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Summary 

The human complement system is an essential element of host innate immunity and 

provides defense against infectious microbes. However, the opportunistic human 

pathogen Staphylococcus aureus has evolved multiple complement evasion 

strategies to hide from the complement attack including the expression of numerous 

complement inhibitors. The extracellular fibrinogen-binding protein (Efb) is one 

known complement-targeting molecule of S. aureus, but the complement inhibitory 

mechanism at the molecular level, however, is still poorly understood. Moreover, the 

large majority of such complement inhibitors are multifunctional which indicates that 

Efb still has unknown additional host ligands and thus, functions. 

Aside from the protective function of the complement system, complement also can 

be very harmful to the human host when inadequately regulated as demonstrated by 

the occurrence of complement-mediated diseases. A need for local complement 

control is therefore necessary and in this context, complement inhibitors derived from 

S. aureus have a high anti-inflammatory potential. 

It was therefore the goal of this study to describe the complement inhibitory 

mechanism of Efb, to identify novel host ligands that interact with Efb and to 

characterize these interactions in terms of staphylococcal complement evasion, as 

well as adhesion of S. aureus to host cells. It was further the aim of this study to 

examine the protective potential of Efb in complement-mediated cell damage. 

Efb acquires the central complement components Factor H and C3 to form a tripartite 

complex. Factor H is fixed in the complex via its C-terminal domains SCRs18-20 and 

C3 through its C3d domain. Within the tripartite complex, Efb induces a 

conformational change of C3 which makes it highly susceptible for cleavage by the 

human serine protease Factor I in the presence of its cofactor Factor H. C3 is 

cleaved at its α chain into three fragments of 77-, 43- and 41-kDa, making C3 

incapable of participating in the complement activation. Detailed investigation of the 

Efb-mediated tripartite complex revealed that full-length intact Factor H is required for 

the cleavage of C3 as FHL-1, which shares the N-terminal regulatory domain with 

Factor H, does not mediate this cleavage, neither alone nor in combination with the 

Factor H C-terminus. 
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Efb also binds the human adhesive glycoprotein vitronectin which represents a novel 

ligand of Efb. Characterization of the Efb-vitronectin interaction revealed that Efb 

harbors a vitronectin-binding site in its C-, as well as N-termini and that it acquires 

vitronectin specifically through its third heparin-binding region. Efb(-C) complexes 

vitronectin in solution with a kD of 0.27 µM and this Efb-vitronectin complex has two 

functions: (i) reduction of TCC formation thus aiding in complement evasion and (ii) 

binding of vitronectin to the staphylococcal cell surface which facilitates adhesion of 

S. aureus to human alveolar epithelial cells. 

It is also shown in this dissertation that the complement-controlling ability of Efb can 

be exploited to reduce complement-mediated cell damage as demonstrated by the 

generation and characterization of the chimeric complement inhibitor Efb-SCRs18-

20. SCRs18-20 of human Factor H acts as cell surface-targeting domain and guides 

Efb to host cell surfaces to allow local complement control instead of systemic 

complement inhibition. Efb-SCRs18-20 binds to GAGs-rich cell surfaces, as well as 

cell surface-deposited C3b through the Factor H tag and thus, leaves Efb accessible 

for complement control. Efb-SCRs18-20 affects C3b deposition on the sheep 

erythrocyte cell surface and reduces erythrocyte lysis. Furthermore, Efb-SCRs18-20 

protects CHO cells from complement-mediated damage more efficiently than 

Factor H and it strongly blocks TCC formation in a model where human endothelial 

cells were challenged with an aHUS patient serum. 

Altogether, the results of the dissertation presented here contribute to the 

understanding of how the S. aureus-expressed Efb acts as an immune evasion 

protein and how humans can take advantage of its complement-controlling activities 

to diminish complement-mediated cell damage.  
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Zusammenfassung 

Das menschliche Komplementsystem ist ein wichtiger Bestandteil der angeborenen 

Immunität und vermittelt Schutz gegenüber infektiösen Mikroorganismen. Um dem 

Angriff des Komplementsystems zu entgehen verfügt das opportunistische 

humanpathogene Bakterium Staphylococcus aureus über vielfältige 

Komplementevasionsstrategien, wie zum Beispiel die Expression von 

Komplementinhibitoren. Das extracellular fibrinogen-binding protein (Efb) ist ein 

bekannter Komplementinhibtor von S. aureus, dessen genauer Wirkmechanismus 

auf molekularer Ebene bisher jedoch nur wenig verstanden ist. Des weiteren ist von 

solchen Komplementinhibitoren bekannt, dass sie multifunktional sind, was darauf 

hin deutet, dass Efb mit weiteren bisher unbekannten Wirtsproteinen interagiert und 

damit weitere Funktionen hat. 

Komplement als Teil des Immunsystems kann jedoch auch wirtseigene Strukturen 

angreifen und schädigen, wenn eine ausreichende Regulation durch endogene 

Komplementregulatoren fehlt. Dies wird durch das Aufkommen komplement-

assoziierter Erkrankungen deutlich. Dabei ist die Notwendigkeit einer lokalen 

Kontrolle der Komplementaktivierung gegeben und die von S. aureus exprimierten 

Komplementinhibitoren verfügen in diesem Zusammenhang über ein hohes 

antiinflammatorisches Potenzial.  

Es war daher das Ziel dieser Dissertation den komplementinhibitorischen 

Mechanismus von Efb zu beschreiben, neue Wirtsliganden von Efb zu identifizieren 

und diese Interaktionen bezüglich der Komplementevasion durch S. aureus, sowie 

dessen Adhäsion an Wirtszellen zu charakterisieren. Des Weiteren wurde das 

protektive Potenzial von Efb in Bezug auf eine durch Komplement verursachte 

Zellschädigung untersucht.  

Efb bindet die zentralen humanen Komplementproteine Faktor H und C3 in einem 

Tripartitkomplex. Faktor H wird in diesem Komplex über seine C-terminalen 

Domänen SCRs18-20 fixiert und C3 über seine C3d-Domäne. Im Tripartitkomplex 

induziert Efb eine Konformationsänderung von C3, wodurch das normalerweise 

inerte C3 Molekül durch die humane Serinprotease Faktor I unter Kofaktoraktivität 

von Faktor H gespalten wird. C3 wird an seiner α Kette in ein 77, 43 und 41 kDa 

großes Fragment geschnitten, wodurch eine C3- und damit Komplementaktivierung 
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blockiert wird. Eine detaillierte Analyse des Tripartitkomplexes ergab, dass intaktes 

Faktor H für die C3-Spaltung nötig ist, da FHL-1, welches die N-terminale 

regulatorische Domäne mit Faktor H gemeinsam hat, weder allein, noch in 

Kombination mit SCRs18-20 von Faktor H eine C3-Spaltung vermittelt. 

Efb bindet auch das humane adhäsive Glykoprotein Vitronektin, was einen neuen 

Liganden von Efb darstellt. Detaillierte Untersuchungen der Interaktion ergaben, dass 

Efb eine Bindestelle für Vitronektin im C- und N-Terminus hat und dass Efb 

Vitronektin über seine dritte Heparinbindestelle akquiriert. Efb(-C) komplexiert 

Vitronektin in Flüssigphase mit einem kD von 0.27 µM und dieser Efb-Vitronektin-

Komplex hat zwei Funktionen: (i) Reduktion der TCC-Bildung und damit Vermittlung 

von Komplementevasion und (ii) Bindung von Vitronektin an die Zelloberfläche von 

S. aureus, wodurch die Adhäsion des Bakteriums an humane Alveolarepithelzellen 

vermittelt wird. 

In der vorliegenden Arbeit wird auch gezeigt, dass die komplementregulierende 

Aktivität von Efb ausgenutzt werden kann, um die Schädigung von Zellen durch 

Komplement zu minimieren und zu kontrollieren. Dazu wurde Efb mit der 

Zellerkennungsdomäne SCRs18-20 von Faktor H fusioniert, um Efb gezielt auf 

Zelloberflächen zu bringen, die vor dem Komplementangriff geschützt werden sollen 

und damit Komplement lokal anstatt systemisch zu inhibieren. Der chimäre 

Komplementinhibitor Efb-SCRs18-20 bindet über den Faktor H-‚tag‘ an 

glykoaminoglykanreiche Zelloberflächen, sowie an auf Zelloberflächen abgelagertes 

C3b, was einen starken Marker der Komplementaktivierung darstellt. In Zellmodellen 

reduziert zellgebundenes Efb-SCRs18-20 die C3b-Opsonisierung von 

Schafserythrozyten sowie deren komplementvermittelte Lyse. Des weiteren schützt 

das Protein Hamsterovarialzellen vor komplementvermittelten Schäden und ist dabei 

viermal effektiver als der endogene Komplementregulator Faktor H. In einem 

weiteren Zellmodell reduziert Efb-SCRs18-20 effektiv die TCC-Ablagerung auf 

humanen Endothelzellen, die mit einem aHUS-Patientenserum behandelt wurden. 

Zusammenfassend ist festzuhalten, dass die Ergebnisse dieser Dissertation zu dem 

Verständnis beitragen, wie das von  S. aureus exprimierte Efb als 

Immunevasionsprotein agiert und wie der Mensch einen Nutzen aus der 

komplementkontrollierenden Aktivität von Efb bezüglich komplementvermittelter 

Zellschädigung ziehen kann. 
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1. Introduction 

The human host is constantly confronted with various microorganisms, such as 

bacteria, fungi and protozoa. The large majority of these microbes do not harm the 

host and are important for the integrity of the tissue they inhabit. Moreover, they are 

essential for an intact and balanced immune system. The human immune system is a 

tightly regulated and highly specified network of proteins and different cell types, 

which protects the human body from infectious microbial intruders. The human 

complement system is a central part of the innate immunity and thus, represents a 

first line of immune defense.  

A minor number of microbial species, termed pathogens, however, circumvent the 

protective shield of the complement system and by doing so is able to cause 

infections and even life-threatening diseases. The opportunistic human pathogen 

Staphylococcus aureus has established a multitude of such complement and immune 

evasion strategies, which includes the secretion of soluble complement inhibitory 

molecules and the exploitation of host encoded complement regulatory proteins.  

Such complement regulators are crucial for a directed complement activation on 

foreign cells and not on self-cells and by this means complement regulators keep the 

human body in healthy condition. Complement, when insufficiently controlled, 

however, at the same time has the capacity to cause inflammatory and ultimately, 

even autoimmune diseases.  

Although therapeutic approaches exist to treat patients that suffer from complement-

mediated diseases, and as conventional treatments often also affect the protective 

function of complement, the need for suitable therapeutic options is still present. 

As pathogens, such as S. aureus, provide an arsenal of complement inhibitory and 

anti-inflammatory molecules, it is a challenging future task to utilize these molecules 

and their complement controlling activity in complement-mediated diseases. Thus, 

identifying and precisely describing the exact molecular mode of action by which S. 

aureus inhibits complement will not only aid in understanding the infection process, 

but based on this, will also pave the way for the design and development of novel 

therapeutic molecules.  
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1.1. The human host 
 

1.1.1. The human immune system 

The human immune system is a multifaceted network of soluble and membrane-

integrated proteins, immune cells and tissues, which not only provides defense 

against intruding microbes, but also guarantees detection and removal of altered self-

cells. In the very first line of defense natural barriers such as the skin and the mucous 

membranes physically and mechanically prevent entrance of microbial invaders into 

the human host. Immune responses at the humoral, as well as cellular levels are 

provided by the innate and adaptive immunity.  
 

1.1.2. Innate and adaptive immunity 

Innate immunity is an essential part of all multi-cellular organisms. Comparative 

analyses of the innate immunity of vertebrates, plants and insects uncovered 

structural and functional homologues of innate defense mechanisms [1]. The innate 

immune system consists of humoral components (such as the complement system, 

pentraxins, antimicrobial peptides) and a cellular response provided by  

macrophages, granulocytes and natural killer cells. Innate immunity is characterized 

by evolutionarily-conserved immune recognition molecules encoded by germ-line-

derived genes. As the number of genes in a certain genome is restricted, 

consequently, the number of innate immune recognition molecules is limited. 

However, these molecules detect rather conserved microbial structures, which are 

virtually present on nearly every microorganism and thus, innate immunity possesses 

a broad ligand repertoire. These conserved structures are grouped into the microbe-

associated molecular patterns (MAMPs) and the majority comprise carbohydrates 

such as lipopolysaccharides and peptidoglycan. Membrane-bound proteins, termed 

pattern recognition receptors (PRRs) and soluble proteins called pattern recognition 

molecules (PRMs) of the innate immune system are the proteins which evolved to 

recognize MAMPs. PRRs are expressed by numerous immune cells like 

macrophages and lymphocytes, and are also found on non-immune cells such as 

endothelial cells. These PRRs are composed of lipopolysaccharide, mannose, 

complement, toll-like (TLRs) and scavenger receptors. PRMs are predominantly 

synthesized in the liver and are found in both plasma and tissues. They include 
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soluble complement proteins, pentraxins and lectins. Since these immune recognition 

molecules reside in the human body from the day of birth, innate immunity provides 

an everlasting and quick immune response. Innate immune mechanisms, however, 

not only sense and  rapidly eliminate microbial invaders, but in addition stimulate and 

thus shape a directed antigen-specific adaptive immune response [2, 3].  

Adaptive immunity is characterized by highly specified T and B lymphocytes 

equipped with only one clonally-derived antigen-specific receptor. These antigen-

specific receptors originate from gene rearrangements which provides a virtually 

unlimited repertoire of receptors, each specific for a different antigen. Generation of   

antigen-specific receptors by recombination is a hallmark of adaptive immunity and 

guarantees detection of practically all possible antigenic variations. In contrast to the 

immediate activation of innate immune responses upon an infection, the adaptive 

immune response is delayed upon the first contact with an antigen, as the maturation 

and clonal selection of lymphocytes take up to one week. The clonal expansion of 

lymphocytes, however, is enormously essential to generate an adequate immune 

response which predominantly is provided by antibody-expressing plasma cells. 

Additionally, the activation of an adaptive immune response by components of the 

innate immune system generates an antigen-specific immunological memory, which 

allows immediate recognition and removal of infectious agents on a second 

encounter [4]. 

 

1.1.3. The human complement system 

Complement, discovered in 1896 as a heat-sensitive plasma component [5], is a 

central part of host innate immunity and consists of over 50 soluble and membrane-

bound proteins, most of which are sequentially activated by proteolytic cleavage. 

Conventionally, complement effector functions are attributed to (i) the opsonization of 

the target cell, (ii) lysis of the target cell and (iii) induction of an inflammatory 

response through the release of pro-inflammatory molecules. These effector 

functions are crucial for an efficient and rapid removal of infectious microbes and also 

altered self-cells such as apoptotic and necrotic cells. Complement, however, has 

additional activities beyond the clearance of cells like  the initiation of adaptive 

immune responses, co-stimulatory B cell activation and regulation of T cell immunity 

[5]. Additionally, complement interacts with the coagulation system to mediate local 
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clotting and to prevent spreading of the intruding microorganism, and it enhances 

TLR responses [6].  

 

1.1.3.1. Activation of complement  

Complement is activated by three major pathways: the alternative pathway (AP), the 

classical pathway and the lectin pathway. They differ in their mode of target 

recognition and activation (Figure 1).  

The AP is intrinsically initiated without the need of specific target structures by the 

spontaneous hydrolysis of the central complement component C3 to C3(H2O). Rapid 

AP activation, however, is also triggered by many types of cell surfaces and also 

abiotic surfaces. Upon the formation of C3(H2O), a binding site for Factor B is set 

free, which is not exposed in intact C3. Factor B bound to C3(H2O) is subsequently 

cleaved by the protease Factor D into fragments Ba and Bb, resulting in the 

formation of a fluid phase C3 pro-convertase (C3(H2O)Bb). C3(H2O)Bb then cleaves 

less amount of C3 into C3b and C3a. C3b covalently attaches to adjacent cell 

surfaces and is immediately bound by Factor B. C3b-bound Factor B is cleaved by 

Factor D resulting in the assembly of the AP C3 convertase, C3bBb.  

The classical pathway is activated by binding of the globular head of C1q to the Fc-

tail of antibodies bound to an antigen. It can also be activated when C1q binds to the 

pentraxin C-reactive protein (CRP) [6]. Activation of the lectin pathway requires 

mannose or a related carbonhydrate on the target surface which is recognized by the 

mannose-binding lectin (MBL). Following target recognition and binding, the C1q-

associated serine proteases C1r and C1s as well as the MBL-associated serine 

proteases (MASP1 and MASP2) are activated. Upon activation, C1s and MASP2 

cleave C4. The resulting fragment C4b exposes a binding site for C2 and C4b-bound 

C2 is subsequently cleaved by C1r and MASP2 into C2a and C2b. While C2b is 

released, C2a remains bound to C4b and together they form the active C3 

convertase of the classical and lectin pathways (C4bC2a).  

The C3 convertases are enzyme complexes which rapidly cleave C3 into the opsonin 

C3b and the anaphylactic peptide C3a. When C3 is cleaved, a thioester domain 

(TED) is exposed in C3b, which enables the protein to covalently bind to the target 

surface. C3b linked to the target cell surface fulfills three major tasks. First, cell 

surface-deposited C3b functions as opsonin and is bound by complement receptor 1 
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(CR1) present on many cell-types and by complement receptor of the 

immunoglobulin superfamily (CRIg) present on macrophages. C3b binding to CR1 

and CRIq triggers the uptake and removal of the target cell. Second, C3b forms a 

platform for the generation of further C3 convertases enabling a continuing 

amplification of complement activation. Third, C3b ultimately contributes to the 

formation of the C5 convertase. Formation of the C5 convertases (C4bC2aC3b and 

(C3b)2Bb) by binding of an additional C3b molecule to the preformed C3 convertases 

initiates the activation of the terminal complement pathway. The C5 convertase 

cleaves C5 into C5b and C5a. C5b then exposes a binding site for C6 and 

subsequent binding of C7 results in the formation of a sublytic complex that is 

inserted into the target cell membrane. Binding of C8 to the preformed C5b67 

complex recruits additional C9 molecules forming a lytic pore into the target 

membrane (C5b-9, terminal complement complex, TCC) [6-8].  

