozyme 
in this study. However, the MAC may also sensitize Gram-negative bacteria to other 
antimicrobial proteins and peptides that normally cannot pass the outer membrane22. 
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Material and methods
Serum and reagents
Normal human serum (NHS) was obtained from healthy volunteers as previously 
described23. Human neutrophils were isolated on the day of the experiment from 
freshly drawn blood by using density gradient centrifugation24. Complement factor C8 
and sera depleted of C5, C8 and C9 were obtained from Complement Technology. 
His-tagged C5, C6, C7 and C9 were expressed in and purified from HEK293E cells 
(U-Protein Express). Lysozyme depleted serum was prepared by affinity depletion using 
an LprI column, for more details see8. Human neutrophil lysozyme was obtained from 
RayBiotech. OmCI was also expressed in HEK293E cells and purified as previously 
described25. To obtain PerimCherry/cytoGFP E. coli, bacteria were transformed with a 
pPerimCh plasmid, containing a constitutively expressed mCherry and a L-arabinose 
inducible GFP8. GFP expression was induced using 0.1% L-arabinose. 

Flow cytometry and bacterial viability assay
In all experiments, E. coli bacteria were grown overnight (o/n) in Lysogeny broth (LB) 
medium. PerimCherry/CytoGFP E. coli were grown in the presence of 100 µg/ml ampicillin. 
The next day, subcultures were grown to a mid-log phase (OD600~0.5) in the presence of 
0.1% L-arabinose, washed and resuspended in RPMI containing 0.05% human serum 
albumin (HSA). Bacteria (50 µl) with an end concentration of OD600~0.025 were 
mixed with 50 µl buffer, NHS, Δlysozyme serum with or without 5 µg/ml lysozyme. 
For more purified assays, bacteria were pre-treated with 10% ΔC5, ΔC8 or ΔC9 serum 
for 30 minutes at 37°C. After washing, bacteria were incubated with buffer or the 
remaining MAC components for 30 or 60 minutes, as indicated in the figure legend. 10 
nM C5 and C6, 20 nM C7 and C8 and 100 nM C9 was used. For neutrophil killing 
assays, bacteria were mixed with neutrophils in a ratio 10:1 to allow phagocytosis for 
20 minutes. When samples were analyzed by flow cytometry (MACSQuant, Miltenyi 
Biotech), samples were twenty times diluted in RPMI + 0.05% HSA after which a fixed 
number of bacteria (105) or a fixed volume (10 µl) was analyzed. To determine bacterial 
viability, samples were diluted 1:20 into PBS or in MilliQ for neutrophil assays, which 
were incubated for 15 minutes to allow neutrophil lysis. Afterwards, samples were 
serially diluted into PBS and plated onto LB agar plates. Colonies were counted after 
overnight incubation.

Confocal microscopy

PerimCherry/CytoGFP were grown in the presence of L-arabinose as described above, 
concentrated to OD600~2 in PBS and immobilized on a poly-L-lysine (0.01%, Sigma-
Aldrich) covered microslide chamber (Ibidi) for 45 minutes. Chambers were rinsed 
3 times with PBS after which RPMI + 0.05% HSA containing 1 µM To-pro-3 
(Thermofisher) was added. A T=0 image was taken, after which 5% Δlysozyme serum was 
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added, with or without 5 µg/ml purified lysozyme and with or without 20 µg/ml OmCI 
and Eculizumab. GFP and To-pro-3 intensity was measured after 20 and 40 minutes 
at RT. Samples containing neutrophils were prepared as described above and fixated in 
1.5% paraformaldehyde. Neutrophil membranes were stained for 15 minutes with 2 µg/
ml Wheat Germ Agglutinin conjugated with Alexa Fluor 647 (ThermoFisher). Samples 
were concentrated and dried onto 1% agar pads. Images were obtained using a Leica 
SP5 confocal microscope with a HCX PL APO CS 63×/1.40–0.60 OIL objective (Leica 
Microsystems, the Netherlands). GFP was measured using the 488 laser, Alexa-647 and 
To-pro-3 were imaged using the 647 laser. Both lasers were used in combination with 
the appropriate emission filter settings. 

Data analysis
Flow cytometry data was analyzed using FlowJo after which Graphpad 6.0 was used for 
graph design. Confocal images were processed in Fiji.
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The human immune system has a central role in protection against invading microbes. 
As part of the innate immune system, the complement system plays a pivotal role 
in both the recognition and clearance of bacteria. The complement system consists 
of a family of soluble plasma proteins and cell-surface regulators[1,2]. Complement 
activation on the bacterial surface triggers a proteolytic cascade, which activates soluble 
complement proteins that circulate as inactive precursors in the blood. In the 1890s, 
Jules Bordet discovered how heat-labile components in serum can efficiently kill Gram-
negative bacteria without the help of immune cells[3]. Since these bactericidal effects 
were only observed in serum of vaccinated individuals, Bordet annotated this as a 
system that ‘complements’ the clearance of bacteria. It was decades later, from the late 
1960s until the early 1980s, that the killing in serum was attributed to cytolysis by 
pores [4–6]. Further studies revealed that these pores were assembled of five different 
complement components (C5b, C6, C7, C8 and multiple copies of C9), which was 
annotated as the Membrane Attack Complex (MAC)[7–11]. Studies on bacteria later 
revealed that only Gram-negative bacteria are susceptible to killing by MAC pores[12]. 
The clinical importance of the MAC in clearing Gram-negative bacteria in humans is 
evidenced by recurrent infections (especially with Neisseria meningitidis) in patients with 
deficiencies in one of the MAC components[13]. Moreover, patients that are treated 
with complement inhibitors such as the C5 inhibitor eculizumab are at higher risk 
of developing infections of Gram-negative bacteria[14]. Taken together, since these 
early observations of Bordet, it has become evident that MAC pores play a central role 
in clearing Gram-negative bacteria. Recent advances in high-resolution microscopy 
have led to the detailed structural characterization of MAC pores, formed on artificial 
membranes. These studies have revealed the overall dimension of the MAC and gave 
structural insights into how the MAC disrupts single membrane particles, such as 
liposomes and erythrocytes[15–17].

Despite decades of research, the exact molecular mechanism with which MAC pores kill 
Gram-negative bacteria remained unknown. The cell envelope of Gram-negative bacteria 
consists of an outer membrane (OM) that contains a large amount of lipopolysaccharide 
(LPS), an inner membrane (IM) and a peptidoglycan layer in-between[18]. Several 
hypotheses on how MAC pores could permeate the complex cell envelope of Gram-
negative bacteria in order to kill the bacterium have been proposed[19]. In chapter 
2, we have specifically looked into how the MAC damages the bacterial cell envelope 
of Gram-negative bacteria and how this ultimately leads to bacterial killing [20]. We 
revealed that, although purified MAC pores (C5b-9) can lyse single membrane particles 
such as liposomes and erythrocytes, these pores lack bactericidal activity. In order to kill 
Gram-negative bacteria, the MAC needs to be locally assembled by proteolytic enzymes 
of the complement system called C5 convertases. This chapter will describe how recent 
structural findings together with functional studies on bacteria have contributed to 
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our understanding on how the MAC kills Gram-negative bacteria. It will also discuss 
what questions still remain to be answered in understanding how the MAC kills Gram-
negative bacteria and how these could be studied in the future. 