C5a and C3a are potent anaphylactic peptides that bind to C5a- and C3a-receptors 

(C5aR, C5a receptor like 2, C3aR), respectively, which are expressed by a variety of 

leucocytes such as macrophages and neutrophils, and non-immune cells. Upon 

binding, C5a and C3a stimulate an acute inflammatory response comprising the 

increase of vascular permeability, extravasation of immune cells and release of pro-

inflammatory mediators. In addition, C5a, and to a lower extent, C3a have 

chemotactic activity for macrophages, activated T and B cells and mast cells, 

resulting in the movement of immune cells to the site of complement activation [9]. 
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Figure 1 – The human complement system.  

Complement is a cascade of proteins which are sequentially activated by proteolytic cleavage. 

Activation of complement occurs by the classical (CP), lectin (LP) or alternative pathway (AP), and the 

activation steps roughly can be divided into three phases: recognition and activation, amplification and 

the terminal pathway. The CP is initiated by the binding of C1q to the Fc tail of IgG or IgM bound to 

antigens. Binding of MBL to carbohydrates exposed on a microbial surface activates the LP, while the 

AP is intrinsically initiated by the spontaneous hydrolysis of C3 to C3(H2O). Upon activation, enzyme 

complexes, i.e. the C3 convertase of the CP/LP (C4bC2b) and the AP (C3bBb) are formed, which 

cleave the most abundant complement protein C3 into the opsonin C3b and the anaphylactic peptide 

C3a. C3b covalently binds to the target surface and serves as platform for the formation of further AP 

C3 convertases and the generation of the C5 convertases. The C5 convertases of the CP/LP 

(C4bC2bC3b) and AP ((C3b)2Bb) cleave C5 into a b-fragment that initiates the terminal pathway and 

into an anaphylactic a-fragment. C5b exposes a binding site for C6 and subsequently C7, C8 and C9 

bind to the preformed C5b6 complex. The resulting C5b-9 complex, also termed terminal complement 

complex (TCC) inserts into the target membrane and causes lysis of the target cell. C3a and C5a 

induce an inflammatory response through binding to their corresponding receptor on a variety of 

immune and non-immune cells. 
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1.1.3.2. Regulation of complement  

In principle, complement does not discriminate between foreign and self-cell 

surfaces. Thus, to prevent complement-mediated damage of self-cells, complement 

activation is tightly regulated. Otherwise, inappropriate down-regulation on self-cells 

causes disease (section 1.1.3.5.). To guarantee efficient and directed complement 

activation against foreign but not self-structures, numerous membrane-integrated and 

soluble complement regulatory proteins are present in the human body. These 

proteins have partial redundant functions, share structural similarities and particularly 

act on the C3/C5 convertases and the TCC.  

The major AP regulators are Factor H and Factor H-like protein 1 (FHL-1), which is 

derived from alternative splicing of the Factor H gene. Both operate on C3bBb by 

three different mechanisms. First, Factor H and FHL-1 prevent C3bBb formation by 

binding to soluble and cell surface associated C3b, second they accelerate the decay 

of already preformed C3bBb and third, both are cofactors for Factor I-mediated C3b 

inactivation [10].  

C1 inhibitor (C1INH) and the C4b-binding protein (C4BP) are the key classical 

pathway/lectin pathway regulators. C1INH blocks the serine proteases C1r, C1s and 

MASP2. C4BP has decay accelerating activity for C3bC2b and serves as cofactor for 

Factor I-mediated C4b and C3b cleavage [11, 12]. Complement receptor 1 (CR1), 

decay-accelerating factor (DAF, CD55) and membrane cofactor protein (MCP, CD46) 

are the major membrane-bound regulators that act on the C3 convertases and C3b 

inactivation [13].  

The terminal complement pathway is regulated by the complement Factor H-related 

protein 1 (CFHR1) which binds C5b and inhibits C5 convertase activity and TCC 

formation [14]. Vitronectin (section 1.1.4.) and clusterin, as well as the membrane-

integrated protein CD59 (protectin) also block TCC assembly [15].  

Even though complement regulators classically have been divided into fluid phase 

and membrane-bound proteins, plasma-soluble regulators have the capacity to bind 

to host cell surfaces. Fluid phase regulators like Factor H, CFHR1, C4BP, vitronectin 

and clusterin recognize and bind host cell surface-exposed polyanionic marker 

molecules like glycosaminoglycans (GAGs) and sialic acid [13].  
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1.1.3.3. Factor H and Factor H-related protein 1  

Factor H and the alternative splicing product FHL-1 are members of the Factor H 

protein family which, in addition, includes five complement Factor H-related proteins 

(CFHRs) [16]. They are secreted glycoproteins which are primarily expressed in the 

liver, share structural similarities and have partially overlapping functions. Factor H, 

FHL-1 and the CFHR proteins are composed of homologous domains termed short 

consensus repeats (SCRs). Factor H, the best characterized protein of this family, is 

composed of 20 SCRs (Figure 2A) and is found in plasma in a concentration of up to 

800 µg/ml [17]. The major functional domains of the protein are located at the N-

terminus, i.e. SCRs1-4 and the C-terminus, i.e. SCRs18-20. The Factor H N-terminus 

and FHL-1 binds C3b, has cofactor activity for Factor I-mediated C3b inactivation and 

accelerates the decay of the AP C3 convertase. SCRs18-20 of Factor H represent 

the major cell surface recognition region and, in addition, binds to C3 activation 

products such as C3d (section 1.1.3.4.) [10].  

One characteristic feature of the members of the Factor H protein family is the high 

sequence similarity of the individual SCRs which is shared among each other. This in 

particular is reflected by the three most C-terminal SCRs of CFHR1 and of Factor H, 

which share sequence identity ranging from 97% to 100% at the protein level. 

Consequently, the CFHR1 C-terminus, i.e. SCRs3-5 share similar ligand-binding 

sites with Factor H SCRs18-20. CFHR-SCRs3-5 bind to GAGs and the C3 activation 

fragment C3b. By contrast CFHR1 lacks the Factor H N-terminal regulatory domain 

and thus, displays no C3 convertase regulatory activity. Instead, the N-terminal SCRs 

of CFHR1, i.e. SCRs1-2 bind to C5b and, as a consequence, block C5 convertase 

formation and TCC assembly (Figure  2B) [10, 14]. 

 

1.1.3.4. SCRs18-20 of Factor H 

Factor H attaches to host cells via SCRs18-20 and when bound to the cell surface, 

maintains Factor I cofactor and C3 convertase decay activities. SCRs18-20 bind to 

heparin, cell surface-exposed GAGs and recognize the C3 activation fragments C3b 

and C3d. Structural analysis of the individual SCRs and in complex with their ligands 

uncovered two separate binding sites for GAGs and C3b. SCR19 recognizes and 

binds cell surface deposited C3b and the major binding site for GAGs is located 

within SCR20 (Figure 2A) [18, 19].  
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Simultaneous recognition of GAGs and cell surface-bound C3b by SCRs18-20 

guarantees efficient binding of Factor H to, and thereby complement regulation on 

self-cells. Additionally, this synchronized recognition of GAGs and surface-deposited 

C3 activation products enables Factor H and thus the complement system to 

discriminate between host and foreign cell surfaces, as the latter ones lack 

polyanionic marker molecules like GAGs. The significance of the Factor H C-terminus 

is further demonstrated by the frequent association of complement-mediated 

diseases with mutations of SCRs18-20 (section 1.1.3.5.). 

 

 

Figure 2 – Factor H and SCRs18-20 of Factor H.  

(A) Factor H is composed of 20 SCR domains. The four N-terminal SCRs (yellow) display Factor I 

cofactor and C3 convertase decay activities. Factor H binds to host cell surfaces and binding is 

mediated by the three most C-terminal SCRs, i.e. SCRs18-20 (blue). This central discriminatory region 

binds to C3 activation fragments C3b and C3d, to GAGs, as well as self surfaces and differentiates 

self and non-self. The major C3b-binding site is localized within SCR19 while the major GAGs 

recognition site is located within SCR20. In addition, SCR20 also binds to surface-deposited C3d. (B) 

The Factor H-related protein 1 (CFHR1) is composed of five SCRs. SCRs3-5 share almost 100% 

sequence identity with SCRs18-20 of Factor H (indicated by the blue color) and binds to heparin (Hep) 

and C3b. CFHR1 lacks Factor I cofactor and C3 convertase decay activities, but binds to C5b via 

SCRs1-2 and regulates complement activation at the level of the C5-convertase and the TCC. 

 

1.1.3.5. Complement-mediated diseases 

Complement-mediated diseases are rather complex and despite various causes for 

their development, two major causes can be defined.  

First, complement components are missing due to inherited genetic deficiencies or 

because of local complement consumption. Lack of complement proteins that 

participate in complement activation and amplification such as C3 on one hand 

increases the risk for infections and on the other hand impairs the clearance of 

immune complexes and altered self-cells. Lack of complement regulatory proteins 
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results in deregulated complement activation and ultimately, host cell damage. This 

is demonstrated by the hemolytic disease paroxysmal nocturnal hemoglobinuria 

(PNH) where red blood cells fail to express CD59 on their surface [20].  

A second major cause for the progress of complement-mediated diseases is the 

impaired function of complement regulators caused by mutations or polymorphisms. 

Factor H mutations are associated with the retinal disease age-related macular 

degeneration (AMD) and the renal disorders atypical hemolytic uremic syndrome 

(aHUS) and membranoproliferative glomerulonephritis type II (MPGN II). In aHUS, 70 

disease-associated Factor H mutations have been identified, more than one third of 

them are localized within SCRs18-20. Mutations in SCRs18-20 cause diminished 

Factor H binding to cell surfaces and C3b/C3d, resulting in reduced AP regulation 

which ultimately leads to damage of the microvascular endothelium [21-25].  

 

1.1.3.6. Complement and therapeutics 

Complement-mediated diseases are characterized by uncontrolled, continuing 

complement activation and there exists a number of therapeutic approaches to treat 

such diseases. The majority of these approaches, however, are based on systemic 

complement inhibition and comprise the use of serine protease inhibitors (e.g. 

C1INH), soluble complement regulators (sCR1, sCD59, sDAF), therapeutic 

antibodies (e.g. Eculizumab), small complement inhibitory molecules (Compstatin) 

and anaphylatoxin receptor antagonists (e.g. C5aR antagonist) [26].  

As systemic complement inhibition often also compromises the protective function of 

complement and as complement-mediated diseases are mostly caused by the lack of 

local complement regulation, the design of targeted complement regulators have 

increasingly become a suitable therapeutic option. Thus, approaches exist to direct 

host complement regulators specifically to complement activation sites on host cell 

surfaces. Most of these approaches are based on linkage of soluble complement 

regulators (regulatory domain) to cell surface recognizing molecules (cell surface-

targeting domain) and are summarized in Table 1.  
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Table 1 – Cell surface-targeted complement regulators. 

Molecule Regulatory domain Cell surface-targeting domain Reference 

CR2-DAF, CR2-CD59 

CR2-Factor H 

sDAF, sCD59 

Factor H SCRs1-5 

CR2 SCRs1-4, binds cell 

surface deposited C3 activation 

fragments 

[27-29] 

IgG-DAF, IgG-CD59 DAF, CD59 
IgG, binds cell surface exposed 

hapten dansyl 
[30, 31] 

sLe
x
 sCR1 sCR1 sLe

x
, binds cell surface exposed 

P-, E- and L-selectin 

[32] 

 

1.1.4. Vitronectin 

Human vitronectin, also termed S-protein, is a glycoprotein with a molecular mass of 

75 kDa and is predominantly expressed in the liver. It is a membrane-integrated 

protein of epithelial and endothelial cells, is part of the extracellular matrix (ECM) and 

is found in plasma in concentrations ranging from 200 – 700 µg/ml. In plasma, 

vitronectin exists in two forms, i.e. as a 75 kDa and a proteolyzed 65 kDa variant. A 

schematic structure of human vitronectin is depicted in Figure 3 [33]. 

Vitronectin harbors three heparin-binding domains (HBDs) which anchor the protein 

to the ECM and it possesses an Arg-Gly-Asp (RDG) motif located at the N-terminus 

that binds to the host cell integrin receptor αvß3 on a variety of cells. The 

somatomedin B domain (SMB), also found at the N-terminus, interacts with the 

plasminogen activator inhibitor (PAI-1) and the urokinase plasminogen activator 

receptor (uPAR). Four hemopexin-like domains span the C-terminus of vitronectin 

and are considered to have haem-binding activity [34]. 

Vitronectin is a central element of many biological processes such as wound healing, 

angiogenesis, cell migration and complement regulation [35]. Vitronectin modulates 

fibrinolysis through interaction with PAI-1 and it facilitates adhesion and migration of 

phagocytes to the infection site through interaction with the integrin receptor αvß3 on 

endothelial cells [36, 37]. Vitronectin is also a complement regulatory protein and 

inhibits TCC assembly. It binds the assembled C5b-7 complex and prevents its 

insertion into the target membrane, and it also blocks C9 polymerization by recruiting 

C9 via the heparin-binding domains [38]. 
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Figure 3 – Structure of human vitronectin.  

Vitronectin is composed of different domains which are attributed to different functions. The 

somatomedin B domain (SMB, dark gray) binds to the plasminogen activator inhibitor (PAI-1) and 

urokinase plasminogen activator receptor (uPAR) and thereby regulates the fibrinolytic system. The 

RGD motif (black) binds to the vitronectin receptor (αvß3-integrin receptor) which is expressed by many 

types of cells and mediates cell adhesion and cell migration. Three heparin-binding domains (HBD, 

blue) anchor the protein to the ECM. Four hemopexin-like domains are located at the C-terminus, but 

their function is not clear yet. The size of each domain is indicated by the number of amino acids. 

 

1.2. The microbial pathogen Staphylococcus aureus 
 

1.2.1. General characteristics of Staphylococcus aureus 

The gram-positive bacterium Staphylococcus aureus is an important human 

pathogen as it is the leading cause of nosocomial and community-acquired infections 

today. In the late 1990’s, S. aureus was found to be the most abundant cause of 

bloodstream, skin and respiratory tract infections in the Western world, Latin America 

and the Western Pacific [39, 40]. The growing resistance of many strains to almost all 

available antibiotics raises serious health care concerns even in countries with well 

established health care systems. Multiple drug-resistant strains such as methicillin-

resistant Staphylococcus aureus (MRSA) are estimated to cause 44% of all 

healthcare-associated infections in Europe [41]. Consequently, S. aureus and S. 

aureus-caused diseases are increasingly becoming a central focus of research all 

over the world. 

S. aureus belongs to the Micrococcaceae family and appears as grape-like clusters 

and golden pigmented colonies which contributed to the name of the bacteria 

(‘staphyle’ in greek for grapes and ‘aureus’ in latin for golden) [42]. It predominantly 

inhabits the moist squamous epithelium of the anterior nares, but also colonizes the 

mucous membrane of the pharynx, vagina and axillae [43]. By doing so, S. aureus is 

a commensal of the normal microbial flora and thus, under normal conditions is 

harmless to the human host. However, when the intact barrier of the mucosa is 

disturbed and/or when the host immune system is suppressed S. aureus is capable 

to cause infections. That is why S. aureus is also assigned to an opportunistic 
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pathogen. S. aureus-caused diseases range from light superficial skin infections to 

severe life-threatening invasive infections such as endocarditis and sepsis [44]. 

Similar to other pathogens, S. aureus infects the human body with the reasons to 

proliferate, to gain access to nutrients and to spread. Key determinants in the initial 

infection process are adhesion to host tissue and evasion of the innate immune 

defense. In this context, S. aureus expresses an array of cell surface-associated and 

secreted molecules enabling the bacteria colonization of host tissue and protection 

from the host immune attack. Virulence factors expressed by S. aureus are 

summarized in Figure 4 and can roughly be divided into proteins promoting 

resistance to complement (section 1.2.2.) and phagocytosis, proteins enabling 

adhesion to host cells (adhesins), ECM degrading proteins (proteases) and host cell 

membrane damaging molecules (cytolytic toxins). In addition, S. aureus expresses 

superantigen-like proteins (SSL), molecules which drive unspecific T cell activation 

(superantigens) and which mediate resistance to lysozyme and antimicrobial 

peptides [45-49].  

 

Figure 4 – Virulence factors expressed 

by S. aureus.  

S. aureus expresses cell-wall-integrated, 

cell surface-associated and secreted 

(black arrows) immune evasion 

molecules. Theses molecules are 

predominantly proteins and mediate 

resistance to complement and 

phagocytes, aid in host cell adhesion, 

tissue invasion, and directly damage host 

cells. Complement and phagocytosis 

inhibitors suppress host innate immune 

responses. Adhesins primarily recognize 

ECM components such as fibrinogen and 

fibronectin. Numerous proteases with 

different substrate specificity aid in tissue 

invasion. (Staphylokinase is not a 

protease but it activates the host pro-

enzyme plasminogen to the serine 

protease plasmin.) Exotoxins, in 

particular, cytolytic toxins such as 

leukotoxins directly destroy immune cells. 

Listed molecules are explained in 

sections 1.2.2., 1.2.5., or ‘Abbreviations’. 
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1.2.2. Complement evasion mechanisms of S. aureus  

The mechanisms by which complement activation is blocked by S. aureus can be 

condensed to three major forms. First, S. aureus secretes small soluble proteins 

which directly interfere with complement activation at all levels (listed in Table 2). 

Second, S. aureus expresses host complement regulator-binding proteins. At the 

staphylococcal cell surface, functionally-active host regulators protect the bacteria 

from host complement attack. Third, S. aureus expresses complement-specific 

proteases to cleave the central complement protein C3 [50]. 

Small, secreted proteins of S. aureus (Table 2) either directly bind central 

complement components or block C3/C5 convertase activities. The staphylococcal 

genes encoding the majority of these complement inhibitors are organized into two 

immune evasion clusters [51, 52]. At least six of such soluble complement inhibitors 

have been identified to date. The extracellular fibrinogen-binding protein (Efb, section 

1.2.2.1.) and homologues extracellular complement-binding protein (Ecb) bind C3b 

and thereby inhibit assembly of all C3b-containing convertases [53-56]. The 

staphylococcal complement inhibitor (SCIN) and its homologues SCIN-B and SCIN-C 

act on the assembled C3 convertases of all complement pathways and as a 

consequence, block C3 convertase activities [57, 58]. Furthermore, the genes 

encoding Efb and SCIN-B are organized in an operon which allows simultaneous 

transcription and expression of the proteins resulting in synergistic complement 

inhibition [59]. The staphylococcal binder of IgG (Sbi) inhibits complement activation 

by forming tripartite complexes with host Factor H and C3 isoforms [60]. Structural 

analysis of Efb, SCIN and Sbi uncovered a triple helix fold, which is shared among 

them and mediates complement inhibition [61]. The staphylococcal superantigen-like 

protein 7 (SSL-7) binds human C5 and inhibits C5a effector functions [62].  

S. aureus acquires host complement regulators by cell wall-integrated, surface-

exposed proteins. The membrane-bound serine-aspartate protein (SdrE) has recently 

been identified as a Factor H-binding protein [63]. Factor H bound to the 

staphylococcal cell surface is functionally active and acts as cofactor for Factor I-

mediated cleavage of C3b to iC3b. Clumping factor A (ClfA), another cell-wall 

integrated protein, engages Factor I for C3b inactivation [64]. S. aureus also binds 

the classical pathway regulator C4BP which, similar to Factor H, acts as cofactor for 

Factor I [65].  



  Introduction 

27 

 

The cleavage of C3 is mainly accomplished by the binding and conversion of the host 

pro-enzyme plasminogen to the active serine protease plasmin by the S. aureus-

expressed staphylokinase (SAK). Surface-bound plasmin cleaves C3, C3b, and 

immunoglobulins and thus, degrades important opsonins [66]. Sbi and Efb have 

recently been identified as receptors for plasminogen [67]. Both proteins 

simultaneously bind plasminogen and C3, resulting in enhanced degradation of C3. 

In addition, a recent study identified the metalloprotease aureolysin as the first 

staphylococcal complement inhibitor that directly cleaves intact C3 [68]. 

 

Table 2 – Complement-controlling proteins expressed by S. aureus. 

Name Target Mode of action Specificity Reference 

Efb, Ecb 
C3, C3b, C3d, 

plasminogen 

Inhibit activity of C3b-

containing convertases 

Human, mouse, rat, 

cow, sheep, goat, 

guinea pig, dog 

[51, 67] 

SCIN, SCIN-B, 

SCIN-C 
C3 convertases  

Stabilize C3 convertases in a 

functional inactive state 
Human [57] 

SSL-7 C5 
Inhibits C5 cleavage by the 

C5 convertases 

Human, primate, 

sheep, pig, rabbit 
[62] 

Sbi 
C3, C3b, C3d, 

Factor H, 

plasminogen 

Inhibits AP activation by 

forming tripartite complexes 

with Factor H and C3b 

Human, mouse, 

guinea pig 
[60, 67] 

CHIPS C5aR Blocks C5aR signaling Human  [69-71] 

Staphylokinase Plasminogen 
Converts plasminogen to C3 

cleaving plasmin 
Human [66] 

Aureolysin C3 
Cleaves the α chain of intact 

C3 
Not determined [68] 

SdrE Factor H 
Bound Factor H acts as 

cofactor for Factor I-

mediated C3b inactivation 

Not determined [63] 

ClfA Factor I 
Increases Factor I cleavage 

of C3b into iC3b 
Not determined [64] 
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1.2.2.1. The extracellular fibrinogen-binding protein (Efb) 

Efb is a key virulence factor of S. aureus, because it has been shown that isogenic 

Efb single, as well as Efb-Ecb double knockout strains were 25% and 50% 

respectively, less virulent than the wild-type strain in a murine infection model [72]. 

Efb has a molecular mass of 19 kDa and is secreted in the surrounding medium. Cell 

membrane proteome analyses also uncovered the presence of Efb on the bacterial 

surface indicating that Efb is also a surface protein [73]. Efb is multifunctional and to 

date, four distinct mechanisms have been described by which Efb acts as an immune 

evasion protein (Figure 5): it (i) inhibits C3 convertase activity, (ii) facilitates C3 

degradation by plasmin [67], (iii) blocks CR2-driven B cell activation [74] and (iv) 

inhibits neutrophil adhesion to fibrinogen [75].  

The complement inhibitory domain of Efb is localized within the C-terminus (Efb-C) 

and has high affinities for C3 and TED-containing C3 isoforms (kD (Efb-C:C3d) = 1.4 

± 0.1 nM) [76]. Crystallization of the Efb-C:C3 complex revealed the presence of a 

triple-helix bundle in Efb-C which recognizes the TED of C3 [54]. 

Efb-C interferes with complement activation at multiple levels, but the exact 

complement inhibitory mechanism is incompletely understood. Efb-C binds to C3b 

and thereby blocks AP convertase (C3bBb) and C5 convertase ((C3b)2Bb and 

C4b2aC3b) activities [51]. Structural analysis of the Efb-C:C3b complex uncovered a 

conformational change in C3b, which presumably prevents C3b binding to Factor B 

and ultimately C3 convertase formation [77]. Efb-C also induces a structural change 

in native C3 and thereby likely blocks conversion of C3 to the functional opsonin C3b 

[78]. Binding to C3 also facilitates its degradation by the activated serine protease 

plasmin [67]. In addition, Efb-C blocks the binding site of CR2 on C3d and as a result 

prevents CR2-mediated B cell stimulation [74]. The N-terminus of Efb (Efb-N) 

attaches to the α chain of human fibrinogen to block fibrinogen-driven platelet 

aggregation and neutrophil adhesion [75, 79-81]. 
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Figure 5 – Efb is a multifunctional immune evasion protein of S. aureus.  

The C-terminus of Efb (green) binds to C3 and to C3 isoforms via the thioester-containing C3d domain 

(dashed). By this means, it impairs C3, C3b and C3d effector functions. Efb, by binding to C3, inhibits 

conversion of C3 to C3b by the C3 convertase. Binding of C3, in addition, facilitates its cleavage by 

plasmin. Efb binds to C3b and blocks formation of C3b-containing convertases. Binding to C3d inhibits 

the interaction of C3d with B cell-expressed CR2 and as a consequence, blocks CR2-mediated co-

stimulatory B cell activation. The Efb N-terminal region (brown) acquires fibrinogen and inhibits the 

attachment of neutrophils to fibrinogen. 

 

1.2.2.2. Therapeutic potentials of staphylococcal complement inhibitors in 

complement-mediated diseases 

Many attempts have been made to develop complement-specific drugs. Although 

promising candidates exist, which to some extent, are currently running in clinical 

trials, the need for novel therapeutic approaches to effectively control unwanted 

complement activation is still present. Aside from host-encoded targeted complement 

regulators which are used to suppress complement damaging activity (section 

1.1.3.6.), pathogen-derived complement inhibitors provide a source of potential anti-

inflammatory molecules. S. aureus alone expresses six complement inhibitory 

proteins that target essential steps of complement amplification, i.e. C3 activation 

and C3 convertase activity (section 1.2.2.). These staphylococcal complement 

inhibitors share several common features which make them prospective complement 

therapeutic agents: they (i) have a high specificity, as well as (ii) a high affinity for C3 

and/or the C3 convertases, (iii) are soluble at physiological pH, and (iv) are low 

molecular weight molecules (< 30 kDa). Furthermore, due to their complement 

inhibitory potency, staphylococcal complement inhibitors are suitable to control 

complement activation when used at even low concentrations [82]. 
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1.2.3. Adhesion of S. aureus to host cells  

Adhesion of S. aureus to plasma proteins, components of the human extracellular 

matrix (ECM) and host cells is a crucial step in the initiation of an infection and 

enables the bacteria to colonize tissues, disseminate and ultimately, persist within 

the host. It is a dynamic process, which is either driven by staphylococcal surface-

exposed cell wall-anchored molecules or by secreted proteins which bind back to the 

staphylococcal cell surface (secreted adhesins).  

Cell-wall anchored molecules are grouped into the microbial surface components 

recognizing adhesive matrix molecules (MSCRAMM) family [83]. MSCRAMM are 

conserved proteins present in various bacteria regardless of the genus and 

specifically bind to ECM molecules such as fibrinogen, fibronectin, vitronectin, 

collagen and thrombospondin-1. Now, up to five staphylococcal MSCRAMM have 

been characterized at the molecular level. Fibrinogen is primarily recognized and 

bound by ClfA and the related ClfB.  Fibronectin-binding protein A (FnBPA) and the 

homologues FnBPB are the major receptors for fibronectin. The collagen-binding 

protein (Cna) mediates binding to collagenous tissues [84].  

Secreted adhesins are composed of coagulase, Efb, the extracellular matrix-binding 

protein (Emp) and the extracellular adherence protein (Eap, also named Map, MHC 

class II analogues protein). While Efb targets fibrinogen, both Emp and Eap have 

rather broad ligand-binding spectra and recognize a multitude of plasma proteins and 

ECM components [83, 85].  

From a clinical point of view, staphylococcal adhesion to ECM components has 

become an important issue as medical devices such as catheters are rapidly coated 

with serum proteins including fibrinogen, fibronectin and vitronectin. Consequently, 

staphylococci can adhere to and can form biofilms on such abiotic surfaces [86]. 

 

1.2.4. S. aureus and vitronectin 

Human and animal strains of S. aureus bind to human vitronectin [87-89]. The 

functional relevance of it, however, has been poorly investigated. From other gram 

positive bacteria like S. pneumoniae, it is known that vitronectin acts as molecular 

bridge which interconnects bacterial and host cell and thus, facilitates adhesion of the 
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pathogen to host tissue [90]. Similar to other vitronectin-binding bacteria, S. aureus 

attaches to the heparin-binding domains of vitronectin [91]. 

Although independent studies uncovered two staphylococcal vitronectin-binding 

proteins, i.e. Eap and Emp, the major staphylococcal receptor for vitronectin has not 

been identified yet. Eap recognizes at least seven plasma proteins including 

vitronectin and all ligands show different affinities. Furthermore, Eap increases the 

adhesion of staphylococci to epithelial cells and blocks uPAR-dependent leukocyte 

adhesion to vitronectin. Emp also displays a broad binding spectrum, i.e. it binds 

fibronectin, fibrinogen, collagen and vitronectin [92-94].  

 

1.3. Objectives of this study 

The opportunistic human pathogen S. aureus causes superficial and also invasive 

infections. To establish an infection the bacterium expresses numerous immune 

evasion proteins. A large number of these molecules target the human complement 

system and others aid in host cell adhesion. The extracellular fibrinogen-binding 

protein (Efb) is one complement inhibitor, but the molecular mechanisms by which 

Efb controls and blocks human complement has not been exactly elucidated yet. 

Furthermore, the multifunctional character of the protein indicates that Efb interacts 

with additional unknown human ligands. 

In this dissertation I aimed to describe the complement inhibitory activity of Efb at the 

molecular level. I further aimed to identify novel host ligands of Efb and I investigated 

the functional relevance of these interactions for evasion of the human complement 

system and staphylococcal host cell adhesion.  

The second goal of this study was to determine whether Efb can be utilized to control 

unwanted complement activation on cell surfaces, a condition which characterizes 

complement-mediated diseases. To this end, Efb was linked to the central cell 

surface recognition region of Factor H in order to direct this targeted inhibitor to sites 

of complement activation and immune stress on cell surfaces. This tagged 

complement inhibitor was characterized with regards to cell binding and complement-

controlling activity. 
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2. Materials and Methods 

 

2.1. Materials 
 

2.1.1. Chemicals and reagents 

All Chemicals were obtained with the highest purity from Carl Roth (Karlsruhe, 

Germany), Sigma-Aldrich (Taufkirchen, Germany) or Merck (Darmstadt, Germany), if 

not mentioned otherwise. RPMI and DMEM media used for eukaryotic cell 

maintenance (section 2.2.5.) were purchased from Lonza (Basel, Switzerland). 

 

2.1.2. Antibodies and sera 

Complement-active normal human serum (NHS) was obtained from healthy donors of 

the department. Sera of 5 donors were pooled, aliquoted and stored at -80°C. NHS 

was heated for 30 min at 56°C to generate complement-inactive serum (hiHS). 

Factor H-depleted serum (HSΔCFH) was prepared by immunoadsorbance of 

Factor H from NHS. Briefly, 100 µl of a polyclonal rabbit Factor H antiserum [95] were 

coupled to a 1:1 mixture of protein A and protein G sepharose (GE Healthcare) 

overnight at 4°C. After washing, NHS (300 µl) was added for 1 h at 4°C using a rotary 

shaker (Rotamix RM1, Elmi). Then, HSΔCFH was collected by centrifugation (5 min 

at 2000 rpm), aliquoted and stored at -80°C. The following primary antibodies were 

used in this study: goat anti-C3 (CompTech), rabbit anti-C3d (Dako), rabbit anti-C3a 

(CompTech), goat anti-Factor H (CompTech), rabbit anti-Factor H SCRs1-4 (Alexis), 

mouse C18 and B22 [96], mouse JHD10 (Prof. Dr. R. Wallich, University hospital 

Heidelberg, Germany), mouse anti-C5b-9 (Dako), rabbit anti-vitronectin (CompTech), 

rabbit anti-fibrinogen (Calbiochem), rabbit anti-collagen (Yo Proteins), mouse anti-

collagen type IV (Sigma-Aldrich), rabbit anti-fibronectin (Yo Proteins), mouse anti-

penta-histidine (Qiagen). Corresponding secondary HRP-conjugated antibodies were 

obtained from Dako (Hamburg, Germany) and corresponding secondary fluorescent 

dye-coupled antibodies were purchased from Life Technologies (Darmstadt, 

Germany). Efb rabbit antiserum was obtained from Davids Biotechnology 

(Regensburg, Germany) after 200 µg of purified recombinant Efb were submitted. 
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2.1.3. Microbial media 

Escherichia coli and S. aureus cells were grown in lysogeny broth (LB, 1% tryptone, 

0.5% yeast extract, 1% NaCl, pH 7.5) liquid medium or on LB-agar (LB medium 

supplemented with 2% agar). Pichia pastoris yeast cells were cultivated in buffered 

complex glycerol-complex liquid medium (BMGY, 1% yeast extract, 2% peptone, 

100 mM potassium phosphate pH 6.0, 1.34% yeast nitrogen base, 4x10-5% biotin, 

1% glycerol). P. pastoris cells, which were transformed with the desired gene 

including a selection marker, were grown on YPD-agar (1% yeast extract, 

2% peptone, 2% dextrose, 2% agar) supplemented with 50 µg/ml zeocin (Life 

Technologies). 

 

2.1.4. Purified and recombinant proteins 

Human C3, C3b, C3d, C3c, Factor H and Factor I were purchased from CompTech 

Inc. (Tyler Texas, USA). Human vitronectin, collagen III, collagen IV and fibrinogen 

were obtained from Becton Dickinson (BD, Heidelberg, Germany). Human collagen I 

was purchased from Millipore (Schwalbach, Germany) and human laminin was 

obtained from Calbiochem (Merck, Darmstadt, Germany). Recombinant Efb-N was 

provided by Michael Reuter (Department of Infection Biology, HKI, Jena, Germany). 

Recombinant Factor H fragments and CFHR1 were expressed by Nadine Flach 

(Department of Infection Biology, HKI, Jena, Germany) and recombinant vitronectin 

deletion mutants were provided by Prof. Dr. Kristian Riesbeck (Lund University, 

Sweden). Recombinant staphylococcal proteins of unknown function were provided 

by Dr. Susanne Engelmann (University of Greifswald, Germany). The Streptococcus 

pyogenes protein Scl 2.28 was cloned, expressed and purified by Prof. Dr. Slawomir 

Lukomski (Department of Microbiology, Immunology, and Cell Biology,  

West Virginia University School of Medicine, USA) [97]. 

 

2.1.5. Equipment and laboratory supplies 

Reaction tubes and tissue culture flasks were purchased from Greiner 

(Frickenhausen, Germany). Centrifugation of protein samples, bacterial or yeast cell 

cultures was done using table top centrifuges from Eppendorf (5415R, Hamburg, 

Germany) or a large scale centrifuge from Sigma (3-18K, Osterode am Harz, 
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Germany). Thermomixer comfort (Eppendorf) was used for incubation of reaction 

samples up to 2 ml sample volume. Bacteria and yeast cell cultures up to 200 ml 

were cultivated using a rotary shaker (Innova 44, New Bruinswick Scientific, 

Eppendorf). Buffer solutions, bacterial lysates and yeast cell supernatants were 

sterile filtered using vacuum-driven filtering systems from Millipore (Steriflip) or Roth. 

Round bottom tubes for flow cytometry analysis were purchased from BD. 

 

2.2. Methods 
 

2.2.1. Microbiological methods  

 

2.2.1.1. Strains  

P. pastoris strain X33 (Life Technologies) was used for cloning and recombinant 

expression of Efb-SCRs18-20. E. coli One Shot Top 10 (Life Technologies) was used 

for initial cloning steps of all recombinant proteins and for maintenance of the 

plasmids. E. coli BL21 STAR (Life Technologies) was used for expression of the 

staphylococcal proteins and human C3dg. S. aureus strain Newman H591 (MSSA, 

clinical isolate, UK) served as DNA source for the cloning of Efb, Efb-C, SCIN, SSL-7 

and for vitronectin-binding studies, as well as adhesion assays.  