The assembly of  the MAC pore
In the 1970s and 1980s, MAC assembly has been extensively studied by biochemical 
analysis of complexes extracted from model lipid membranes and by lysis of 
erythrocytes[7–11]. MAC assembly is initiated when pattern-recognition molecules 
bind the bacterial surface and recruit other complements components. This leads to 
the deposition of surface-bound convertase enzymes that cleaves central complement 
component C3 into C3a and C3b. Whereas C3a is released from the surface to 
function as a chemoattractant, C3b is covalently linked to the surface to function as an 
opsonin for phagocytes [21]. Moreover, a high density of C3b on the surface changes 
the substrate specificity of the convertase from C3 to C5[22,23]. C5 is converted into 
C5a and C5b. Despite the fact that C3b and C5b are highly homologous, C5b is not 
covalently linked to the target surface[24]. In fact, C5b is highly unstable and tends to 
aggregate at the surface if it does not directly interact with C6 to form a stable C5b6 
complex[25]. It is generally accepted that C5b6 first needs to recruit C7 to form a stable 
C5b-7 complex that exposes a lipophilic domain, allowing the complex to stably bind 
to the bacterial membrane[26]. Membrane-bound C5b-7 subsequently recruits C8, 
which triggers initial membrane protrusion by the C5b-8 complex[27]. C5b-8 exposes 
a binding site for C9, which triggers the recruitment of the first C9 molecule[28]. Upon 
incorporation of C9 into the C5b-8 complex, C9 can recruit other C9 molecules that 
can self-polymerize and further complete the MAC pore[29,30]. 

All MAC components (except for C5b) belong to the cholesterol-dependent cytolysin/
MAC/perforin-like (CDC/MACPF) protein superfamily. The transmembrane domain, 
or CDC/MACPF domain, of these proteins is homologous between all proteins that 
belong to this superfamily. These CDC/MACPF domains are responsible for the 
formation of transmembrane b-barrel hairpins that form pores in target membranes[31].  
In general, monomers of the CDC/MACPF protein family first bind to a target surface 
via a membrane-binding domain, after which these monomers homo-oligomerize. 
For example, cholesterol dependent cytolysins specifically bind to cholesterol-rich 
membranes[32]. The MAC deviates from this, as it is a hetero-oligomeric pore that 
can only assemble in a unique unidirectional manner. Moreover, MAC components 
lack a specific membrane-binding domain, which allows MAC pores to assemble on a 
wide variety of target membranes [33]. As was generally expected, we recently showed 
that target-specificity of MAC pores is acquired by initial target-specific complement 
activation. Specifically, as discussed later in more detail, surface-bound C5 convertases 
are essential to properly guide MAC pores to target cells. When the MAC erroneously 
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assembles on host cells, membrane-bound regulators such as CD59 efficiently inhibit 
this process[34]. Furthermore, soluble regulators can capture MAC precursors that are 
released from the surface to prevent off-target lysis[34].

Structural insights into how the MAC ruptures lipid membranes
The first electron micrographs of MAC pores were made on rabbit erythrocytes lysed in 
guinea pig serum and on human erythrocytes that lack complement regulators. These 
studies elucidated that the MAC appeared as hollow, cylindrical pores with an inner 
diameter of 10-11 nm[4,5,35]. Although these studies revealed the overall shape of 
the MAC, detailed insights into how individual MAC components interact and how 
these are structurally arranged within a MAC pore were still lacking. These biochemical 
studies, combined with structures of oligomeric, homologous CDC/MACPF protein 
pores, gave rise to several structural models of what the MAC would look like[36]. 
These models were further extended when structures of purified MAC components 
C6[37], C5b6[38], C8[39] and SC5b9[40] were identified by X-ray crystallography 
and cryo-EM in the late 2000s and early 2010s. Advances in single-particle cryo-EM 
have recently revolutionized structural analysis of b-barrel pore-forming proteins in 
general and also specifically of the MAC[17]. The following paragraphs will summarize 
how new structural insights have contributed to our understanding on how the MAC 
ruptures lipid membranes. 

Serna et al. were the first to succeed in solving the structure of the MAC by single particle 
cryo-EM in 2016[41]. MAC pores were generated on liposomes in a serum-free manner 
by mixing preassembled C5b6 together with downstream MAC components C7, C8 
and C9. The preassembled C5b6 complex that was used in these studies was generated 
on an activation surface, in the absence of C7. The C5b6 complexes that were released 
from the surface were subsequently purified from the supernatant[42]. Full MAC pores 
were detergent solubilized and purified to allow structural analysis. The overall pore was 
shown to be 30.5 nm in its longest dimension with an outer diameter of 24 nm and an 
inner diameter of 11 nm. This structure confirmed that the MAC is composed of single 
copies of C5b, C6, C7 and C8 and that it contains 18 copies of C9. Due to its hetero-
oligomeric nature, the MAC is an asymmetrical pore with a ‘split-washer’ configuration, 
meaning that there is a chasm between the terminal C9 and C6[41]. Not much later, 
the same group was able to resolve the structure of the MAC pore at a higher resolution 
(from 8.5Å to 4.9Å)[43]. This structure revealed that the b-hairpins of different MAC 
components are located at variable heights relative to the membrane. Especially the 
b-hairpins of C6 and C7 are only partially inserted into the membrane and therefore only 
interact with the outer leaflet of the lipid bilayer. As determined by flicker spectroscopy, 
this allows C5b-7 to ‘bend’ the membrane before further oligomerization with C8 
and C9 rigidifies and ruptures the membrane. Moreover, 3D classification procedures 
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resolved two MAC pore stoichiometries: MAC pores with an ‘open’ and MAC pores 
with a ‘closed’ chasm between the terminal C9 and C6. This has highlighted that there 
is considerable conformational flexibility in the MAC pore. Furthermore, these studies 
have revealed that a large glycan scaffold across the b-barrel in the MACPF domains of 
C8 and C9 confer robustness to the b-barrel pore, as deglycosylation of C9 distorts the 
curvature of the pore. Altogether, these structural insights have revealed the composition 
and overall dimensions of the MAC. Moreover, these new structures revealed that MAC 
pores show considerable conformational flexibility. A schematic representation of the 
findings of these papers is depicted in Figure 1.

 
 
Figure 1. Schematic representation of the dimensions of the MAC pore, based on 
structural data of Serna et al. and Menny et al. C5b is depicted in light greenwith the 
C5d domain in dark green. C6 is depicted in brown, C7 in yellow, C8α in orange, C8β 
in purple, C8γ in pink, C9 in different shades of blue and the terminal C9 in black.  
  

Figure 1. Schematic representation of  the dimensions of  the MAC pore, based on structural data of  
Serna et al. and Menny et al. C5b is depicted in light greenwith the C5d domain in dark green. C6 is 
depicted in brown, C7 in yellow, C8α in orange, C8β in purple, C8γ in pink, C9 in different shades of 
blue and the terminal C9 in black.