 

2.2.1.2. Cultivation and storage of strains 

E. coli and S. aureus cells were grown in LB-medium overnight at 37°C with shaking 

at 180 rpm. P. pastoris yeast cells were grown in BMGY overnight at 30°C with 

shaking at 180 rpm. Stock cultures for conservation were prepared by adding 20% 

sterile glycerol to liquid medium used for cultivation and stocks were stored at -80°C. 

For binding and adhesion experiments, S. aureus bacteria were maintained on LB-

agar plates at 4°C. 

 

2.2.2. Molecular biological methods 

 

2.2.2.1. Plasmids 

The P. pastoris expression vector pPiczαBFactorHSCRs18-20 and the plasmids 

pET200/D-TOPOSbi and pET200DSbiIII-IV were provided by Michael Reuter. 
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2.2.2.2. Cloning of Efb, Efb-C, SSL-7, SCIN, C3dg  

For the cloning of Efb, Efb-C, SSL-7, and SCIN, the corresponding genes were 

amplified from genomic DNA of S. aureus strain Newman H591 by polymerase chain 

reaction (PCR). To obtain genomic DNA, a single colony of freshly grown bacteria 

was boiled for 10 min. Human C3dg was amplified from a sequence-optimized gene 

obtained from Mr. Gene (Life Technologies). PCRs were performed in Mastercycler 

Eppigradient S thermocyclers (Eppendorf). Nucleotide sequences of the target genes 

were obtained from the database of the National Center for Biotechnology 

Information (NCBI). Oligo nucleotide primers (Table 3) were designed and 

subsequent cloning steps were considered using Clone Manager Software (Scientific 

& Educational Software, Cary, USA). For PCR, 2 µl of the S. aureus lysate or 10 ng 

of the C3dg-plasmid were mixed with Phusion buffer (New England Biolabs, NEB), 

200 µM dNTPs (NEB), 0.5 µM per oligo nucleotide primer and 0.02 U/µl Phusion 

DNA polymerase (NEB). PCRs were performed with the following program: initial 

denaturation 2 min at 98°C, 30 cycles of 10 sec at 98°C, 30 sec at 60°C and 30 sec 

at 72°C, final elongation at 72°C for 10 min. Thereafter, PCR products were cloned 

into the pET200/D-TOPO® expression vector (Life Technologies) using the 

manufacturer’s instructions and the plasmids were transformed into competent One 

Shot Top 10 E. coli cells by heat shock [98, 99]. Then, colony-PCR was performed to 

analyze uptake of the plasmid and thus, to select positive transformants using Hot 

Start Master Mix (Qiagen) according to the manufacturer’s instructions. PCRs were 

performed with gene-specific oligo nucleotide primers (Table 3) using the following 

program: initial denaturation 15 min at 95°C, 30 cycles of 45 sec at 95°C, 30 sec at 

60°C and 1 min at 72°C, final elongation at 72°C for 10 min. PCR products were 

analyzed by agarose gel electrophoresis (section 2.2.2.4.). Then, positive 

transformants were grown in 3 ml liquid LB-medium (supplemented with 100 µg/ml 

kanamycin) overnight at 37°C and plasmid-DNA was isolated using Invisorb Spin 

Plasmid Mini Kit (Stratec Molecular). Isolated plasmids were sequenced (section 

2.2.2.5.) and transformed into E. coli BL21 STAR according to the manufacturer’s 

instructions. 
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Table 3 – Primers used in this study. 

Protein  Primer name Primer sequence (5’- 3’) 

Efb (tagged) EfbtagpPiczαBforw gctgcagcgtctttattaacattagcggcaatag 

 EfbtagpPiczαBrev cgaattcctttaactaatccttgttttaataca 

Efb EfbpET200Dforw cacctctttattaacattagcggcaatag 

 EfbpET200Drev ttatttaactaatccttgttttaataca 

Efb-C EfbCpET200Dforw caccactgatgcaactattaaaa 

 EfbCpET200Drev ttatttaactaatccttgttttaat 

SSL-7 SSL7pET200Dforw caccttggcattaggcttattaactactg 

 SSL7pET200Drev ttaaatttgtttcaaagtcacttcaatc 

SCIN SCINpET200Dforw caccactttagcaatcgttttagcatcac 

 SCINpET200Drev ttaatatttactttttagtgcttcgtca 

C3dg C3dgpET200Dforw caccgaaggagtacagaaagagga 

 C3dgpET200Drev ttaacgagaaggcagctgcaga 

EcoRI and PstI restriction sites are underlined. 

 

2.2.2.3. Cloning of Efb-SCRs18-20 

The efb gene was amplified by PCR as described in 2.2.2.1., but using the primers 

EfbtagpPiczαBforw and EfbtagpPiczαBrev (Table 3). Then, PCR product, as well as 

the expression vector pPiczαBFactorHSCRs18-20 were digested with restriction 

enzymes EcoRI and PstI (NEB) by following the manufacturer’s instructions and 

digested DNA was purified using GFX PCR DNA/Gel Band Purification Kit (GE 

Healthcare). Purified vector-DNA and PCR-product were ligated using Quick Ligation 

Kit (NEB). Obtained ligated vectors were transformed into competent One Shot Top 

10 E. coli cells (section 2.2.2.2.). Then, positive transformants were analyzed, and 

positive plasmids were purified and sequenced as described in section 2.2.2.2.. 

Thereafter, a positive transformant harboring pPiczαBEfb-FactorHSCRs18-20 was 

grown in 150 ml liquid LB-medium (supplemented with 50 µg/ml zeocin) overnight at 

37°C and plasmid-DNA was isolated using HiSpeed Plasmid Midi Kit (Qiagen) by 

following the manufacturer’s instructions. Then, purified plasmid-DNA (7 µg) was 

linearized with SacI (NEB) overnight at 37°C. Digested DNA was purified as 

described above and transformed into competent P. pastoris X33 cells using the 

Pichia EasyComp™ Transformation Kit according the manufacturer’s instructions. 

The transformation reaction was plated on YPD-agar plates supplemented with 50 

µg/ml zeocin and incubated for 3 days at 30°C. Grown colonies were tested for 

expression of the desired protein as described in section 2.2.3.2 (test expression). 
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2.2.2.4. Agarose gel electrophoresis 

Agarose gels were prepared by dissolving 1% agarose (Life Technologies) in TAE-

running buffer (0.04 M tris-acetate, 1 mM EDTA (Titriplex III), pH 8.0) and 0.01 % 

ethidium bromide was added for DNA staining. Samples to be analyzed were mixed 

with 6x loading buffer (0.25 % (w/v) bromphenol blue, 0.25 % xylene cyanol FF 

(Applichem), 30 % (v/v) glycerol in distilled water) and 10 µl of each sample were 

loaded onto an agarose gel. Electrophoresis was done using horizontal flat bed 

chambers (BioRad Laboratories) at 10 V/cm gel length. Smart ladder (Eurogenetec) 

was used as size marker and images of stained gels were taken with GeneGenius 

Bio Imagingsystem (Syngene, Merck). 

 

2.2.2.5. Sequencing 

Sequencing of plasmid-DNA was done using the BigDye Terminator v3.1 Cycle 

Sequencing Kit (Life Technologies) and performed as described [100] by Monika von 

der Heide (Department of Infection Biology, HKI, Jena, Germany) using an ABI-Prism 

3100 Genetic Analyzer (Applied Biosystems). Obtained sequencing profiles were 

analyzed with Clone Manager Software. 

 

2.2.3. Protein biochemistry and immunological methods 

 

2.2.3.1. Expression and purification of the staphylococcal proteins and C3dg  

Efb, Efb-C, SSL-7, SCIN, Sbi, Sbi III-IV and human C3dg were recombinantly 

expressed as histidine-tagged proteins using the Champion™pET200 Directional 

TOPO® Expression Kit (Life Technologies) according to the manufacturer’s 

instructions. Briefly, protein expression was induced by adding 1 mM isopropyl β-D-1-

thiogalactopyranoside and done for 4 h at 37°C. Cells were harvested by 

centrifugation (5500 rpm for 30 min) and disrupted using cell lysis buffer (50 mM 

potassium phosphate, 400 mM NaCl, 100 mM KCl, 10% glycerol, 0.5 % Triton X 

100 mM imidazole, pH 7.8) and liquid nitrogen. Obtained lysates were sterile-filtered, 

dissolved in 5x binding buffer (10 mM Na2HPO4, 10 mM NaH2PO4, 500 mM NaCl, 

10 mM imidazole, pH 7.4) and purified by metal-chelate affinity chromatography 

using 1 ml HisTrap nickel columns (GE Healthcare, Qiagen) and the FPLC Äkta 

purifier system (GE Healthcare). Columns were washed with 7 column volumes (CV) 
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of binding buffer followed by 10 CV of 5% elution buffer (10 mM Na2HPO4, 10 mM 

NaH2PO4, 500 mM NaCl, 500 mM imidazol, pH 7.4). Bound proteins were eluted with 

10 CV of 100% elution buffer. Elution fractions containing the recombinant protein 

were combined and concentrated using 10- or 30-kDa spin filters (Millipore, Sartorius 

Stedim). Buffer was exchanged against phosphate-buffered saline (PBS, 144 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) during concentration. 

Protein concentration was determined using a spectrophotometer (NanoDrop) and 

purity of proteins was assessed by silver staining (section 2.2.3.4.). In the case that 

proteins were not pure, size exclusion chromatography was done. Purified proteins 

(200 µl) were loaded onto a gel filtration column (Superdex 75, GE Healthcare) using 

the FPLC Äkta purifier system and following filtration with PBS (2 CV), protein 

samples were concentrated as described above. 

 

2.2.3.2 Expression and purification of Efb-SCRs18-20  

Efb-SCRs18-20 and human Factor H SCRs18-20 were recombinantly expressed as 

his-tagged proteins using the EasySelect™ Pichia Expression Kit (Life Technologies) 

by following the manufacturer’s instructions. Briefly, protein expression was induced 

by feeding yeast cultures with 1% pure methanol every 24 h for 3 days. Then, culture 

supernatants were harvested by centrifugation (3000 g for 30 min), dissolved in 5x 

binding buffer and expressed proteins were purified from supernatants as described 

in section 2.2.3.1.. Test expressions were performed using the same procedure, but 

the supernatant was directly analyzed for the presence of the desired protein by 

SDS-PAGE (section 2.2.3.3.) followed by immunoblotting (section 2.2.3.5.) using a 

monoclonal mouse histidine antibody. 

 

2.2.3.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was done in 

vertical gel electrophoresis chambers (BioRad Laboratories) using 4% 

polyacrylamide stacking gels (acrylamide/bisacrylamide (37.5:1), 0.5 M Tris-HCl, 

10% SDS, 100 mg/ml ammonium persulfate (APS), 0.1% tetramethylethylenediamine 

(TEMED), pH 6.8 in distilled water) and 10%, 12% or 15% polyacrylamide running 

gels (acrylamide/bisacrylamide (37,5:1), 1.5 M Tris-HCl, 10% SDS, 100 mg/ml APS, 

0.1% TEMED, pH 8.8 in distilled water). Samples to be analyzed were mixed with 
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reducing buffer (4xRotiLoad, Roth) and boiled for 10 min at 96°C. Electrophoresis 

was done at 150 mV. PageRuler™ Prestained Protein Ladder (Fermentas) was used 

as size marker. 

 

2.2.3.4. Silver staining  

Gels were incubated in fixing buffer (30% ethanol, 30% acetate) for 30 min. Then, 

gels were washed with 20% ethanol for 10 min. Following sensitization with 0.2 g/l 

sodium thiosulfate for 2 min, gels were rinsed three times with distilled water and 

stained with 2 g/l silver nitrate for 30 min. Then, gels were rinsed again with distilled 

water and developed using developing buffer (0.7 ml/l 37% formaldehyde, 30 g/l 

sodium carbonate, 10 mg/l sodium thiosulfate). The reaction was stopped by 

removing the developing buffer and adding stopping solution (50 g/l tris base, 2.5% 

acetate). For documentation, gels were rinsed with drying buffer (10% ethanol, 5% 

glycerol) and dried using cellophane foils (Roth). 

 

2.2.3.5. Immunoblotting (Western blotting) 

Immunoblotting was performed as described [101, 102] using a semi-dry blotting 

system (Kreutz-Labortechnik). Blotting was performed at 1 mA/cm2 gel for 70 min. 

Proteins blotted onto the membrane were detected by enhanced chemiluminescence 

(ECL). To this end, the membrane was incubated with blocking buffer (PBS, 

supplemented with 1% BSA, 4% milk powder, 0.1% Tween 20) for 1h at RT followed 

by incubation with the appropriate primary antibody (1:2000 in blocking buffer) for 

30 min at RT. The membrane was washed with PBS containing 0.05% Tween 20 and 

incubated with the corresponding horseradish peroxidase (HRP)-conjugated 

secondary antibody (1:2000). After washing, blotted proteins were detected using 

ECL Western blotting detection kit (GE Healthcare) and images were taken with the 

Bio-Imaging Systems MF-ChemiBIS 3.2 (Biostep).  

 

2.2.3.6. Biotinylation of vitronectin 

Vitronectin (50 µg) was incubated with 10 mM sulfo-N-hydroxysuccinimide (NHS)-

long chain (LC)-biotin (Pierce) dissolved in distilled water for 2 h on ice. Excess non-

reacted biotin was removed by size exclusion chromatography using desalting 

columns (Pierce).  
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2.2.3.7. Enzyme-linked immunosorbent assay (ELISA) 

Microtiter plates (96 well, Maxisorp, Nunc) were coated with the desired protein 

(5 µg/ml in PBS) overnight at 4°C. Then, wells were blocked with PBS containing 2% 

BSA and 1xRotiBlock (Roth) for 1 h at 37°C and after washing, the desired ligand 

(5 µg/ml in PBS) was added for 1 h at RT. Then, wells were washed again and bound 

ligand was reacted with the appropriate primary antibody (1:1000 in blocking buffer) 

and after washing, followed by the corresponding HRP-conjugated secondary 

antibody (1:1000). The reaction was developed with TMB substrate (Biotrend) and 

the absorbance was measured at 450 nm using a microplate spectrophotometer 

(Multiscan Ascent, Thermo Scientific). 

To study binding of Factor H or CFHR1 to the immobilized Efb-C or Sbi III-IV, 

Factor H (10 µg/ml) or CFHR1 (0.16 – 10 µg/ml) together with C3, C3b, C3d or HSA 

(5 µg/ml each), or Factor H SCRs1-4, SCRs5-8, SCRs8-11, SCRs11-15, SCRs15-

18, or SCRs18-20 (66 nM each) together with C3b was added. Bound Factor H or 

CFHR1 was quantified with a polyclonal goat Factor H/CFHR1-reacting antiserum. 

To analyze binding of serum-derived CFHR1, 10% NHS was added and CFHR1 was 

detected using JHD10. To study the effect of CFHR1 on Factor H tripartite formation, 

Factor H and CFHR1 (in molar ratios of Factor H:CFHR1, 1:0.5, 1:1, 1:2, 1:4, 1:8, 

0:1), together with C3b were added to immobilized Efb-C or Sbi III-IV, and Factor H 

was detected with a rabbit antiserum specific for Factor H SCRs1-4. 

To determine if Efb and Sbi compete for tripartite formation, binding of Sbi to the 

immobilized Factor H-C3b in the presence of Efb or Efb-C (in molar ratios of Efb/Efb-

C:Sbi, 0.016:1, 0.032:1, 0.064:1, 0.125:1, 0.25:1, 0.5:1, 1:0) was analyzed using only 

a rabbit HRP-coupled antibody. 

For the C3 catch-ELISA, Efb-C, Sbi III-IV or SCIN (1µM each) was added to 10% 

NHS for 20, 40 or 60 min at 37°C and then, samples were added to an immobilized 

polyclonal rabbit C3a antibody (1:500) in order to catch C3, but not C3b. Bound C3 

was detected with a monoclonal mouse C3 antibody which detects a neo-epitope 

exposed in C3(H2O) and C3b, but not in intact C3 [78]. 

To identify vitronectin-binding proteins of S. aureus, Efb, Sbi III-IV, SSL-7, 

SAcol0021, SAcol0742 or SAcol1788 was immobilized (Polysorp microtiter plate, 

Nunc) and human vitronectin was added. Bound vitronectin was quantified with a 

polyclonal rabbit vitronectin antiserum, which was also used for the following 
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experiments. Purified human vitronectin (0.078 – 5 µg/ml) or NHS (1 – 10%) was 

used to study dose-dependent binding to immobilized Efb. To determine if further 

ECM components bind to Efb, human collagen I, collagen III, collagen VI, fibronectin, 

laminin, fibrinogen or vitronectin was added and bound proteins were detected using 

the corresponding primary antibodies (section 2.1.2.). To determine the Efb-binding 

site on vitronectin, vitronectin was incubated with either heparin sodium salt (Fluka) 

or a synthetic RGD peptide (Enzo Life Sciences) (0.3 – 300 µM) and then added to 

Efb. To localize the vitronectin-binding site on Efb, Efb-N or Efb-C was immobilized 

and vitronectin was added. To further map the binding site of Efb on vitronectin, Efb 

was immobilized and each of nine different vitronectin deletion mutants (40 nM each) 

was added. To determine if vitronectin shares the C3- or fibrinogen-binding site on 

Efb, vitronectin together with C3 (in different molar ratios of vitronectin:C3, 

1:0,1:0.625, 1:1.25, 1:2.5, 1:5, 0:1) or fibrinogen (vitronectin:fibrinogen, 1:0, 1:1.25, 

1:2.5, 1:5, 1:10, 0:1) was added. Bound C3 or fibrinogen was detected with the 

corresponding polyclonal primary antibodies (section 2.1.2.). A combined ELISA 

Western blot approach (CEWA) was used to confirm vitronectin binding to 

immobilized Efb (10 µg/ml). In this case, wells were blocked (0.2 % gelatine in PBS) 

for 2 h at 4°C and vitronectin (5 – 15 µg/ml) was added. Following washing, bound 

proteins were eluted using elution buffer (60 mM Tris-HCl pH 6.5, 25% glycerin and 

2% SDS), separated by SDS-PAGE and analyzed by immunoblotting using a 

polyclonal vitronectin antiserum. 

To study binding of Efb-SCRs18-20 to immobilized heparin, Efb-SCRs18-20, Efb or 

SCRs18-20 ( 2.5 -10 µg/ml) was added and bound proteins were detected using a 

mouse histidine antibody. Binding to immobilized C3b or C3d was analyzed the same 

way. 

 

2.2.3.8. Surface plasmon resonance (SPR) 

The interaction of Efb-SCRs18-20 with human C3b or C3d was analyzed in real time 

by surface plasmon resonance using a Biacore 3000 instrument (Biacore, AB) and 

performed by Steffi Hälbich (Department of Infection Biology, HKI, Jena, Germany). 

Human C3b or C3d was coupled to the surface of a sensor chip (CM5, Biacore AB) 

via standard amine-coupling [103]. Efb-SCRs18-20, Efb or SCR18-20 was diluted in 

PBS to equal molarities and injected at a flow rate of 5 µl/min at 25°C.  
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2.2.3.9. Microscale Thermophoresis (MST) 

The dissociation constant (kD) of the Efb-C-vitronectin interaction was determined by 

microscale thermophoresis (MST) using a Monolith NT. 115 (NanoTemper 

technologies). First, human vitronectin was labeled with NT-647 (NanoTemper 

technologies) by following the manufacturer’s instructions. For MST measurement, 

samples were prepared as follows: labeled vitronectin was kept constant at 30 nM 

concentration and the unlabeled recombinant Efb-C was titrated in 1:1 dilutions 

starting at 25 µM concentration in MST-optimized buffer (50 mM Tris-HCl pH 7.4, 150 

mM NaCl, 10 mM MgCl2, 0.05% Tween 20). After 10 min of incubation at RT, 

samples were loaded into NT.115 hydrophilic capillaries (NanoTemper technologies) 

and MST measurements were performed with 50% LED and 80% IR-laser power. 

 

2.2.3.10. Flow cytometry 

Flow cytometry analyses were done using LSR II flow cytometer (BD) and FACSDiva 

software (BD). Forward and sideward scatters were used to identify cells and 10000 

cells were counted. Data were evaluated and histograms were generated using 

FlowJo software (Tree Star Inc.). Incubation and washing steps were performed in 

PBS supplemented with 1% BSA, if not mentioned otherwise. Appropriate primary 

antibodies (1:300) and corresponding Alexa fluor 647-coupled secondary antibodies 

(1:400) were incubated for 20 min at RT. Cells were washed twice between the 

addition of two antibodies. 

To analyze binding of Efb-SCRs18-20 to sheep erythrocytes, Efb-SCRs18-20 or 

SCRs18-20 (0.5 – 2 µM), or Efb (1 µM) was added to sheep erythrocytes (1x106, 

Rockland) for 30 min at 37°C. After washing, bound proteins were detected using a 

polyclonal rabbit Efb or goat Factor H antiserum. To analyze binding of Efb-SCRs18-

20 to C3b-coated sheep erythrocytes, cells were pre-treated with 5% NHS (in 

HEPES-EGTA buffer containing 20 mM HEPES, 144 mM NaCl, 10 mM EGTA, 7 mM 

MgCl2, pH 7.4) for 20 min at 37°C. Bound Efb-SCRs18-20 was detected with a 

polyclonal Efb rabbit antiserum. To study binding of the chimera to CHO wild type or 

mutant cells (CHOΔHep or CHOΔGAGs), Efb-SCRs18-20 or SCRs18-20 (0.25 – 

1 µM) was added to 7.5x105 cells for 30 min at 4°C. Bound proteins were quantified 

using a polyclonal goat Factor H antiserum. C3b-coated CHO cells were prepared as 

described above. To study the effect of monoclonal antibodies C18 and B22 on cell 



  Materials and Methods 

43 

 

binding, Efb-SCRs18-20 or SCRs18-20 (0.5 µM each) was pre-incubated with a 

three-fold molar excess of C18 or B22 for 5 min at RT prior to adding to the CHO 

cells. 

To study binding of vitronectin to S. aureus, bacteria were grown overnight and 2x109 

cells were incubated with biotinylated vitronectin (5 – 15 µg/ml) for 45 min at 37°C in 

HEPES-EDTA buffer (20 mM HEPES, 144 mM NaCl, 10 mM EDTA, 7 mM MgCl2, pH 

7.4) supplemented with 1% BSA. After washing, bound vitronectin was detected with 

Cy5-labeled streptavidin (1:200, 30 min at 4°C). To determine the effect of Efb on 

vitronectin binding to S. aureus, biotinylated vitronectin (10 µg/ml) was pre-incubated 

with Efb (10 – 50 µg/ml) for 15 min at RT. 

Endogenous vitronectin on the surface of human alveolar epithelial cells (1x106) was 

quantified using a polyclonal rabbit vitronectin antiserum (1:200). To study binding of 

Efb to human alveolar epithelial cells, Efb (0.5 – 2 µg) was incubated with 1x106 cells 

and following washing, bound Efb was detected with a polyclonal rabbit Efb 

antiserum (1:200).  

 

2.2.3.11. Confocal laser scanning microscopy 

The interaction of Efb-SCRs18-20 with wild type CHO cells was studied by confocal 

laser scanning microscopy using LSM 510 META (Zeiss) and ZEN software. Efb-

SCRs18-20 (1 µM) was incubated with CHO cells (1x106) for 30 min at 37°C in PBS 

supplemented with 1% BSA. Cells were washed and bound Efb-SCRs18-20 was 

detected with a polyclonal Factor H goat antiserum (1:300) followed by a secondary 

Alexa 488-conjugated rabbit anti-goat IgG (1:400). CHO cell membrane was stained 

with Texas Red-coupled wheat germ agglutinin (WGA, Life Technologies) and DNA 

was stained with 4',6-diamidino-2-phenylindole (DAPI, Sigma). Samples (10 µl) were 

spread on microscope slides (Roth) and dried at 4°C. A drop of mount fluor (Roti-

Mount FluorCare, Roth) was put on the sample before the cover slip was placed on 

top.  
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2.2.4. Functional Studies 

 

2.2.4.1. C3 cleavage assay 

C3 (10 µg/ml) was incubated with Efb-C or Sbi III-IV (10 – 40 µg/ml) for 10 min at 

37°C and then, Factor H (5 µg/ml) without or with Factor I (0.7 µg/ml) was added for 

additional 10 min. Following incubation, samples were boiled in reducing buffer 

(RotiLoad) for 10 min at 96°C, separated by SDS-PAGE and C3 cleavage was 

evaluated by immunoblotting using either a polyclonal goat C3 or rabbit C3a 

antiserum. To study the role of Factor H in C3 cleavage, FHL-1, Factor H SCRs18-20 

or FHL-1 together with Factor H SCRs18-20 were used instead of Factor H. 

 

2.2.4.2. C5b-9 deposition assay 

CFHR1 (10 µg/ml) together with C3b (5 µg/ml) were added to Efb (15 µg/ml), which 

was immobilized on a microtiter plate (Medisorp, Nunc). Following washing with PBS 

(supplemented with 0.05% Tween 20), purified C5b-6 (1.5 µg/ml) and C7 (2 µg/ml) 

were added for 10 min at RT. Then, purified C8 and C9 (2 µg/ml each) were applied 

for 30 min at 37°C and after washing C5b-9 formation was quantified using a 

monoclonal mouse C5b-9-specific antibody (1:1000) followed by a secondary HRP-

coupled anti-mouse antibody (1:1000). The same procedure was used to analyze the 

TCC-regulatory activity of vitronectin bound to Efb. 

 

2.2.4.3. Bathing experiment 

S. aureus bacteria were grown overnight and 2x109 cells were incubated with 

vitronectin (7.5 – 30 µg/ml) in HEPES-EDTA buffer for 1h at 37°C. Then, cells were 

washed four times, the last wash (LW) was kept on ice and bound proteins were 

eluted using elution buffer (section 2.2.3.7., CEWA) and 4x reducing buffer (Roth). 

Elution samples were centrifuged (5 min at 13000 rpm) and the supernatants were 

transferred to fresh tubes. LW-fractions and elution samples were analyzed by SDS-

PAGE followed by immunoblotting using a polyclonal rabbit vitronectin antiserum 

(1:1000). To determine the effect of Efb on vitronectin binding to S. aureus, 

vitronectin (7.5 µg/ml) was pre-incubated with Efb (5 – 20 µg/ml) for 20 min at RT. 
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2.2.4.4. Adhesion assay 

Human alveolar epithelial cells (5x104/well) were seeded into 24 well plates (Thermo 

Fisher Scientific) and grown to confluence in fetal calf serum (FCS)-containing RPMI 

for 3 days at 37°C. Cells were washed with serum-free RPMI and incubated with S. 

aureus bacteria (1x107 in 200 µl serum-free RPMI) for 1 h at RT. Following 

incubation, alveolar epithelial cells were washed four times with serum-free RPMI. 

Then, cells were lysed and detached by adding Trypsin/EDTA (100 µl/well) 

(0.05%/0.02% w/v, Biochrom) and cold distilled water (900 µl/well). Samples were 

transferred to 1.5 ml reaction tubes and 50 µl of a 1:100 dilution were plated on LB-

Agar plates, which were incubated overnight at 37°C. Then, the number of colony 

forming units (CFU) was determined by counting. To study the effect of vitronectin 

and Efb on adhesion, vitronectin (2.5 µg), Efb (2.5 µg), vitronectin together with Efb, 

or HSA (2.5 µg) was added to S. aureus for 30 min at 37°C (in HEPES-EDTA buffer 

supplemented with 1% BSA) prior to adding bacteria to the alveolar epithelial cells. 

 

2.2.4.5. Binding of Efb to vitronectin-expressing human alveolar epithelial cells 

To determine if the binding of Efb to human alveolar epithelial cells is mediated by 

cell surface-exposed endogenous vitronectin, 1x106 cells were incubated with a 

polyclonal rabbit vitronectin antibody (1:1000, 1:100 or 1:10) in PBS supplemented 

with 1 % BSA for 30 min at RT. Following washing, Efb (1 µg) was added for 30 min 

at RT, cells were washed again and bound Efb was eluted using elution buffer as 

described in section 2.2.4.3.. Elution samples were analyzed by SDS-PAGE followed 

by immunoblotting using a polyclonal rabbit Efb antiserum (1:2000). 

 

2.2.4.6. Hemolytic assay 

Efb-SCRs18-20, Efb or SCRs18-20 (0.25 – 1 µM) was incubated in 20% NHS (in 

HEPES-EGTA buffer) for 20 min at 37°C and then, rabbit erythrocytes (5x106, 

Rockland) were added for 30 min at 37°C. Cells were centrifuged (2 min, 3000 rpm) 

and the absorbance of the supernatant was measured at 414 nm. To analyze the 

inhibitory activity of the chimera on the erythrocyte surface, Efb-SCRs18-20, Efb or 

SCRs18-20 (1 – 4 µM) was added to C3b-coated sheep erythrocytes (5x106) for 1 h 

at 37°C. Then, cells were washed, challenged with 30% HSΔCFH for 30 min at 37°C 

and after incubation, cell lysis was determined as described above. 
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2.2.4.7. C3b deposition assay 

Efb-SCRs18-20 or SCRs18-20 (1 – 4 µM), or Efb (4 µM) was bound to C3b-coated 

sheep erythrocytes (5x106) for 1h at 37°C. Erythrocytes were washed, challenged 

with 10% HSΔCFH (in HEPES-EGTA buffer) for 10 min at 37°C and after washing, 

cell surface-deposited C3b was quantified by flow cytometry using a polyclonal rabbit 

C3d antiserum as described in section 2.2.3.10.. 

 

2.2.4.8. Cell viability assay 

CHO cells (2x105/well) were seeded into a 96 well microtiter plate (Nunc) and then 

cultivated in FCS-containing DMEM for 24 h at 37°C to reach a confluent monolayer. 

Then, cells were washed and cultivated in serum-free DMEM for 12 h at 37°C. To 

deposit C3b on the cell surface, the cells were treated with NHS (5%, diluted in 

HEPES-EGTA buffer) for 20 min. Following washing, Efb-SCRs18-20, Factor H or 

SCR18-20 (0.25 – 1 µM), or Efb (1 µM) (diluted in HEPES-EGTA buffer 

supplemented with 1% FCS) was added to the cells for 1 h at 37°C. After washing, 

the cells were challenged with 10% HSΔCFH (in HEPES-EGTA buffer) for 2 h at 

37°C. For control experiments, CHO cells were exposed to 10% NHS or hiHS. Then, 

cells were washed again and cell viability was analyzed using the CellTiterBlue 

Assay (Promega) according to the manufacturer’s instructions.  

 

2.2.4.9. TCC deposition on HMEC-1 

The TCC deposition assay with human microvascular endothelial cells (HMEC-1) 

was performed by Dr. Miriam Galbusera (Mario Negri Institute for Pharmacological 

Research, Clinical Research Center for Rare Diseases, Bergamo, Italy). Briefly, 

HMEC-1, grown on chamber slides, were pre-activated with ADP (10 µM) and then, 

Efb-SCRs18-20 or Efb (4 µM each) was added for 10 min at 37°C. Following 

washing, cells were challenged with 50% complement-active aHUS patient serum for 

4 h at 37°C. After washing, the coverslips were mounted and examined under 

confocal inverted laser microscope. For each coverslip images of at least 10 fields of 

endothelial cell surfaces were acquired and C5b-9 deposition was quantified by 

automatic edge detection using built-in-specific functions of the software Image J 

(NIH, Bethesda, MD). The data are then expressed as pixel2/field analyzed.   
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2.2.5. Cell lines and maintenance of cells  

Wild type Chinese hamster ovary cells (CHO-K1, ACC-110), heparan sulfate 

proteoglycan deficient CHO cells (CHOΔHep, ATCC: CRL-2244) and GAGs deficient 

CHO cells (CHOΔGAGs, ATCC: CRL-2242) were maintained in DMEM 

(supplemented with 10% FCS, 2 mM ultraglutamine, 2.75 µg/ml gentamicin). Human 

alveolar epithelial cells (ACC-107) were maintained in RPMI (supplemented with 10% 

FCS, 2 mM ultraglutamine, 2.75 µg/ml gentamicin). For maintenance, CHO or human 

alveolar epithelial cells (1x106) were seeded into 15 ml tissue culture flasks, grown to 

confluence at 37°C and 5% carbon dioxide and split every 48 h. For flow cytometry or 

confocal laser scanning microscopy analysis, cells were detached from culturing 

flasks using 1 ml trypsin/EDTA. 

 

2.2.6. Statistical analyses 

Statistics were analyzed with Student’s t-test or analysis of variance (ANOVA) using 

GraphPad Prism 5 (GraphPad Software), and differences with P < 0.05 were 

considered significant. 
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3. Results 

 

3.1. Efb forms tripartite complexes with host Factor H and C3 to 

inactivate C3 
 

3.1.1. Efb forms a tripartite complex with human Factor H and C3  

The staphylococcal proteins Efb and Sbi are alternative complement pathway 

inhibitors and share C3-binding properties. Sbi inhibits the AP by forming tripartite 

complexes with host Factor H and C3b [60]. As Efb binds to C3b with higher affinity 

than Sbi, I asked whether Efb also forms tripartite complexes. To this end the Efb C-

terminal fragment (Efb-C), which harbors the C3b-binding site, was expressed, 

purified and analyzed for tripartite formation. Efb-C was immobilized onto the surface 

of a microtiter plate. Then Factor H binding alone or in combination with C3b was 

studied. Efb-C bound Factor H in the presence, but not in the absence of C3b (Figure 

6A). Similarly, Sbi III-IV formed a tripartite complex with Factor H and C3b (Figure 

6A). Efb-C also bound Factor H when NHS was used as protein source. Thus, Efb is 

a new staphylococcal protein that forms tripartite complexes with host Factor H and 

C3b. 

To characterize the Efb-mediated tripartite complex in more detail, intact, 

unprocessed C3 as well as the C3 activation fragment C3d were analyzed for 

tripartite complex formation. Again Efb-C was immobilized and Factor H alone or in 

combination with C3 or the C3 activation product C3d was added. Efb-C bound 

Factor H also in the presence of intact C3 or the activation fragment C3d (Figure 6B). 

Similar to Sbi III-IV, Factor H formed tripartite complexes with intact C3 and the two 

C3 activation fragments C3b and C3d (Figure 6B). However, Efb-C tripartite complex 

formation with the different C3 variants was of slight lower intensity as compared to 

Sbi III-IV. Taken together, Efb, similar to Sbi, forms tripartite complexes with Factor H 

and C3, and also with Factor H and the activation fragments C3b and C3d. 

 
 



  Results 

49 

 

 

Figure 6 – Efb forms tripartite complexes with Factor H and C3 isoforms.  

(A) Efb-C or Sbi III-IV was immobilized onto the surface of a microtiter plate and binding of Factor H 

alone or together with C3b was assayed by ELISA using a polyclonal Factor H antiserum. Factor H 

bound to Efb-C and Sbi III-IV in the presence, but not in the absence of C3b. Binding of serum-derived 

Factor H (NHS) to Efb-C and Sbi III-IV was assayed the same way and serum-Factor H also bound to 

both Efb-C and Sbi III-IV. Data are mean values from three wells of a representative experiment ± SD 

(total of three separate experiments). (B) Intact C3 and the C3 activation product C3d participate in 

tripartite formation. Efb-C or Sbi III-IV was immobilized and binding of Factor H alone or together with 

C3, C3b, C3d or HSA was assayed as described in (A). Factor H bound to Efb and Sbi III-IV in the 

presence of C3, C3b and C3d, but did not bind in the absence of any C3 protein or in the presence of 

HSA. Data are mean values from two wells of a representative experiment ± SD (total of three 

separate experiments). Data in (A) were generated together with Michael Reuter. 