In the past few years, in situ analysis of MAC pores on liposomes has also become 
possible by means of cryo-EM tomography (cryo-ET)[44,45]. Sharp et al. compared the 
membrane protruding capacity of C5b-7, C5b-8 and C5b-9 by generating MAC pores 
on liposomes with purified MAC components. Initial membrane protrusions of ~ 3 nm 
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were observed after the incorporation of C8. These protrusions allowed the passage of 
small molecules (sulforhodamine B) and were consistent with the observations of Menny 
et al, who used flicker spectroscopy [43,46]. Sharp et al. also showed that oligomerization 
of C9 is required to form 10-11 nm holes that allow passage of larger molecules such as 
glucose-6-phosphate dehydrogenase. Interestingly, whereas Serna et al. and Menny et al. 
only studied monomeric MAC pores in their analyses [41,43], Sharp et al. observed large 
heterogeneity of MAC pores on liposomes in situ, including arc-shaped, incomplete 
and multimeric MAC pores. This heterogeneity was also observed when MAC pores 
were assembled by triggering the full complement cascade on the surface of liposomes 
in serum[44]. Although this mostly yielded fully assembled MAC pores, not all were 
properly inserted into the membrane, potentially due to dissociation of C5b-8 during 
MAC formation. Altogether, Sharp et al. have highlighted the heterogeneity of MAC 
pores that are assembled on a liposome surface in situ. 

Finally, Dudkina et al. and Spicer et al. have determined the structure of monomeric 
murine C9 and of spontaneously self-polymerized poly-C9[47,48]. These studies have 
revealed that the first transmembrane helix (TMH) domain in C9 sterically hinders 
elongation of monomeric C9. The authors suggest that binding of the first C9 to C5b-8 
and subsequent conformational changes at the surface exposes this elongation surface 
allowing binding of the next C9 molecule. This has provided a structural basis for how 
C9 prevents self-polymerization in solution and how binding of C9 to C5b-8 could 
orchestrate unidirectional oligomerization of C9. 

Functional insights into how MAC pores kill Gram-negative bacteria
These structural insights have greatly contributed to our understanding of how MAC 
pores rupture artificial single-membrane particles. However, as previously mentioned, 
the Gram-negative cell envelope consists of both an outer- and inner membrane with a 
periplasmic PG layer. Since this composite cell envelope of Gram-negative bacteria spans 
over 30 nm (as shown in Figure 2A) [18], it seems physically impossible for the MAC 
(that has a transmembrane domain of ~10 nm[43]) to damage the full cell envelope. 
Several hypotheses have been proposed on how MAC pores kill Gram-negative bacteria, 
which have been extensively reviewed before[9,19,49]. However, these hypotheses are 
mainly based on studies where the bactericidal activity of the MAC was assessed in 
serum, which also contains other components that can contribute to bactericidal activity. 
Moreover, assays that allowed proper discrimination between OM and IM leakage were 
limited. This paragraph will focus on how our recent report has contributed to our 
understanding of how bactericidal MAC pores are assembled and how they damage the 
Gram-negative cell envelope[20]. 
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Figure 2. Schematic overview of  the Gram-negative cell envelope and how local MAC assembly affects 
membrane integrity of  Gram-negative bacteria. A) The outer membrane (OM) consisted of a phosp-
holipid bilayer with lipopolysaccharide (LPS) in the outer leaflet of the OM. The inner membrane (IM) is 
the second phospholipid bilayer that contains the cytosol depicted in green containing the chromosomal 
DNA. A periplasmic peptidoglycan (PG) layer is situated between the OM and IM along with periplasmic 
content depicted in red. B) When the MAC is locally generated by surface-bound C5 convertases (grey), 
these pores are stably inserted into the bacterial OM. In addition, convertase-generated MAC pores trigger 
IM damage leading to influx of small DNA dyes (blue stars), but not to leakage of cytoplasmic proteins 
(green). Damage of the IM correlates with cell death. C) When the MAC precursor C5b6 is released from 
the surface, it rapidly loses the capacity to form bactericidal MAC pores. Although these pores damage the 
bacterial OM, they are not capable of damaging the bacterial IM and kill the bacterium.

Bacterial killing by the MAC requires local MAC assembly by C5 convertases
Whereas it was generally believed that purified MAC components (C5b6, C7, C8 and 
C9) could form bactericidal MAC pores, we recently found that these pores fail to kill 
Gram-negative bacteria [20]. In order to efficiently kill a bacterium, the MAC needs 
to be generated by surface-bound C5 convertases. Upon complement activation, the 
bacterial surface is efficiently labeled with C5 convertases that cleave C5 into C5b, which 
forms the trigger for MAC formation. Whereas C5 convertase were thought to only be 
essential for the conversion of C5 into C5b, we showed that these enzymes are also 
crucial for the proper insertion of the MAC into the target membrane. We elucidated 
that convertase-generated MAC pores were resistant to cleavage by trypsin. Since trypsin 
shaves off proteins that are easily accessible on the bacterial surface[50,51], this suggests 
that convertase-generated MAC pores are properly inserted into the membrane of E. 
coli. The stable insertion of convertase-generated MAC pores was also evidenced by the 
fact that these pores were visible on the surface of E. coli by atomic force microscopy 
(AFM). Whereas AFM can detect properly inserted structures, mobile, non-inserted 
structures are harder to resolve[52,53]. The shape of MAC pores that were visualized 
by AFM seemed consistent with the cryo-EM structures that were generated with 

 
 

 
 
Figure 2. Schematic overview of the Gram-negative cell envelope and how local MAC 
assembly affects membrane integrity of Gram-negative bacteria. A) The outer 
membrane (OM) consisted of a phospholipid bilayer with lipopolysaccharide (LPS) in 
the outer leaflet of the OM. The inner membrane (IM) is the second phospholipid bilayer 
that contains the cytosol depicted in green containing the chromosomal DNA. A 
periplasmic peptidoglycan (PG) layer is situated between the OM and IM along with 
periplasmic content depicted in red. B) When the MAC is locally generated by surface-
bound C5 convertases (grey), these pores are stably inserted into the bacterial OM. In 
addition, convertase-generated MAC pores trigger IM damage leading to influx of small 
DNA dyes (blue stars), but not to leakage of cytoplasmic proteins (green). Damage of 
the IM correlates with cell death. C) When the MAC precursor C5b6 is released from 
the surface, it rapidly loses the capacity to form bactericidal MAC pores. Although 
these pores damage the bacterial OM, they are not capable of damaging the bacterial 
IM and kill the bacterium.   
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purified MAC components[20,46,54,55]. In contrast to convertase-generated MAC 
pores, pores that were generated from preassembled C5b6 were sensitive to trypsin and 
not visible by AFM, suggesting that these pores were not properly inserted into the 
bacterial membrane[20]. Interestingly, Joiner et al. showed that MAC pores on serum-
resistant Gram-negative bacteria are more easily cleaved by trypsin than MAC pores 
on serum-sensitive strains, again indicating pores that are less well inserted are non-
bactericidal[12]. In addition, although Gram-positive bacteria are resistant to killing 
by the MAC due to their thick peptidoglycan layer, MAC pores can be detected on the 
surface of Gram-positives[56]. Altogether, our study highlighted that the role of the C5 
convertase extends beyond the conversion of C5 into C5b. Specifically, surface-bound 
C5 convertases need to cleave C5 and form C5b6 in the presence of downstream MAC 
components in order to properly insert the pore into the cell envelope[20]. It seems 
likely that only these properly inserted MAC pores can kill Gram-negative bacteria.