 

3.1.2. The Factor H C-terminus mediates tripartite complex formation 

The C-terminus of Factor H mediates tripartite complex formation with Sbi [60]. To 

localize the binding region of Factor H that is involved in tripartite formation with Efb, 

recombinant Factor H fragments were used. To this end Efb-C was immobilized and 

either full-length intact Factor H, the splice variant FHL-1 (SCRs1-7) or the Factor H 

fragments SCRs1-4, SCRs8-11, SCRs11-15, SCRs15-18, SCRs18-20 (Figure 7A) 

was added together with intact C3. Tripartite formation was analyzed using a 

polyclonal Factor H antiserum. Factor H fragment SCRs18-20 bound to Efb-C, but 

the other Factor H fragments did not bind (Figure 7B). Thus, the C-terminal 

recognition region of Factor H mediates tripartite formation. Similar also for Sbi III-IV, 

the C-terminus of Factor H mediated tripartite complex formation (Figure 7B). 
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Figure 7 – The Factor H C-terminus mediates tripartite complex formation.  

(A) Schematic diagram of the recombinant Factor H deletion mutants that were analyzed in tripartite 

complex formation. Intact Factor H (upper row) consists of an N-terminal complement regulatory 

domain (SCRs1-4, yellow) and a C-terminal cell surface binding region (SCRs18-20, blue). (B) The C-

terminus, i.e. SCRs18-20 of Factor H mediates tripartite complex formation. Full-length intact Factor H, 

recombinant FHL-1 (SCRs1-7), as well as recombinant Factor H deletion mutants SCRs1-4, SCRs5-8, 

SCRs8-11, SCRs11-15, SCRs15-18 and SCRs18-20 used in equimolar amounts together with C3 

were added to immobilized Efb-C or Sbi III-IV. Following washing, bound proteins were detected using 

a Factor H-specific polyclonal antiserum. Full-length Factor H and also the Factor H fragment 

SCRs18-20 bound to Efb-C and Sbi III-IV, but the other Factor H fragments did not bind. Mean values 

from three wells of a representative experiment ± SD are presented (total of three independent 

experiments). ***, P < 0.001. 

 

3.1.3. C3 trapped in the tripartite complex with Factor H is cleaved by Factor I 

C3 is the most abundant complement protein in human plasma and thus, 

staphylococci first encounter intact unprocessed C3. As C3 is not naturally bound 

and processed by Factor H, I hypothesized that Efb and also Sbi, by forming a 

tripartite complex with Factor H and C3, induce a conformational change of C3 that 

may facilitate C3 cleavage by the protease Factor I. To this end, intact unprocessed 

C3 was incubated with Efb-C or Sbi III-IV and then Factor H and Factor I were 

added. Following incubation, the proteins were separated by SDS-PAGE, transferred 

to a membrane and C3 cleavage was evaluated by immunoblotting using a 

polyclonal C3 antiserum. The C3 αchain remained intact and only a minor cleavage 

occurred in the absence of Efb-C and Sbi III-IV (Figure 8A and C, lane 2). C3, 

however, was cleaved by Factor I in the presence of Efb-C or Sbi III-IV and cleavage 

fragments of the α chain, i.e. α43 kDa and α41 kDa were detected (Figure 8A and 

C, lanes 3-5). This cleavage was dose-dependent as shown by the increase of the 

α43- and α41-kDa band intensities. This Factor I-mediated cleavage additionally 

generates a third product, i.e. the α 77-kDa fragment, which harbors the C3a domain 

(Figure 8E). However, upon gel electrophoresis, this 77-kDa fragment will co-migrate 
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with and is consequently masked by the 75-kDa ß chain when a polyclonal C3 

antiserum is used. Thus, to detect the presence of this 77-kDa fragment to which 

C3a is attached, the same samples were analyzed again using a polyclonal 

antiserum specific for C3a. This C3a antiserum detected the 77-kDa cleavage 

fragment and also the 130-kDa αchain (Figure 8B and D, lanes 3-5). In the absence 

of the bacterial proteins, the α 77-kDa cleavage fragment appeared with rather very 

weak intensity (Figure 8B and D, lane 2), which is explained by a spontaneous and 

very poor conformational change of C3. Taken together, C3 fixed in the tripartite 

complex with Efb-C or Sbi III-IV experiences a conformational change which makes 

the intact C3 protein susceptible to cleavage by the serine protease Factor I. 

Whether Efb and Sbi induce such a conformational change of intact C3 was further 

analyzed in a catch-ELISA. To this end Efb-C or Sbi III-IV was added to NHS as 

source of intact, unprocessed C3 and following incubation the reaction mixtures were 

added to an immobilized C3a antibody. After incubation, wells were washed 

thoroughly and bound C3 was detected using a monoclonal C3 antibody, which 

recognizes a neo-epitope, exposed only in C3(H2O) and C3b, but not in intact, 

unprocessed C3.  

In the absence of the bacterial proteins, only a low level of such a neo-epitope in C3 

was formed which is explained by a spontaneous hydrolysis of intact C3 (C3(H2O)). 

However, in the presence of Efb-C a C3(H2O)/C3b-specific neo-epitope in C3 was 

formed and this effect was time-dependent (Figure 8F). The effect was almost 

saturated after 60 min. Similarly, in the presence of Sbi III-IV a C3(H2O)/C3b-specific 

neo-epitope in C3 was formed, but in this case the effect was rather pronounced and 

saturated after 60 min (Figure 8F). In presence of the staphylococcal complement 

inhibitor SCIN, which also binds C3, no such a neo-epitope in C3 was formed, 

demonstrating the specificity of the assay. Thus, Efb-C and also Sbi III-IV bind to 

serum-derived, intact, unprocessed C3 and upon binding induce the formation of a 

neo-epitope in C3 which is only normally present in C3b and C3(H2O). This is 

explained by a conformational change of C3, which makes C3 vulnerable to cleavage 

by Factor I in the presence of the cofactor Factor H. 
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Figure 8 – Tripartite-fixed C3 is cleaved by Factor I.  

C3 was incubated with Efb-C (A) or Sbi III-IV (C) in fluid phase and then, Factor H together with 

Factor I were added. Following incubation, the samples were separated by SDS-PAGE and C3 

cleavage was evaluated by immunoblotting using a polyclonal C3 antiserum. C3 was cleaved by 

Factor I in the presence of Efb-C or Sbi III-IV as the Factor I-specific cleavage fragments of the α 

chain of 43- and 41-kDa appeared (lanes 3-5). This cleavage of C3 was dose-dependent. C3 was not 

cleaved in the absence of the bacterial proteins (lane 2). (B, D) Identification of the 77-kDa cleavage 

product of the α chain of C3. C3 cleavage in the presence of Efb-C or Sbi III-IV was assayed as 

described in (A) and a polyclonal C3a antiserum was used to detect the α 77-kDa C3 cleavage 

fragment to which the C3a domain is attached. C3 was cleaved by Factor I in the presence of Efb-C 

and Sbi III-IV (lanes 3-5) as the C3 cleavage fragment of 77-kDa appeared. C3 was not cleaved in the 

absence of the bacterial proteins (lane 2). Blots are representatives of three independent experiments. 

(E) Intact C3 consists of two chains, i.e. the 130-kDa α chain which harbors the C3a (red) and the C3d 

(dashed) domains and the 75-kDa ß chain (upper panel). In tripartite complex-fixed C3 is cleaved by 

Factor I (scissors) resulting in the formation of three cleavage products of the α chain, i.e. the 41-, 43-, 

and the 77-kDa fragments, the latter one containing the C3a domain (lower panel). (F) Efb-C and 

Sbi III-IV induce a conformational change of C3. Efb-C, Sbi III-IV or SCIN (each 1 µM) was added to 

NHS (10%) as source of intact, unprocessed C3. After incubation, the samples were added to an 

immobilized C3a-specific antibody to catch C3 but not C3b. Following washing C3 was detected with a 

monoclonal C3 antibody which detects a neo-epitope exposed in C3(H2O) and C3b, but not in 

unprocessed C3. Data shown are mean values from three wells of a representative experiment ± SD 

(total of three independent experiments). ***, P < 0.001. 
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3.1.4. C3 cleavage is specific for Factor H and does not occur with FHL-1 

To analyze the role of Factor H in Efb-C tripartite complex-mediated C3 cleavage in 

more detail, I asked whether full length Factor H is relevant for this activity or if FHL-

1, which shares the complement regulatory N-terminal region with Factor H, also 

mediates C3 cleavage. When FHL-1 was analyzed in Efb-C tripartite complex-

mediated C3 cleavage, C3 remained intact and was not cleaved (Figure 9A, lane 6). 

The C-terminus of Factor H is relevant for tripartite complex formation (Figure 7B). To 

define if the C-terminus alone together with FHL-1 is sufficient for tripartite-mediated 

cleavage, FHL-1 was used in combination with Factor H fragment SCRs18-20. Again, 

C3 remained intact when FHL-1 in combination with Factor H SCRs18-20 were 

added (Figure 9A, lane 9). C3, however, was cleaved when intact Factor H was 

added as cofactor for Factor I and the Factor I-specific cleavage fragments of 41 kDa 

and 43 kDa appeared (Figure 9A, lane 3). This Factor I-mediated cleavage also 

generates a 77-kDa fragment which contains the C3a domain and which was 

detected by a polyclonal C3a antiserum (Figure 9B). This 77-kDa fragment was only 

generated in the presence of intact Factor H (Figure 9B, lane 3), but not when FHL-1 

alone (Figure 9B, lane 6) or FHL-1 in combination with Factor H SCRs18-20 was 

added (Figure 9B, lane 9). Similar to Sbi III-IV, C3 was cleaved when Factor H was 

added as cofactor, i.e. the Factor I-specific 41-, 43- and 77-kDa C3 cleavage 

fragments were generated (Figure 9C and D, lane 3). C3, however, was not cleaved 

in the presence of FHL-1 alone (Figure 9C and D, lane 6) or FHL-1 in combination 

with Factor H fragment SCRs18-20 (Figure 9C and D, lane 9). Taken together, full-

length intact Factor H in the tripartite complex is required for the cleavage of C3. 



  Results 

54 

 

 

Figure 9 – C3 cleavage is specific for full-length intact Factor H.  

Efb-C (A, B) or Sbi III-IV (C, D) was incubated with C3 and then Factor I together with either Factor H 

or FHL-1 or FHL-1 plus Factor H fragment SCRs18-20 were added. Following incubation, samples 

were separated by SDS-PAGE and C3 cleavage was detected by Western blotting using either a 

polyclonal C3 (A, C) or C3a antiserum (B, D). C3 fixed in the tripartite complex with either Efb-C or 

Sbi III-IV was cleaved by Factor I in the presence of its cofactor Factor H as revealed by the 

appearance of the specific α 43- and α 41-kDa cleavage fragments (A, C, lane 3), as well as the α 77-

kDa cleavage fragment to which the C3a region is attached (B, D, lane 3). No cleavage occurred in 

the presence of the Factor I cofactor FHL-1 (A-D, lane 6) or FHL-1 together with Factor H fragment 

SCRs18-20 (A-D, lane 9). Blots are representatives of three separate experiments. 

 

3.1.5. Efb forms tripartite complexes with human CFHR1 

Given that Factor H and the terminal pathway regulator CFHR1 share almost 

identical C-terminal recognition regions [16], I asked if Efb also forms tripartite 

complexes with CFHR1. To this end, binding of CFHR1 to Efb-C and to Sbi III-IV was 

assayed in the absence or presence of C3b. CFHR1 alone did not bind or bound with 

rather weak intensity to either immobilized Efb-C or to Sbi III-IV (Figure 10A). In the 

presence of C3b, CFHR1 bound strongly to both staphylococcal proteins. Similarly, 
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when human serum was used as protein source, CFHR1 bound to both 

staphylococcal proteins (Figure 10A). 

To analyze complex formation in more detail, tripartite formation with intact C3 and 

activation fragment C3d was followed. CFHR1 binding in combination with C3 or with 

C3d was assayed to immobilized Efb-C and Sbi III-IV. CFHR1 formed tripartite 

complexes with intact, unprocessed C3 and with the activation fragment C3d on Efb-

C (Figure 10B). Similarly, CFHR1 formed tripartite complexes with intact C3 and the 

two C3 activation fragments on Sbi III-IV (Figure 10B). Efb-C complex formation with 

C3 and the fragments C3b and C3d was of slightly lower intensity, about 75% of that 

of Sbi III-IV. Thus, Efb-C, similar to Sbi III-IV forms tripartite complexes with CFHR1 

and C3 or C3d.  

In addition, dose-dependent CFHR1 binding to Efb-C and Sbi III-IV was assayed. 

First, Efb-C was immobilized and CFHR1 in increasing amounts, together with 

constant levels of C3 or the activation fragments C3b, C3d or C3c were added. After 

washing, bound CFHR1 was determined using a polyclonal CFHR1 reacting 

antiserum. Again, CFHR1 bound to Efb-C and the binding was affected by the C3 

isoforms (Figure 10C). CFHR1 in combination with C3d bound with highest intensity, 

followed by C3 and C3b, and saturation was reached for C3 and C3b. Tripartite 

complex formation was not detected in the presence of C3c. 

A similar pattern was observed when tripartite complex formation with Sbi III-IV was 

assayed. Complex formation with C3d was strongest, followed by C3 and C3b 

(Figure 10D), and saturation was reached for all C3 variants. The binding to the 

different C3 isoforms reveal that the C3d domain, which is present in C3, as well as 

in C3b, but which is absent in C3c, is essential for the formation of tripartite 

complexes with Efb or Sbi. Taken together, both staphylococcal proteins form 

tripartite complexes with CFHR1, and C3d-containing C3 isoforms mediate complex 

formation. 
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Figure 10 – Efb forms tripartite complexes with CFHR1.  

(A) Efb-C or Sbi III-IV was immobilized and binding of CFHR1 alone or together with C3b or HSA was 

assayed using a FactorH/CFHR1-reacting antiserum. CFHR1 bound to Efb-C and also Sbi III-IV in the 

presence of C3b, but not in the absence of C3b. Binding of serum-derived CFHR1 (NHS) to Efb-C and 

Sbi III-IV was assayed the same way, but using a monoclonal CFHR1-specific antibody. (B) Intact C3 

and activation product C3d also participate in tripartite formation with CFHR1. Efb-C or Sbi III-IV was 

immobilized and binding of CFHR1 alone or together with C3, C3b, C3d or HSA was analyzed as 

described in (A). CFHR1 bound to Efb and Sbi III-IV in the presence of C3 and the C3 activation 

fragments C3b and C3d. CFHR1 did not bind to Efb and Sbi III-IV in the absence of C3 proteins or in 

the presence of HSA. (C, D) CFHR1 in increasing concentrations was added to immobilized Efb-C (C) 

and Sbi III-IV (D) together with constant, equimolar amounts of C3 or the C3 activation products C3b, 

C3c and C3d. CFHR1 bound to Efb-C and Sbi III-IV in a dose-dependent manner in the presence of 

C3, C3b and C3d. CFHR1 did not bind to Efb and Sbi III-IV in the presence of C3c. Mean values 

presented derived from two wells of a representative experiment ± SD (total of three separate 

experiments). Data in (A) were generated together with Michael Reuter. 

 

3.1.6. Tripartite-fixed CFHR1 blocks TCC formation 

To determine whether CFHR1 bound within the tripartite complex is functionally 

active, the TCC (C5b-9) inhibitory activity of CFHR1 was assayed. CFHR1 together 

with C3b were added either to full-length Efb or to the C-terminal fragment Efb-C and 

after washing the C5b-9 complex was formed by adding purified TCC components 

C5b6, C7, C8 and C9. The assembled C5b-9 complex was detected using a 

monoclonal antibody specifc for C5b-9. Tripartite complex-bound CFHR1 blocked 

C5b-9 formation (Figure 11A). Efb and Efb-C had slightly different effects, i.e. CFHR1 
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bound to full-length Efb blocked TCC formation by approximately 40% and CFHR1 

fixed to Efb-C blocked TCC formation by about 30%. Factor H lacks TCC regulatory 

activity and consequently when fixed in the tripartite complex did not block TCC 

formation. In parallel, binding of both CFHR1 and Factor H to Efb and Efb-C was 

confirmed using a polyclonal Factor H/CFHR1-reacting antiserum (Figure 11B). The 

S. pyogenes protein Scl 2.28 used as negative control did not bind human CFHR1. 

 

 

Figure 11 – Tripartite-fixed CFHR1 is functionally active.  

(A) CFHR1 together with C3b were added to immobilized full-length Efb or Efb-C. Following washing 

the C5b-9 complex was generated by applying purified TCC components C5b6, C7, C8 and C9. After 

incubation, wells were washed again and C5b-9 formation was evaluated using a monoclonal antibody 

specific for the assembled C5b-9 complex. CFHR1 fixed in the tripartite complex with Efb or Efb-C 

inhibited C5b-9 formation by 40% and 30%, respectively. (B) Tripartite formation was followed using a 

polyclonal Factor H/CFHR1-specific antiserum to confirm CFHR1 and Factor H binding in (A). CFHR1 

and Factor H were fixed in tripartite complexes with either Efb or Efb-C. Scl 2.28 derived from S. 

pyogenes was used as negative control. Data represent mean values from three wells of a 

representative experiment ± SD (total of three separate experiments). 

 

3.1.7. CFHR1 and Factor H compete for tripartite formation 

The two human plasma proteins Factor H and CFHR1 are both fixed in the tripartite 

complex via their conserved C-terminal surface-binding regions. To test if the two 

complement regulators compete with each other for tripartite complex formation, a 

competition ELISA was performed. First, Efb-C was immobilized and then tripartite 

complexes were formed with Factor H together with either C3 or C3b in the presence 

of CFHR1. CFHR1 inhibited Factor H binding to Efb-C (Figure 12A). This inhibition 

was dose-dependent and CFHR1 at the physiological ratio of 1:0.5 (Factor 

H:CFHR1, black arrow) reduced Factor H binding to Efb-C:C3 by about 32%. 

Similarly, CFHR1 inhibited Factor H binding to Efb-C:C3b by about 35%. Thus, the 

CFHR1 competition effect was only slightly affected by the C3 variants, i.e. intact C3 
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or C3b. For Sbi III-IV, CFHR1 displayed a comparable inhibitory effect on Factor H 

binding (Figure 12B), i.e. at the physiological level of 1:0.5 (Factor H:CFHR1, black 

arrow), CFHR1 reduced Factor H binding to Sbi-III-IV:C3 by about 27% and to Sbi-III-

IV:C3b by about 20% . 

Factor H fixed in the Sbi tripartite complex is regulatory active and mediates C3b 

inactivation by acting as cofactor for the serine protease Factor I [60]. I therefore 

asked if Factor H fixed in the Efb tripartite complex maintains Factor I cofactor activity 

and if CFHR1, by competing with Factor H, affects Factor H-mediated complement 

control. Factor H fixed in the tripartite complex with Efb-C displayed cofactor activity 

for Factor I which resulted in cleavage of C3b in three fragments of the α’ chain of  

68-, 43- and 41-kDa (Figure 12C, lane 1). CFHR1 affected this Factor H-mediated 

cofactor activity, as the intensities of the α’ 68-, α’ 43- and α’ 41-kDa bands were 

reduced. This effect was dose-dependent. At the physiological level of 1:0.5 (Factor 

H:CFHR1) the intensity of the α’ 43-kDa band of C3b was reduced by about 20% 

(Figure 12C, lane 2). Thus, CFHR1 competes with Factor H for tripartite complex 

formation which results in reduced cofactor activity and in less C3b cleavage (Figure 

12C, lanes 2-7).  

Similarly, the effect of CFHR1 on Factor H-mediated cofactor activity was assayed for 

Sbi III-IV (Figure 12D). Again, CFHR1 reduced binding and as a consequence, 

reduced the regulatory activity of tripartite-bound Factor H (Figure 12D, lanes 2-6). At 

the physiological level of 1:0.5 (Factor H:CFHR1) C3b inactivation was reduced by  

about 30 %, as judged by the intensity of the α’43-kDa band (Figure 12D, lane 2). 

Taken together, CFHR1 influences Factor H fixation in the tripartite complex and as a 

consequence, affects the regulatory activity of Factor H. 
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Figure 12 – CFHR1 reduces Factor H binding to Efb and Sbi, and affects cofactor activity of 

tripartite-fixed Factor H.  

(A) CFHR1 reduces Factor H binding to immobilized Efb-C:C3 and Efb-C:C3b as shown by ELISA. 

Bound Factor H was detected with a Factor H SCRs1–4-specific antiserum. Factor H bound to 

immobilized Efb-C:C3 and Efb-C:C3b. CFHR1 reduced Factor H fixation in the tripartite complex and 

at the physiological level of 1:0.5 (Factor H:CFHR1, arrow), CFHR1 reduced Factor H binding to Efb-

C:C3 by about 32% and to Efb-C:C3b by about 35%. (B) CFHR1 reduces binding of Factor H to 

immobilized Sbi III-IV:C3 and Sbi III-IV:C3b. Bound Factor H was detected as described in (A). 

Factor H bound to Sbi III-IV:C3 and Sbi III-IV:C3b and CFHR1 dose-dependently reduced Factor H 

binding. Data in (A) and (B) are mean values from three wells of a representative experiment ± SD 

(total of three separate experiments). (C) Factor H bound to Efb-C has Factor I cofactor activity. Efb-C 

was immobilized and Factor H together with C3 was added to form a tripartite complex. Following 

washing, C3b and Factor I were added and C3b cleavage was evaluated by SDS-PAGE and 

immunoblotting using a polyclonal C3 antiserum. C3b was cleaved at its α’ chain into  fragments of 68-

, 43- and 41-kDa (lane 1). CFHR1 reduced Factor H-mediated C3b cleavage. Factor H together with 

CFHR1 was fixed in the tripartite complex with Efb-C at indicated molar ratios (lanes 2–7) and C3b 

cleavage was evaluated by the reduced intensity of the α’ 68-, α’ 43- and α’ 41-kDa bands. (D) Sbi III-

IV was immobilized and tripartite complex formation as well as C3b cleavage was followed as 

described in (C). Factor H fixed in the tripartite complex with Sbi III-IV is functionally active and 

mediates cleavage of C3b, as demonstrated by the appearance of the α’ 68-, α’ 43-, and α’ 41-kDa 

fragments (lane 1). CFHR1 (lanes 2–6) dose-dependently reduced Factor H-mediated C3b 

inactivation. Blots are representatives of three independent experiments. Data in (C) and (D) were 

generated together with Michael Reuter. 
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3.1.8. Efb and Sbi compete for tripartite complex formation 

The staphylococcal proteins Efb and Sbi form tripartite complexes with human 

Factor H and C3. Since expression of both bacterial proteins is regulated by the 

same two-component gene regulatory system [104] and thus Efb and Sbi are most 

likely simultaneously secreted by the bacteria I asked whether Efb and Sbi compete 

for tripartite complex formation. To this end, C3b was bound to the immobilized 

Factor H and following washing, Efb or the C-terminal fragment Efb-C together with 

Sbi were added. After incubation, wells were washed again and bound Sbi was 

detected with a polyclonal rabbit antiserum by utilizing the IgG-binding properties of 

Sbi. Efb reduced Sbi tripartite formation and this effect was dose-dependent. Efb 

already at molar ratio of 0.25:1 (Efb:Sbi) reduced Sbi tripartite formation by 90% 

(Figure 13, large arrow). Efb-C also blocked tripartite complex formation of Sbi, but 

the effect however was rather pronounced, i.e. Efb-C already at molar ratio of 

0.015:1 (Efb-C:Sbi) reduced Sbi tripartite formation by 90% (Figure 13, small arrow). 

Taken together, the two staphylococcal proteins Efb and Sbi compete for tripartite 

complex formation, demonstrating a similar Factor H binding mechanism. 

 

 

Figure 13 – Efb and Sbi compete for tripartite complex formation. 

C3b was bound to the immobilized Factor H and after washing Efb or Efb-C together with Sbi were 

added in molar concentrations ranging from 0.016:1 to 0.5:1 (Efb/Efb-C:Sbi). Following washing, 

bound Sbi was quantified with an HRP-conjugated rabbit antibody by utilizing the IgG-binding activity 

of Sbi. Efb and also Efb-C reduced Sbi binding to the Factor H-C3b complex showing that both 

staphylococcal proteins compete for tripartite formation. The C-terminal Efb-C fragment was more 

effective in competing Sbi than full-length intact Efb. Efb-C at molar ratio of 0.016:1 (Efb-C:Sbi, small 

arrow) blocked Sbi tripartite complex formation by 90%, while full-length Efb blocked Sbi tripartite 

formation almost completely at molar ratio of 0.25:1 (Efb:Sbi, large arrow). Data shown are mean 

values from three wells of a representative experiment ± SD (total of three separate experiments). 
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3.2. Efb acquires the human adhesive glycoprotein vitronectin  
 

3.2.1. Staphylococcus aureus acquires human vitronectin 

Pathogens such as S. aureus coat their surface with human proteins and bound 

human proteins aid in escape of host immune responses and in host cell adhesion. 

The human adhesive glycoprotein vitronectin is bound by many bacterial pathogens 

and I therefore asked whether also the gram positive bacterium S. aureus binds 

human vitronectin. Due to the IgG binding by Protein A and Sbi, an antibody 

independent approach was used to detect surface bound vitronectin by flow 

cytometry. To this end vitronectin was labeled with biotin and then added to intact S. 

aureus bacteria. Following incubation bacteria were washed and bound vitronectin 

was detected by Cy5-conjugated streptavidin. Human vitronectin bound to S. aureus 

and binding was dose-dependent (Figure 14A). In addition, vitronectin binding to S. 

aureus was assayed and confirmed in a ‘bathing experiment’. In this case, purified, 

unlabeled human vitronectin was added to the bacteria and after thorough washing 

bound vitronectin was eluted, separated by SDS-PAGE and analyzed by 

immunoblotting using a polyclonal vitronectin antiserum. Again human vitronectin 

bound to S. aureus, and this effect was dose dependent as judged by the intensity of 

the 65/75-kDa vitronectin double-band (Figure 14B, lanes 1,3,5). 
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Figure 14 – Human vitronectin binds to intact S. aureus.  

(A) Purified, biotinylated human vitronectin was incubated with staphylococci (2x10
9
 cells) for 45 min 

at 37°C. Following washing, bound vitronectin was quantified by flow cytometry using Cy5-labeled 

streptavidin. Human vitronectin bound to S. aureus and binding was concentration-dependent. 

Bacteria incubated in buffer served as control. A representative histogram of three independent 

experiments is shown. (B) Vitronectin binding to S. aureus was assayed in a ‘bathing experiment’. 

Purified, unlabeled human vitronectin was incubated with S. aureus bacteria. Thereafter, cells were 

washed four times and bound proteins were eluted using SDS-buffer. Elution (E) and ‘Last wash’ (LW) 

fractions were separated by SDS-PAGE, transferred to a membrane and vitronectin was detected by 

Western blotting using a polyclonal vitronectin antiserum. A representative experiment of three is 

shown. 

 

3.2.2. Efb is a novel vitronectin-binding protein of S. aureus  

Intact S. aureus bacteria bind human vitronectin (Figure 14), but to date the major S. 

aureus ligand for human vitronectin has not been determined yet. Therefore I aimed 

to identify vitronectin-binding proteins of S. aureus. To this end, six recombinant 

staphylococcal proteins, i.e. three of unknown function (SAcol0021, SAcol0742, 

SAcol1788 derived from S. aureus Strain Col) and three known complement 

inhibitors (Efb, Sbi III-IV, SSL-7 derived from S. aureus Strain Newman) were 

assayed for vitronectin binding by ELISA. First the recombinant staphylococcal 

proteins were immobilized and following washing, purified human vitronectin was 

added. Then, wells were washed again and bound vitronectin was detected and 

quantified using a polyclonal vitronectin antiserum. Vitronectin bound strongly to Efb, 

but vitronectin did not bind or bound with low intensity to the other staphylococcal 

proteins (Figure 15). Vitronectin also bound to human C7 which is an already-known 

ligand of vitronectin and thus served as positive control. Taken together, the 

complement inhibitor Efb binds to human vitronectin and hence, Efb is a novel 

vitronectin-binding protein of S. aureus. 
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Figure 15 – Efb is a novel vitronectin-binding protein of S. aureus.  

Six recombinant staphylococcal proteins, i.e. three of unknown function (SAcol0021, SAcol0742, 

SAcol1788) and three staphylococcal complement inhibitors (Efb, Sbi III-IV, SSL-7), were tested for 

binding to human vitronectin. The staphylococcal proteins were immobilized onto the surface of a 

microtiter plate and purified human vitronectin was added. Following incubation wells were washed 

and bound vitronectin was quantified with a polyclonal antiserum. Vitronectin bound to Efb and 

vitronectin did not bind or bound with rather low intensity to the other staphylococcal proteins. 

Vitronectin also bound to C7, which is a known ligand of vitronectin. Data shown are mean values 

from two wells of a representative experiment ± SD (total of three independent experiments). 

 

3.2.3. Efb binds purified and serum-derived human vitronectin 

Having shown that Efb binds to human vitronectin I aimed to investigate the binding 

in more detail. To this end, purified human vitronectin in concentrations ranging from 

0.078 – 5 µg/ml was added to immobilized Efb. Vitronectin bound to Efb, binding was 

dose-dependent and binding was not saturated at the highest concentration of 

vitronectin used (Figure 16A). Complement component C7 was used as positive 

control and vitronectin bound to C7 with about 60% intensity as compared to Efb 

(Figure 16A). In addition, vitronectin binding to Efb was analyzed and confirmed by 

CEWA. Efb was immobilized and human vitronectin was added. Following washing 

the proteins were eluted, separated by SDS-PAGE, transferred to a membrane and 

vitronectin was identified by Western blotting based on mobility and reactivity with a 

vitronectin-specific antiserum. Again, vitronectin bound to Efb in a dose-dependent 

manner (Figure 16B). 

Vitronectin is an abundant plasma protein. Thus, binding of serum-derived vitronectin 

to Efb was assayed by ELISA. NHS, in concentrations ranging from 1% to 10%, was 

added to immobilized Efb and after washing, bound proteins were evaluated with a 

polyclonal vitronectin antiserum. Serum-derived vitronectin bound to Efb, binding was 

dose-dependent and binding was saturated at 10% NHS (Figure 16C). Thus, serum-

derived vitronectin, similar to purified vitronectin, binds to Efb. 
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Vitronectin is part of the human extracellular matrix (ECM) and embedded in the 

ECM, vitronectin comes in contact with other ECM proteins such as collagen. I 

therefore investigated if Efb also binds to other ECM components or if Efb only 

attaches to vitronectin. To this end, binding of the ECM proteins vitronectin, 

fibronectin, laminin, collagen I, collagen III, collagen IV, as well as the already-known 

ligand fibrinogen [79, 105, 106] to immobilized Efb was analyzed by ELISA. 

Vitronectin and also fibrinogen bound to Efb, but the other ECM components tested 

did not bind (Figure 16D). Notably, vitronectin binding to Efb was as pronounced as 

fibrinogen binding to Efb. Taken together, human vitronectin binds to staphylococcal 

Efb and vitronectin is a novel ligand of Efb.  

Figure 16 – Vitronectin is a novel ligand of Efb.  

(A) Purified vitronectin used in indicated concentrations was added to the immobilized Efb and after 

washing, bound vitronectin was detected with a polyclonal vitronectin antiserum. Vitronectin bound to 

Efb in a dose-dependent manner and binding was not saturated at 5 µg/ml vitronectin. C7 is a natural 

ligand of vitronectin and served as positive control. (B) Vitronectin binding to Efb was analyzed using 

CEWA. Efb or HSA was immobilized and human vitronectin was added. Following washing, bound 

proteins were eluted, separated by SDS-PAGE, transferred to a membrane and vitronectin was 

identified by immunoblotting using a vitronectin-specific antiserum. A representative experiment of 

three is shown. (C) Serum-derived vitronectin binds to Efb. NHS in indicated concentrations was 

applied to the immobilized Efb and after washing, bound vitronectin was detected as described in (A). 

(D) Vitronectin, but no other ECM components bind to Efb. Binding of ECM components to Efb was 

analyzed by ELISA. Efb was immobilized and human vitronectin, fibronectin, laminin, collagen type I, 

collagen type III or collagen type IV was added. Bound proteins were detected using the 

corresponding primary antibodies. Data in (A), (C) and (D) are mean values from two wells of a 

representative experiment ± SD (total of three separate experiments). 
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3.2.4. Efb has two vitronectin-binding sites 

The N-terminal and the C-terminal regions of Efb bind to different human proteins, 

i.e. the N-terminal region binds fibrinogen and the C-terminal region acquires C3 and 

plasminogen [54, 67, 79, 105, 106] (Figure 17A). To localize the vitronectin-binding 

site on Efb, recombinant Efb deletion mutants Efb-N and Efb-C were expressed, 

purified and analyzed for binding to vitronectin by ELISA. Vitronectin bound to 

immobilized Efb-C and also to Efb-N, binding was dose-dependent and not saturated 

at the highest vitronectin concentration of 5 µg/ml (Figure 17B). Vitronectin bound to 

Efb-C with 25% higher intensity than to Efb-N. Taken together, vitronectin binds to 

the N-terminal and to the C-terminal fragment of Efb, demonstrating that Efb uses at 

least two separate binding sites for vitronectin. 

As vitronectin binds strongest to the C-terminal Efb fragment, the dissociation 

constant (kD) of the Efb-C-vitronectin interaction was determined by microscale 

thermophoresis (MST). To this end, vitronectin (30 nM) labeled with NT-647 was 

incubated with Efb-C (0.76 – 25 µM) in fluid phase for 10 min at RT and binding was 

analyzed at 80% laser power. Vitronectin bound to Efb-C in fluid phase, indicated by 

the change in the thermophoresis pattern of the fluorescently-labeled vitronectin 

(MST curves, Figure 17C). The thermopheretic data points of each MST curve fitted 

with increasing concentrations of Efb-C gave a dissociation constant (kD) of 0.27 ± 

0.025 µM (Figure 17D).  
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Figure 17 – Efb has two vitronectin-binding sites.  

(A) Schematic diagram of Efb and its human ligands. The N-terminal region of Efb binds fibrinogen 

while the C-terminal region acquires C3d-containing C3 isoforms and plasminogen. (B) Purified 

vitronectin used in increasing levels was added to the immobilized Efb deletion mutants Efb-N and 

Efb-C. Vitronectin bound dose-dependently to Efb-N and also to Efb-C, and binding was not saturated 

at 5 µg/ml vitronectin. Vitronectin binding to Efb-C was of 25% higher intensity compared to Efb-N. 

Data are mean values from two wells of a representative experiment ± SD (total of three separate 

experiments). (C, D) Vitronectin binds to Efb-C in fluid phase with the affinity of a kD of 0.27 ± 0.025 

µM as determined by microscale thermophoresis. Fluorescent dye-labeled vitronectin (30 nM) was 

incubated with Efb-C (0.76 – 25 µM) in fluid phase for 10 min at RT and then binding was analyzed at 

80% laser power. MST curves (C) showed a positive thermophoresis indicated by a reduction in 

fluorescence and the thermopheretic data points of each MST curve fitted with increasing 

concentrations of Efb-C gave a dissociation constant (kD) of 0.27 ± 0.025 µM (D). Data are mean 

values of four measurements of one representative experiment. 