How local MAC assembly may affect MAC insertion and subsequent killing of  
bacteria
These findings have revealed a previously uncharacterized functional lability of C5b6. 
When C5b6 is released from the bacterial surface, it loses the capacity to form MAC 
pores that can kill Gram-negative bacteria[20]. We hypothesize that, in the absence 
of downstream MAC components, newly formed C5b6 rapidly lose the capacity to 
properly rebind and stably insert into Gram-negative cell wall. An overview of this has 
been depicted in Figure 2. The fact that released C5b6 rapidly loses functionality may 
function as an additional mechanism by which the complement system prevents damage 
to surrounding host cells. However, more extensive studies on human cells should be 
performed to assess whether or not this indeed functions as a regulatory mechanism.

The potential retention of C5b6 at the surface after C5 conversion has frequently 
been debated in literature. Interactions of C5b6 with erythrocyte membranes[57] and 
between C3b and C5 have been reported, suggesting that there could be a surface-bound 
intermediate state of C5b6 [58].  Immediate binding of downstream MAC components 
to this surface-bound C5b6 might stabilize a specific conformation that affects insertion 
of the pore into the membrane. As previously discussed, high-resolution structural 
characterization of the MAC has mainly been done with pores that were assembled by 
using preassembled C5b6[38,43]. We hypothesize that the immediate interaction of C5b 
with downstream MAC components could allow the C5d domain of C5b to localize 
more closely to the bacterial membrane, which also happens in the highly homologous 
C3b molecule. This could allow the β-hairpins of the other MAC components to more 
stably insert into the membrane[20]. However, whether properly inserted MAC pores, 
capable of killing Gram-negative bacteria are structurally different from the purified 
MAC pores that were visualized on liposomes remains to be elucidated. In situ assembly 
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of the MAC may also increase the efficiency with which MAC precursors find a proper 
lipid-rich environment in the bacterial OM to stably insert a MAC pore. Although 
this might not affect lysis of model lipid membranes with a relatively uniform lipid 
composition, the bacterial OM is more complex. The lipid composition of membranes 
is known to influence the conformation of membrane-inserted proteins[59]. The 
bacterial OM contains a large amount of lipopolysaccharides (LPS) of varying lengths 
distributed across the OM. Furthermore, the OM of Gram-negative bacteria is packed 
with OM proteins at varying densities across the membrane, which may affect how 
well the MAC can insert into the bacterial membrane. C5b6 that does not immediately 
assemble into a MAC pore, but is released from the surface, may randomly rebind the 
bacterial OM. The lipid composition or protein density where it rebinds may influence 
how stable these pores can insert into the membrane. Furthermore, the location of pore 
formation may influence the rigidity or shape of the MAC pore. Menny et al. state that 
the observed flexibility of the MAC pore in the membrane could be relevant in a more 
complex target such as a bacterial membrane[43]. The authors also state that the ‘closed’ 
state of the MAC could be stabilized by C8γ, as it is located between C5b-8 and the first 
C9 in the lumen of the pore. Although C8γ is non-essential for MAC formation and 
bacterial killing, it has been shown to enhance the bactericidal capacity of the MAC[60]. 
Parsons et al. recently determined the kinetics of MAC assembly on supported lipid 
bilayers of E. coli lipid extracts using high-speed AFM[61]. This has highlighted that 
recruitment of the first C9 molecule is a kinetic bottleneck in MAC formation (~900 
seconds), whereas C9 oligomerization happens relatively fast (~112 seconds, indicating 
6.6 second per C9 molecule). As this study was also done with preassembled C5b6, it 
would be interesting to see if convertase-driven MAC assembly on a bacterial surface is 
similar of even more efficient.

C5 convertases may influence the distribution of MAC pores on the bacterial surface. In 
this way, MAC pores could be specifically inserted at hotspots on the bacterial OM where 
this process requires the lowest energy. By confocal microscopy, convertase-generated 
MAC pores seemed to be equally distributed on the bacterial membrane. Clustering of 
convertase-generated MAC pores was also not apparent by AFM. However, as both of 
these experiments were performed with an excess amount of complement proteins it is 
difficult to conclude whether all these pores are relevant in the killing process[20]. Since 
low numbers of convertase-generated MAC pores are sufficient to kill a bacterium, an 
unbiased, high-resolution imaging technique would be required to determine whether 
these pores cluster on the bacterial membrane or not. 

Bacterial killing by MAC pores requires damage to the bacterial IM
To determine how the MAC disrupts the complex cell envelope of Gram-negative 
bacteria, we developed assays to study membrane damage in a detailed way. For this, 
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E. coli bacteria were transformed with a plasmid that induces expression of mCherry in 
the periplasm and GFP in the cytoplasm (perimCherry/cytoGFP E. coli). These bacteria 
were combined with a naturally impermeable DNA dye (Sytox) that can only enter the 
cytoplasm and stain the bacterial DNA when the IM is destabilized [62]. This allowed 
us to study how the MAC damages the OM (leakage of mCherry protein from the 
periplasm), on the dynamics of MAC-dependent IM destabilization (influx of Sytox) 
and on whether the MAC induces large ruptures in the IM (leakage of cytoplasmic 
proteins) [20,63]. At low serum (and thus complement) concentrations, the OM of 
E. coli is damaged, however the IM remains intact. Instead, when E. coli is exposed to 
higher serum concentration, both the OM and IM are efficiently damaged. Whereas 
bacteria could survive a certain amount of OM damage, they were efficiently killed 
when the MAC damaged both the OM and IM. MAC-dependent damage to the IM 
only allows passage of a small DNA dye into the cytosol, whereas cytosolic GFP remains 
inside the bacterium. Interestingly, purified MAC pores, that are incapable of killing 
these bacteria, damage the bacterial OM but lack the ability to also damage the bacterial 
IM. The ability to damage the bacterial OM is consistent with the fact that these purified 
MAC pores can lyse single membrane particles, such as liposomes and erythrocytes[46]. 
In contrast, convertase-generated MAC pores were capable of also damaging the IM. 

We hypothesize that MAC pores are only present in the bacterial OM. This idea derives 
from experiments in which bacteria were labeled with C5b-8 and subsequently washed 
before adding C9. Since C5b-8 labeled bacteria show no leakage of mCherry from the 
periplasm, this implies that proteins can also not enter the periplasmic space and that 
C5b-8 is solely formed on the OM. In this set-up, addition of C9 resulted in damage 
of both the OM and the IM, suggesting that pores on the OM are responsible for IM 
damage. Unfortunately, we were unable to appropriately measure the extent of OM 
damage in our assays, since full mCherry leakage was already observed at low serum 
concentrations. Future experiments, e.g. in which leakage of bigger proteins can be 
compared to mCherry leakage, may help to understand whether convertase-generated 
MAC pores induce extensive OM damage leading to IM damage and killing. 

In chapter 4 and 5, we used similar assays to show that MAC-dependent OM damage 
is much more efficient than IM damage, which is relatively inefficient. As mentioned 
before, the MAC triggers passage of DNA dyes through the IM but does not trigger 
leakage of cytoplasmic proteins or disruption of bacterial particles. However, MAC-
dependent OM damage can sensitize Gram-negative bacteria to otherwise ineffective 
antibiotics and antimicrobials, such as lysozyme. MAC-dependent OM damage also 
allows intracellular antimicrobial proteins to more efficiently kill and disrupt Gram-
negative bacteria. 
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Hypotheses on how MAC pores damage the bacterial IM
With help of the assays described above, we now know that convertases-generated MAC 
pores can trigger IM damage and killing of Gram-negative bacteria. Although other serum 
components, such as lysozyme, contribute to the bactericidal effect of serum (chapter 5 and 
[64,65]), these are not essential for the bactericidal activity of the MAC (chapter 2 and 5). 
As described above, we believe that MAC pores on the OM trigger IM destabilization. Here 
we propose several mechanisms with which MAC pores on the OM damage may (indirectly) 
trigger IM damage. An overview of these hypotheses has been depicted in Figure 3.

 
 
Figure 3. Hypotheses on how MAC pores on the bacterial outer membrane (OM) 
trigger inner membrane (IM) destabilization. A) Convertase-generated C5b-8 
complexes on the OM do not allow periplasmic proteins (red) to cross the bacterial 
OM. B) Incorporation of C9 into C5b-8 pores triggers leakage of periplasmic proteins 
and influx of small DNA dyes (blue stars). C) MAC pores on the OM could trigger IM 
destabilization via several mechanisms: I, IM damage could be caused by C9 
molecules that pass through a full MAC pore in the OM that form small ruptures in the 
IM, not allowing cytoplasmic proteins (green) to leak out. II) MAC pores in the OM may 
cause lipid exchange between the OM and the OM, leading to osmotic instability and 
subsequent IM destabilization. III) OM damage by the MAC causes leakage of 
periplasmic proteins which may affect osmoregulation over the IM. This could lead to 
the influx of water into the cytoplasm, leading to IM damage. IV) Finally, OM damage 
may trigger a stress response inside the bacterium, leading to IM destabilization and 
cell death. 

Figure 3. Hypotheses on how MAC pores on the bacterial outer membrane (OM) trigger inner 
membrane (IM) destabilization. A) Convertase-generated C5b-8 complexes on the OM do not allow 
periplasmic proteins (red) to cross the bacterial OM. B) Incorporation of C9 into C5b-8 pores triggers 
leakage of periplasmic proteins and influx of small DNA dyes (blue stars). C) MAC pores on the OM could 
trigger IM destabilization via several mechanisms: I, IM damage could be caused by C9 molecules that pass 
through a full MAC pore in the OM that form small ruptures in the IM, not allowing cytoplasmic proteins 
(green) to leak out. II) MAC pores in the OM may cause lipid exchange between the OM and the OM, 
leading to osmotic instability and subsequent IM destabilization. III) OM damage by the MAC causes 
leakage of periplasmic proteins, which may affect osmoregulation over the IM. This could lead to the influx 
of water into the cytoplasm, leading to IM damage. IV) Finally, OM damage may trigger a stress response 
inside the bacterium, leading to IM destabilization and cell death.

First, MAC pores in the OM may allow C9 to cross the OM and directly damage the 
IM. We showed that C5b-8 complexes that incorporate C9 on the bacterial OM are 
responsible for the bactericidal effects of the MAC, but we cannot exclude that C9 
enters the periplasm and forms a pore in the IM. However, the absence of GFP leakage 
from the cytoplasm in our assays makes it unlikely that C9 forms large pores in the IM. 
Furthermore, it has been demonstrated that C9 is unable to bind or form pores in model 
membranes in the absence of upstream MAC components[61]. In any case, a pore in the 
IM could only consist of C9 and would thus be of different nature than the MAC as it is 
known[20]. It has been suggested before that C9 directly causes the lethal hit on the IM. 
The authors believed that this was not caused by a poly-C9 pore but proposed that C9 is 
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converted into a toxin inside the periplasmic space[66,67]. 
Second, it was suggested that the IM of Gram-negatives could be destabilized by lipid 
exchange between the OM and IM, which requires molecular interaction between the 
OM and the IM. Lipid exchange between the OM and the IM has been described for 
polymyxin B (PxB), which thereby triggers osmotic instability [68]. It has been reported 
that the bacterial cell envelope contains regions in which the OM and IM are in close 
contact (so-called Bayer’s junctions). This may allow the MAC to form a transmural 
pore that spans the entire bacterial membrane[69–71]. However, the existence of 
such regions was later debated since observations were potentially caused by technical 
artifacts[72,73]. Therefore, it remains questionable whether the MAC can trigger direct 
interaction between the OM and IM of the bacterial cell wall. It is hard to test whether 
complement proteins are inserted into the IM, since the IM of serum treated E. coli are 
difficult to resolve. However, before the loss of IM, no complement proteins could be 
detected in these fractions at any stage[74]. 

Extensive OM damage could indirectly trigger IM destabilization via several mechanisms. 
First, extensive OM damage by the MAC may cause defective osmoregulation leading 
to a leaky IM. When E. coli bacteria with an intact OM are exposed to changes in 
osmolarity, proteins are secreted into the periplasmic space to regulate osmotic pressure 
changes over the IM [75,76]. Cells with a damaged OM may fail to properly regulate 
osmotic pressure, resulting in influx of water into the cytoplasm, an increased turgor 
pressure and subsequent cell death. Secondly, extensive OM damage may disrupt 
protein connections between the OM and the PG layer and thereby influence envelope 
stability[18,73]. Thirdly, since active metabolism and growth-phase were proposed to be 
essential for the bactericidal potential of the MAC, the disturbance of cellular processes 
might be at the basis of bacterial killing by the MAC[78,79]. Finally, MAC-dependent 
OM damage may over stimulate stress-responses in bacteria [80][81], resulting in 
dysregulated cellular processes, vesiculation[82–84], IM destabilization and cell death. 
In accordance with the idea that pore-formation in the IM is not essential for killing, 
antimicrobial peptides can kill Gram-negative bacteria by disturbing the function of IM 
associated protein complexes involved in essential cellular processes [77].

Future perspectives
The knowledge that local assembly of the MAC by surface-bound convertases plays 
such a crucial role in killing of Gram-negative bacteria may facilitate the development 
of potent antibodies that efficiently trigger this process. Despite the added value of these 
new insights, several questions on the mechanism with which convertase-generated 
MAC pores kill Gram-negative bacteria remain to be answered. For example, it remains 
unknown whether C5 convertases localize the formation of bactericidal MAC pores to 
certain hotspots on the bacterial membrane and thereby trigger clustering of these pores. 
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If clustering of MAC pores at hotspots on the bacterial surface would be crucial to kill a 
bacterium, one could use this knowledge to develop antibodies that trigger complement 
activation specifically at these locations. Furthermore, knowledge on how the MAC 
triggers IM damage is essential to understand how a bacterium is efficiently killed. This 
may also hold information on how bacteria can develop resistance against the MAC. 

In chapter 2, we used the E. coli strain MG1655 to get more insights into the mechanism 
with which the complement system kills Gram-negative bacteria, because it is sensitive 
to killing by the MAC in the absence of other serum components. In addition, we 
were able to genetically engineer this strain to express fluorescent proteins in different 
cell compartments, which allowed us to study membrane damage in a detailed way. 
Although we did validate our findings on other Gram-negative strains (E. coli MC1061 
and S. maltophilia), it is crucial to extent these studies to other (pathogenic) Gram-
negative bacteria. As described in chapter 4, it seems likely that certain Gram-negative 
bacteria can survive MAC-dependent OM damage. We observed that the MAC is able 
to sensitize several Gram-negative clinical isolates to antibiotics, indicating that the OM 
is damaged. However the MAC was not able to damage the bacterial IM of several of 
the bacteria within the measured timeframe. In order to gain more insight into the 
dynamics of MAC-dependent membrane damage and killing of a broader range of 
Gram-negative isolates, it would be useful to express the perimCherry/cytoGFP plasmid 
in these strains. In addition, given that MAC-dependent OM damage can sensitize 
Gram-negative bacteria to naturally ineffective antibiotics, it would be useful to screen 
for the bactericidal potential of new and existing antibiotics in the presence of serum. 
Antibiotic therapies are generally tested in the absence of the human immune system. 
However, these antibiotics may have different functionality in vivo due to the presence 
of the complement system. 

Based on our recent insights and previous studies, it seems likely that expression of 
a capsule or long LPS could affect the efficiency with which the MAC inserts into 
the OM and thus damages the IM[20,85]. As described in chapter 2, inappropriate 
insertion of the MAC into the OM may prevent extensive OM damage and subsequent 
IM destabilization and cell death. Besides capsule production and LPS expression, we 
hypothesize that bacterial factors could be involved in (resistance to) MAC-dependent 
killing. To elucidate whether MAC-dependent OM damage may trigger a bacterial 
stress response, leading to IM destabilization and cell death, we could screen a bacterial 
knockout library for serum-sensitivity. Furthermore, we showed that the MAC is able 
to kill E. coli in the absence of other serum components. However, future studies 
should point out whether lysozyme or other serum components are crucial to kill other 
(pathogenic) bacteria. In chapter 5 we showed that, whereas lysozyme is not essential 
to kill E. coli in serum, it does contribute to killing of these bacteria. It also efficiently 
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triggers cell wall degradation in- and outside neutrophils in the presence of the MAC. 
Bacteria in which the MAC only damages the bacterial OM may depend more on the 
antimicrobial actions of other components to trigger cell death. 

As described in chapter 1, a Gram-negative bacterium that critically depends on the 
bactericidal actions of the MAC is N. meningitidis. Patients that have terminal pathway 
deficiencies (TPD) or that are treated with the C5 inhibitor Eculizumab increasingly 
suffer from infections with Neisseria. This suggests that killing of these bacteria by 
phagocytes is inefficient and that the bactericidal action of the MAC is essential. Although 
vaccination against Neisseria in MAC deficient patients protects the majority of patients 
against recurrent infections[86], eculizumab treated individuals still increasingly suffer 
from Neisseria infections[87,88]. It is anticipated that the neutrophil response under 
eculizumab therapy will be less effective since the patient is not able to form C5a, which 
is crucial to attract neutrophils[89]. Vaccine efficacy is further complicated by the fact 
that eculizumab and MAC-deficient patients are mainly infected with less invasive 
meningococcal strains that are not included in the current vaccines[88,90]. Since the 
MAC enhances killing of E. coli by neutrophils (as described in chapter 5), it may also 
play a crucial role in clearing N. meningitidis inside phagocytes. However, further studies 
are required in order to properly understand why the MAC plays such a crucial role in 
clearing infections with N. meningitidis.
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Nederlandse samenvatting

Introductie
Infecties met bacteriën vormen een bedreiging voor de gezondheid van de mens. 
Dit komt voornamelijk doordat bacteriën steeds meer manieren vinden om de 
werkingsmechanismen van antibiotica te omzeilen en hier dus resistentie tegen 
ontwikkelen. We kunnen twee typen bacteriën onderscheiden; grampositieve en 
gramnegatieve bacteriën. De celwand van grampositieve bacteriën bestaat uit een 
celmembraan met daaromheen een dikke suikerlaag. Gramnegatieve bacteriën hebben 
ook een celmembraan (ofwel binnenmembraan) met daaromheen een suikerlaag. Deze 
suikerlaag is dunner dan die van grampositieve bacteriën en omsingeld door een extra 
membraan, genaamd het buitenmembraan. Het buitenmembraan van gramnegatieve 
bacteriën vormt een fysieke barrière voor veel antibiotica die aangrijpen op factoren op 
het binnenmembraan of binnen in de cel. 

Het menselijk lichaam is beschermd tegen infecties met ziekteverwekkers zoals 
gramnegatieve bacteriën door het immuunsysteem, dat bestaat uit een cellulaire en een 
humorale afweer. Wanneer een bacterie het lichaam binnendringt migreren immuuncellen 
(waaronder neutrofielen) naar de plaats van infectie, waar ze bacteriën “opeten” en deze 
onschadelijk maken. Het humorale immuunsysteem bestaat uit eiwitten die circuleren in 
lichaamsvloeistoffen zoals bloed. Een belangrijk onderdeel van het humorale afweersysteem 
is het complementsysteem, dat bestaat uit een groep van ongeveer 30 eiwitten. Wanneer 
complementeiwitten in contact komen met een bacterie binden deze aan het bacterieel 
oppervlak. Dit kan bijvoorbeeld geïnduceerd worden door antilichamen die patronen op 
de bacterie herkennen, daaraan binden en vervolgens het complementsysteem activeren. 
Het labelen van de bacterie met complementeiwitten leidt ertoe dat de bacterie efficiënter 
herkend wordt door immuuncellen. Daarnaast wordt het bacteriemembraan gelabeld 
met enzymatische complexen, genaamd convertases. Deze convertases knippen het 
complement eiwit C5 en vormen daardoor C5b. C5b kan samen met C6, C7, C8 en 
C9 een porie vormen in het celmembraan van de bacterie. Deze porie, bekend als het 
Membrane Attack Complex (MAC), zorgt ervoor dat de bacterie gedood wordt. 

Bevindingen beschreven in dit proefschrift
Ondanks het feit dat er al jaren onderzoek is gedaan naar hoe het MAC gevormd wordt, 
weten we nog niet hoe deze porie de celwand van een bacterie kapotmaakt en hoe dit 
leidt tot celdood. Dit komt voornamelijk doordat de meeste studies zijn gedaan op 
artificiële membranen en op humane cellen (die maar een enkel membraan hebben), 
en niet op bacteriën. In de studies beschreven in dit proefschrift hebben we technieken 
ontwikkeld om in detail te bestuderen hoe het MAC de bacteriële celwand kapotmaakt 
en hoe dit leidt tot celdood. Voor deze studies hebben we voornamelijk gebruikgemaakt 
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van de bacterie Escherichia coli (E. coli), een staafvormige gramnegatieve bacterie die veel 
voorkomt in het maag-darmkanaal.

In hoofdstuk 2 laten we zien dat het MAC poriën vormt in het buitenmembraan 
van de bacterie die ervoor zorgen dat het binnenmembraan gedestabiliseerd wordt. 
We laten zien dat schade aan het binnenmembraan essentieel is om de bacterie 
dood te maken. Echter, de gezuiverde MAC-porie waarvan gedacht werd dat deze 
bacteriën kon doden, blijkt wel in staat om het buitenmembraan te beschadigen, 
maar dit leidt niet tot binnenmembraanschade en celdood. Om een porie te vormen 
die ook het binnenmembraan beschadigt, is het C5-convertase van essentieel belang. 
Het C5-convertase is dus niet alleen cruciaal om C5 te knippen, het speelt ook een 
belangrijke rol in het stabiel inserteren van MAC-poriën in het buitenmembraan die het 
binnenmembraan beschadigen en de bacterie kunnen doden. 

In hoofdstuk 3 hebben we onderzocht hoe stabiel convertase-enzymen zijn die gevormd 
worden op het oppervlak van bacteriën. Convertases bestaan uit meerdere eiwitten 
die interactie met elkaar aangaan en daardoor enzymatische activiteit hebben. De 
beschreven halfwaardetijd tussen deze eiwitten is ongeveer 90 seconden, maar dit is 
niet gebaseerd op studies met gramnegatieve bacteriën. Door de stabiliteit van deze 
convertases te meten op het bacteriemembraan hebben we gevonden dat deze actief 
blijven voor minstens 90 minuten. Deze enzymen blijken dus stabieler te zijn op het 
bacteriemembraan dan voorheen werd gedacht. De exacte halfwaardetijd van convertases 
op het bacteriemembraan moet echter nog worden bepaald.

In hoofdstuk 4 hebben we de kinetiek van MAC-afhankelijke buiten- en binnenmembraan 
geanalyseerd en gevonden dat het MAC eerst het buitenmembraan beschadigt (binnen 
ongeveer 5 minuten) en pas na ongeveer 20 minuten ook het binnenmembraan. Ondanks 
dat schade aan het buitenmembraan niet genoeg is om de bacterie te doden, maakt dit 
bacteriën wel gevoelig voor antibiotica die normaal niet door het buitenmembraan heen 
kunnen. Nieuwe antibiotica worden normaal gesproken buiten het lichaam getest, in de 
afwezigheid van het immuunsysteem. Veel van deze antibiotica komen negatief uit de 
test omdat het buitenmembraan van gramnegatieve bacteriën een fysieke barrière vormt. 
Echter, in deze studie laten we zien dat verschillende antibiotica wel actief zijn tegen 
gramnegatieve bacteriën in de aanwezigheid van het complementsysteem, omdat dit het 
buitenmembraan beschadigt. Dit kan betekenen dat antibiotica waarvan we denken dat 
ze niet werken, toch kunnen werken in de patiënt omdat ze kunnen samenwerken met 
het immuunsysteem van de patiënt. 

Daarnaast laten we in hoofdstuk 5 zien dat het complementsysteem ook kan samenwerken 
met andere factoren van het immuunsysteem. Van factoren in het bloed en binnenin 
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immuuncellen die aangrijpen op de suikerlaag van bacteriën werd bijvoorbeeld gedacht 
dat deze alleen werken op grampositieve bacteriën, maar niet op gramnegatieve bacteriën 
door de aanwezigheid van het buitenmembraan. Echter, in deze studie laten we zien dat 
deze factoren ook kunnen aangrijpen op gramnegatieve bacteriën in de aanwezigheid van 
het complementsysteem, doordat het MAC efficiënt het buitenmembraan beschadigt. 
Dit suggereert dat verschillende delen van het immuunsysteem nauw samenwerken om 
bacteriën te elimineren van het lichaam. 

De bevindingen die beschreven zijn in dit proefschrift zijn samengevat in hoofdstuk 6. 
In dit hoofdstuk gaan we ook dieper in op de vraagstukken die nog beantwoord moeten 
worden en hoe we dit in de toekomst het beste aan kunnen pakken.

Concluderende opmerkingen
Samenvattend hebben we in dit proefschrift een deel van het mechanisme ontrafeld 
waarmee het complementsysteem poriën vormt die de celwand van de bacterie 
zodanig beschadigen dat de bacterie gedood wordt. Deze kennis zou in de toekomst 
kunnen bijdragen aan de ontwikkeling van nieuwe therapieën tegen gramnegatieve 
bacteriën, waarbij we het immuunsysteem van de patiënt gebruiken om bacteriën aan 
te vallen. We kunnen bijvoorbeeld antilichamen ontwikkelen die zo efficiënt mogelijk 
het complementsysteem activeren en de vorming van MAC-poriën die bacteriën 
doodmaken stimuleren. Deze antilichamen zouden dan gecombineerd kunnen worden 
met bestaande antibiotica, die efficiënter werken in de aanwezigheid van een actief 
complementsysteem. 
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Dankwoord

Wauw, het zit erop, ik kan het bijna niet geloven. Na vier jaar hard werken, heel veel 
plezier, feestjes en vele leermomenten is er dan toch echt een proefschrift af, en wat ben 
ik er trots op. Dit alles zou natuurlijk nooit gelukt zijn zonder de hulp van heel veel 
geweldige mensen om me heen, die ik in dit hoofdstuk graag wil bedanken. 

 Suzan, wat ben ik blij dat jij mijn promotor bent. Al voordat ik begon aan mijn 
PhD werd me duidelijk dat jij niet denkt in problemen maar in oplossingen, wat me het 
vertrouwen gaf om deze uitdaging aan te gaan (ondanks dat ik daar toen dagelijks nog 
veel kilometers voor af moest leggen). En daar heb ik nooit spijt van gehad, want het 
waren vier hele waardevolle jaren. De openheid en rust die jij uitstraalt zijn tijdens mijn 
PhD van essentieel belang geweest en hebben er vaak voor gezorgd dat ik gerustgesteld 
jouw kantoor uit liep nadat ik me weer eens iets te druk maakte. Het is indrukwekkend 
hoe jij je groter en groter wordende onderzoeksgroep leidt, hoe je altijd maar weer 
enthousiast met nieuwe ideeën komt en hoe je ons naast dit alles ook nog laat zien hoe 
belangrijk het leven naast het werk is. Dat we het afgelopen jaar een super mooi feestje 
hebben gehad omdat jij professor bent geworden maakt het plaatje helemaal compleet. 
Bedankt voor de fijne begeleiding en ik kijk ernaar uit om nog een paar jaar in jouw 
groep te mogen werken als postdoc. 

 Dennis, my dear fellow MACologist en paranimf, bedankt dat je mijn PhD 
tijd tot een groot feest hebt gemaakt. Ik heb genoten van al onze werkbesprekingen (da 
MAC da blijft ons toch boeien he), van de ontelbare gezellige cafekes, de feestjes en de 
keetmiddagen in het lab. Ik ben onder de indruk van hoeveel kennis jij hebt en vind 
het geweldig dat jij het stokje van mij over hebt genomen om het MACology veld nog 
verder uit te breiden. Ik weet zeker dat je over een paar jaar een mooi proefschrift in 
elkaar gaat zetten en dat we nog een leuke tijd tegemoet gaan. 

 Lieve Audrey, zelfs met de Atlantische oceaan ertussen is onze vriendschap 
sterker dan ooit. We hebben al heel wat leuke tijden gedeeld in Maastricht, Finland, 
Utrecht en Amerika en er gaan zeker nog veel meer tripjes volgen. Ik bewonder jouw 
gedrevenheid en hoe jij keer op keer bewijst hoe sterk je in het leven staat. Over een 
paar jaar sta jij ongetwijfeld ook in het academiegebouw om een mooie PhD thesis te 
verdedigen en waar je daarna ook terecht komt, ik vlieg naar je toe. Bedankt dat je mijn 
paranimf wil zijn en dat je zo’n geweldige vriendin bent.   

 Bart, Alice, Isabel, and Ed, thank you for the nice collaboration. You have 
made me feel very welcome while visiting your lab in London. Being the first ones ever 
to see the MAC on a bacterial surface was definitely one of the most exciting moments 
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of my PhD. I wish you all the best and I am looking forward to hearing more about your 
impressive work in the future. Richard, bedankt dat je me hebt geleerd hoe ik de SIM 
moet gebruiken en voor het delen van je enthousiasme voor microscopie. We hebben 
wat prachtige plaatjes geschoten van “die beesten”. Jos, bedankt dat je altijd mee hebt 
gedacht over mijn projecten en voor je duidelijke input als Suzan en ik even vastliepen. 
Ik vind het mooi om te zien hoe jij overal een informele en gezellige sfeer weet te creëren 
en hoe je je inzet voor het welzijn van de PhD studenten. 

De goede sfeer in het lab en daarbuiten hebben ervoor gezorgd dat ik de afgelopen 
jaren elke dag met veel plezier naar het werk ben gegaan. Natuurlijk is dit vooral te 
danken aan veel fantastische collega’s. Seline, wij hebben de afgelopen jaren heel wat 
tijd samen doorgebracht in het kantoor en daarbuiten, en wat was het altijd gezellig. 
Twee beginnende PhD studenten die altijd in zijn voor een feestje is een garantie voor 
succes. Bedankt voor al jouw vrolijkheid en je relativerend vermogen en heel veel succes 
met het afronden van je PhD. Kirsten, ik ben super blij met jou als collega en vriendin. 
Wij begrijpen elkaar, waardoor je de nutteloze dingen waar ik me druk over kan maken 
als de beste weer uit mijn hoofd kan praten. Bedankt voor alle gezellige sushi-dates 
en danslesjes. I am really glad you and Jacques found such a lovely place to live and 
I am looking forward to many more fun moments to come. Manouk, bedankt dat je 
mij een vliegende start hebt gegeven op de MMB. Je bent een geweldige begeleider en 
collega geweest. Goed om te zien dat je het zo naar je zin hebt gehad in Edinburgh. 
Lisanne, mijn mede-dwerg, super dat jij bij onze groep bent gekomen. Jouw energie 
en enthousiasme is super aanstekelijk. Bedankt voor alle leuke momenten van het 
afgelopen jaar en op naar nog veel meer etentjes en feestjes. Eva, ik vond het super om 
jouw begeleider te zijn tijdens je master stage en erg leuk dat je nu bij ons bent begonnen 
aan je PhD. Volgend feestje wil ik graag nummertje 33 van je dansmoves zien. 

Gelukkig zijn ook de gezellige Brabanders goed vertegenwoordigd op de werkvloer. 
Maartje, bedankt voor al je hulp in het lab, voor alle gezelligheid en voor je relativerend 
vermogen op precies de juiste momenten. Ik vind het geweldig om jou als collega te 
hebben en kijk ernaar uit om nog een paar jaar samen te kunnen werken. Piet, wat ben jij 
een fijne collega. Altijd is er tijd voor een praatje, een goeie grap of een dansje op afstand. 
Bedankt voor alle mooie treinreisjes samen in de Heineken Express. Kok, super om jou 
als buurman te hebben in het lab. Bedankt voor al je goede tips en het brainstormen over 
microscopie. Carla, we werken nu helaas wat minder samen dan tijdens mijn master stage, 
maar gelukkig hebben we zo nu en dan toch de tijd om even gezellig bij te kletsen. Erik, 
door jou ken ik de weg in heel Oostenrijk en zal ik op geen piste meer verdwaald raken. 
Ik kijk ernaar uit om eens samen op de piste een goeie pint te pakken. Lisette, je bent dan 
wel geen Brabander maar jij hebt zeker de Brabantse gezelligheid in je. Super leuk om met 
jou samen het MMB café tot een groot succes te hebben gemaakt. 
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Ook wil ik graag mijn (oud)-roomies bedanken voor de mooie tijden in het kantoor. 
Ron, it was so much fun having you as a colleague. Thank you for all the great parties, 
word-jokes and the planking competitions. I wish you and Kaila all the best in the 
future and hope to see you soon. Nienke, wij hebben heel wat afgekletst samen in het 
kantoor, ik ben blij dat ik jou als buurvrouw heb gehad. Bedankt voor altijd weer je 
goede tips en handige weetjes. Arie, ik wist wel dat wij ooit nog samen onze geweldige 
zang en dans-kwaliteiten tot expressie zouden kunnen brengen op het podium. Dankje 
voor alle huggies die ik altijd van jou krijg. Soppie, gekkie, wat ben jij een topper! 
Bedankt voor alle flauwe grappen als we er allebei aan het eind van de dag weer eens 
helemaal klaar mee waren. Patrique, happy fishing! Good luck with the final year of 
your PhD. Hendrik, luckily it’s not time to say goodbye and we can sing much more 
together. Sjors, wat leuk dat je bij ons op de kamer bent gekomen, zijn de Brabanders 
ook daar tenminste goed vertegenwoordigd. Leire, gracias for all the fun (and sound 
:p..) you bring into the office, let’s practice much more Spanish in the coming year.

Het begeleiden van master studenten was toch wel een van mijn favoriete bezigheden tijdens 
mijn PhD. Luc, Eva en Remy, bedankt voor jullie grote bijdrage aan dit boekje! Yvonne en 
Karlijn, bedankt voor al jullie hulp met de praktische zaken rondom het promoveren, fijn 
dat jullie deur altijd open staat voor vragen en natuurlijk om even bij te kletsen.

Het is geweldig om deel uit te mogen maken van een grote groep gemotiveerde, jonge 
collega’s die altijd in zijn voor gezelligheid. Anneroos, wat fijn dat onze nisin paper 
eindelijk is gepubliceerd, bedankt voor al je hulp en voor alle leuke gesprekken op het 
lab en daarbuiten. Adinda, wat gaat de tijd snel he, alweer vijf jaar geleden dat we allebei 
ineens een baan aangeboden kregen. Bedankt voor alle lol die we op het lab hebben. 
Priscilla and Rita, it’s great that you have joined Suzans group, thank you for the great 
time in Girona together. Kobus, Elise, Yuxi, and Vincent, it was a lot of fun to go 
skiing with you. And of course, all other (old) MMB aio’s & fun postdocs; Alex, Anouk, 
Mike, Angelino, Axel, Ilse, Daphne, Ferdy, Rutger, Michiel, Samantha, Rob, Elena, 
Fernanda, Jery, Julia, Sergio, Vincent, Astrid, Stephanie, Roos, Wouter, Leonardo, 
Gosia, Shu, Paul, Janneke and Jelle (vooruit, jij hoort ook tussen de jonge collega's), 
thank you very much for making the UMC such a fun place to be. 

Michiel, Kevin, Tjomme, Erik en Pieter-Jan, heel gaaf dat onze I&I band zo’n succes 
is. Een ding is zeker, ik ben er meer rockmuziek door gaan luisteren. Op naar nog vele 
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