 

3.2.5. Efb binds vitronectin independent of C3 and fibrinogen 

Efb binds to C3, fibrinogen and plasminogen [53, 67, 79]. Whether vitronectin 

attaches to Efb by the C3- or fibrinogen-binding sites was determined by ELISA. To 

this end the effect of C3 or fibrinogen on the binding of vitronectin to the immobilized 

Efb was followed. Vitronectin bound to Efb, and C3 did not affect the binding (Figure 

18A). At the physiological ratio of 1:2 (vitronectin:C3), vitronectin and C3 bound 

simultaneously to Efb (Figure 18A, black arrow). Similarly, fibrinogen did not 

influence vitronectin binding to Efb and at the physiological ratio of 1:5 (vitronectin: 

fibrinogen), vitronectin bound to Efb independently of fibrinogen (Figure 18B, black 

arrow). Thus, vitronectin and C3, or fibrinogen bind to distinct sites on Efb. 
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Figure 18 – The vitronectin-binding sites and the C3-, as well as fibrinogen-binding sites on Efb 

are distinct.  

Efb was immobilized onto the surface of a microtiter plate and vitronectin together with C3 (A) or 

fibrinogen (B) was added. After washing, bound vitronectin was quantified with a polyclonal vitronectin 

antiserum. In parallel, C3 or fibrinogen binding to Efb was determined using the corresponding 

polyclonal antisera. Vitronectin and C3 bound simultaneously to Efb. Similarly, vitronectin and 

fibrinogen bound independently to Efb demonstrating that the vitronectin-binding sites and the C3-or 

fibrinogen-binding sites on Efb are distinct and do not overlap. Arrows indicate physiological ratios. 

HSA served as negative control and did not affect vitronectin binding to Efb. Data are mean values 

from three wells of a representative experiment ± SD (total of three separate experiments). 

 

3.2.6. Efb binds to vitronectin via the heparin-binding domains 

Many pathogens acquire human vitronectin via the third heparin-binding site located 

near the C-terminus and so, leaves the N-terminal RDG motif of vitronectin 

accessible for host cell integrin receptor binding [33]. The heparin-binding domains of 

vitronectin particularly mediate anchoring to host cells and to the ECM [35]. To 

further characterize the Efb-vitronectin interaction it was therefore of interest to define 

whether Efb binds to vitronectin via the heparin-binding domains or via the RDG 

motif. To this end, the effect of heparin and of a synthetic RDG peptide on vitronectin 

binding to immobilized Efb was assayed. Heparin reduced vitronectin binding to Efb, 

this reduction was dose-dependent and heparin at the highest concentration of 

30 µM reduced vitronectin binding to Efb by about 50% (Figure 19A). In contrast, a 

RGD peptide did not affect vitronectin binding to Efb (Figure 19A). Altogether, 

vitronectin binds to Efb predominantly through the heparin-binding sites, but not via 

the RGD motif. 

 

3.2.7. Efb binds to the C-terminus of vitronectin 

Having shown that Efb binds to vitronectin mainly via the heparin-binding domains I 

next aimed to localize the Efb-binding site on vitronectin. To this end, binding of full-

length intact vitronectin and various vitronectin deletion mutants to immobilized Efb 
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was assayed by ELISA. These nine vitronectin deletion mutants span the C-terminus 

of the protein including the third heparin-binding domain. Bound proteins were 

quantified using a polyclonal antiserum. Vitronectin fragments Vnt80-396, Vnt80-379 and 

Vnt80-373 bound to Efb and the binding intensities were about 80% of the full-length 

protein (Figure 19B). Vitronectin fragment Vnt80-363 bound to Efb with about 50% and 

fragment Vnt80-353 with about 70% lower intensity. Vitronectin deletion mutants Vnt80-

339, Vnt80-330, Vnt80-320 and Vnt80-229 did not bind or bound with rather low intensity to 

Efb. Taken together, the C-terminus of vitronectin binds to Efb and the binding site is 

located within amino acids 353-363 of vitronectin, which harbors the third heparin-

binding domain (Figure 19C). Thus, vitronectin binds to Efb partially via the heparin-

binding regions which is supported by the fact that heparin inhibited binding of 

vitronectin to Efb by 50% (Figure 19A). 
 

 
Figure 19 – The vitronectin C-terminus binds to Efb.  

(A) Heparin partially reduces vitronectin binding to Efb. Vitronectin used in a constant amount was 

added to immobilized Efb either in presence of heparin or a synthetic RGD peptide used in increasing 

levels. Following washing, bound vitronectin was detected with a polyclonal antiserum. Heparin 

decreased binding of vitronectin to Efb in a dose-dependent manner, while a RGD peptide did not 

affect vitronectin binding to Efb. Data are mean values of three wells of a representative experiment ± 

SD (total of three independent experiments). *, P < 0.05; **, P < 0.005; ***, P < 0.001. (B) The C-

terminus of vitronectin binds to Efb. Recombinant vitronectin deletion mutants spanning the C-

terminus of vitronectin, as well as full-length intact vitronectin (40 nM each) were added to immobilized 

Efb. After washing, bound proteins were quantified as described in (A). The Efb-binding site on 

vitronectin is located within amino acids 353-363 (arrow). Data are mean values of two wells of a 

representative experiment ± SD (total of three independent experiments). (C) Schematic diagram of 

the recombinant vitronectin deletion mutants that were tested for binding to Efb. The heparin-binding 

domains (HBD, blue) and the Efb-binding site (yellow) on vitronectin are indicated. The binding site of 

Efb on vitronectin overlaps with the third heparin-binding region (HBD-3). 
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3.2.8. Vitronectin bound to Efb retains TCC regulatory activity 

Vitronectin is a regulator of the terminal complement pathway and in several 

situations, vitronectin bound to a pathogen’s protein maintains TCC inhibitory activity 

and aids in complement evasion [33]. It was therefore of importance to analyze 

whether vitronectin bound to Efb is functionally active and inhibits TCC formation. 

This was tested in an ELISA approach. First, vitronectin was bound to the 

immobilized Efb and following washing, TCC was generated with purified 

components C5b6, C7, C8 and C9. After incubation, wells were washed again and 

TCC formation was determined by a monoclonal antibody specific for a neo-epitope 

exposed in the active C5b-9 complex. Vitronectin bound to Efb reduced TCC 

formation and the reduction was dose-dependent (Figure 20). Vitronectin at 0.5 µM 

inhibited TCC formation by 45%. HSA and PBS used as negative controls served for 

the specificity of the experiment as C5b-9 formation was not reduced. In summary, 

vitronectin bound to Efb is functionally active and inhibits TCC formation. 

 

Figure 20 – Vitronectin bound to Efb blocks 

C5b-9 formation.  

Vitronectin (Vnt) in indicated amounts was bound to 

the immobilized Efb and after washing, purified 

TCC proteins C5b6, C7, C8 and C9 were added. 

Following incubation, wells were washed again and 

C5b-9 complexes were quantified using a 

monoclonal C5b-9 specific antibody. Vitronectin, 

when bound to Efb, inhibited TCC formation in a 

dose-dependent way. HSA and PBS were used as 

negative controls. Mean values ± SD of two wells of 

a representative experiment are presented (total of 

three separate experiments). *, P < 0.05. 

3.2.9. Efb recruits vitronectin to the staphylococcal cell surface 

Efb is a secreted protein of S. aureus and Efb binds vitronectin in fluid phase (Figure 

17C, D). Next, I asked if Efb affects the binding of vitronectin to intact staphylococci. 

To this end, binding of vitronectin alone or in complex with Efb to S. aureus was 

studied by flow cytometry. First, biotinylated vitronectin was complexed with Efb in 

fluid phase and then this complex was added to intact bacteria. Following thorough 

washing, bound vitronectin was detected using a polyclonal antiserum. Vitronectin 

bound to S. aureus and vitronectin complexed with Efb bound with about 40% higher 

intensity to the staphylococci (Figure 21A). This effect was dose-dependent. Thus, 
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Efb complexes vitronectin in fluid phase and this Efb-vitronectin complex binds 

efficiently to the bacterial cell surface.  

In addition, this effect was analyzed and confirmed in a ‘bathing experiment’. This 

time, purified unlabeled vitronectin was complexed with Efb in fluid phase and then 

this complex was added and bound to intact staphylococci. After washing, surface-

bound proteins were eluted, separated by SDS-PAGE and detected by 

immunoblotting using a polyclonal vitronectin antiserum. Vitronectin bound to S. 

aureus and the vitronectin-Efb complex bound with approximately 50% higher 

intensity to S. aureus as judged by the increased intensity of the 65/75-kDa 

vitronectin double-band (Figure 21B, upper panel, lanes 3-5).  

To analyze if Efb, when complexed with vitronectin, indeed binds to the 

staphylococcal cell surface, the eluted samples of the same experiment were 

analyzed by Western blotting using a polyclonal Efb antiserum. Efb bound to 

staphylococci, binding was dose-dependent and this binding correlated with the 

increase of surface-bound vitronectin (Figure 21B, lower panel, lanes 3-5). Taken 

together, Efb complexes vitronectin in solution and this complex binds efficiently to 

the bacterial cell surface.  

 

 

Figure 21 – The Efb-vitronectin complex binds to the staphylococcal cell surface. 

(A) Biotinylated human vitronectin was complexed with Efb in fluid phase and then, the complex was 

added to staphylococci (2x10
9
 cells). Following extensive washing, bound vitronectin was quantified by 

flow cytometry using Cy5-labeled streptavidin and the MFI values are shown. The Efb-vitronectin 

complex bound 40% more efficient to S. aureus as compared to vitronectin alone. HSA used as 

control did not affect vitronectin binding to S. aureus. Data are mean values of three separate 

experiments ± SD, *, P < 0.05. (B) Unlabeled human vitronectin was complexed with Efb in fluid phase 

and subsequently added to S. aureus bacteria as described in (A). Thereafter, cells were washed 

thoroughly and bound proteins were eluted using SDS-buffer. Elution samples were separated by 

reducing SDS-PAGE, transferred to a membrane and vitronectin was detected by immunoblotting with 

a polyclonal vitronectin antiserum (upper panel). In parallel, the samples of the same experiment were 

loaded again and Efb was detected using a polyclonal Efb antiserum (lower panel). In the presence of 

Efb, vitronectin binds efficiently to S. aureus. A representative experiment of three is shown. 
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3.2.10. Vitronectin mediates adhesion of S. aureus to human epithelial cells 

Pathogenic microbes bind human vitronectin and cell surface-bound vitronectin aids 

in adhesion to and colonization of host tissue. Hence, I hypothesized that vitronectin 

bound to S. aureus mediates staphylococcal adhesion to human cells. To this end, 

the effect of vitronectin on the adhesion of staphylococci to human alveolar epithelial 

cells was assayed. Vitronectin was bound to intact S. aureus and following washing 

the bacteria were added to human alveolar epithelial cells. After incubation the 

epithelial cells were washed thoroughly and the number of adherent bacteria was 

determined by plating and colony counting. Staphylococci adhered to human alveolar 

epithelial cells and vitronectin-coated bacteria adhered to these cells 200% more 

efficient as compared to the HSA-treated control (6600 CFU of vitronectin-coated 

bacteria vs. 2200 CFU of HSA-treated bacteria, Figure 22A). Thus, vitronectin when 

bound to S. aureus, facilitates staphylococcal adhesion to human alveolar epithelial 

cells. 

 

3.2.11. Efb enhances vitronectin-mediated staphylococcal adhesion to human 

alveolar epithelial cells 

Having demonstrated that cell surface-bound vitronectin mediates adhesion of S. 

aureus to human alveolar epithelial cells (Figure 22A) and that Efb recruits vitronectin 

to the staphylococcal cell surface (Figure 21), I hypothesized that Efb enhances 

vitronectin-mediated staphylococcal adhesion to human alveolar epithelial cells. To 

this end, the effect of the Efb-vitronectin complex on staphylococcal adhesion to 

alveolar epithelial cells was assayed. First, vitronectin was complexed with Efb in 

solution, and then this complex was bound to intact staphylococci. Following 

incubation, bacterial cells were washed thoroughly, added to the alveolar epithelial 

cells and after washing, the number of adherent bacteria was determined by plating. 

Efb-vitronectin-coated bacteria adhered to the alveolar epithelial cells 500% more 

efficient as compared to vitronectin-coated bacteria (15600 CFU of Efb-vitronectin-

coated bacteria vs. 3000 CFU of vitronectin-coated bacteria, Figure 22B). Thus 

indicating that Efb enhances vitronectin-mediated adhesion of S. aureus to human 

lung epithelial cells. Notably, also Efb alone increased staphylococcal adhesion by 
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about 180% as compared to vitronectin-coated bacteria. This suggests that Efb binds 

to endogenous epithelial cell surface-exposed vitronectin. 

 

 

Figure 22 – Efb enhances vitronectin-mediated staphylococcal adhesion to human alveolar 

epithelial cells.  

(A) Vitronectin facilitates staphylococcal adhesion to human alveolar epithelial cells. Vitronectin (Vnt) 

or HSA was added to S. aureus bacteria (1x10
7
 cells) for 30 min at 37°C and after thorough washing, 

bacteria were added to a confluent monolayer of human alveolar epithelial cells. Following incubation 

for 1h at RT, epithelial cells were washed four times, lysed and adherent bacteria were determined by 

plating. The number of adherent bacteria is expressed as colony forming units (CFU). Vitronectin-

coated staphylococci adhered to human alveolar epithelial cells and 200% more bacteria bound to the 

epithelial cells compared to the HSA-treated control. (B) Efb enhances vitronectin-mediated adhesion 

of S. aureus to human alveolar epithelial cells. The adhesion experiment was performed as described 

in (A) and to determine the effect of the Efb-vitronectin complex on staphylococcal adhesion, 

vitronectin was complexed with Efb in solution prior to adding to the bacteria. Data presented are 

mean values from three wells of a representative experiment ± SD (total of three separate 

experiments). *, P < 0.05. 
 

3.2.12. Efb binds to human alveolar epithelial cells  

Having shown that Efb alone also mediates adhesion of staphylococci to human 

alveolar epithelial cells (Figure 22B), I next asked if Efb binds to these epithelial cells. 

First, Efb was added to human alveolar epithelial cells and following washing, bound 

Efb was detected by flow cytometry using a polyclonal Efb antiserum. Efb bound to 

human alveolar epithelial cells and binding was dose-dependent (Figure 23A). Next I 

asked whether this binding is vitronectin-dependent. To this end, I first analyzed the 

presence of endogenous vitronectin on the surface of the alveolar epithelial cells 

using a polyclonal vitronectin antiserum in flow cytometry. The alveolar epithelial 

cells, cultivated in serum-free medium, had vitronectin on their surface exposed as 

shown by flow cytometry (Figure 23B). Whether the binding of Efb to these cells is 

mediated by this surface-exposed vitronectin was analyzed in a blocking assay. To 
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this end, the effect of a polyclonal vitronectin antibody on Efb binding to the alveolar 

epithelial cells was analyzed. First, the alveolar epithelial cells were treated with a 

polyclonal vitronectin antibody and after washing, Efb was added. Then the cells 

were washed thoroughly, bound Efb was eluted, separated by SDS-PAGE, 

transferred to a membrane and Efb was detected using a polyclonal antiserum. Efb 

bound to human alveolar epithelial cells and the polyclonal vitronectin antibody 

reduced binding. This effect was dose-dependent and at the highest concentration of 

1:10, the vitronectin antibody reduced binding by about 80% as judged by the 

decreased intensity of the 23-kDa Efb band. Taken together, Efb binds to human 

alveolar epithelial cells and binding is primarily mediated by surface-exposed 

endogenous vitronectin. 

 

 

Figure 23 – Efb binds to human alveolar epithelial cells.  

(A) Efb used in indicated amounts was added to human alveolar epithelial cells and following washing, 

bound Efb was detected in flow cytometry using a polyclonal Efb antiserum. Cells to which buffer was 

added were used as control. (B) Endogenous vitronectin is present on the surface of human alveolar 

epithelial cells and extra vitronectin added binds to these cells. Surface-exposed endogenous 

vitronectin was detected in flow cytometry using a polyclonal rabbit vitronectin antiserum followed by a 

secondary Alexa 647-conjugated goat anti-rabbit antibody. Secondary antibody added alone served 

as control (2nd Ab). In addition, extra vitronectin (+ 2 µg) was added to the cells and after washing, 

binding was analyzed the same way. Histograms are representatives of three separate experiments. 

(C) Efb binds to human alveolar epithelial cells through surface-exposed vitronectin. Human alveolar 

epithelial cells were treated with a polyclonal vitronectin antibody (α-Vnt) and after washing, Efb (1 µg) 

was added. Following incubation, bound Efb was eluted, separated by SDS-PAGE and detected by 

immunoblotting using a polyclonal antiserum. The vitronectin antiserum reduced binding of Efb to the 

epithelial cells, showing that surface-exposed vitronectin partially mediates Efb binding. One 

representative experiment of three is shown. 
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3.3. The therapeutic potential of Efb 
 

3.3.1. Cloning and expression of a recombinant chimeric molecule  

To control complement at the surface of self cells, a targeting complement inhibitor 

was designed. To this end, a chimera, which has the staphylococcal complement 

inhibitor Efb linked to the C-terminal cell surface discriminatory region of human 

Factor H, i.e. SCRs18-20, was generated. The corresponding chimeric protein Efb-

SCRs18-20 was cloned, expressed in P. pastoris and was purified from culture 

supernatant of yeast cells. Both the chimera (tagged Efb) and the untagged Efb 

protein, which was expressed in E. coli cells, were separated by SDS-PAGE and 

visualized by silver staining and by immunoblotting (Figure 24). The chimeric protein 

appeared as a major band of 40 kDa, which corresponds to the calculated molecular 

mass of 40.7 kDa (Figure 24A, lane 1 and 3). Recombinant untagged Efb was 

identified as a band of 23 kDa (Figure 24A, lane 2 and 4). A schematic diagram of 

the chimera is shown in Figure 24B. 

 

 
Figure 24 – Expression and purification of the recombinant Efb-SCRs18-20. 

(A) The staphylococcal protein Efb linked to human Factor H fragment SCRs18-20 was cloned and 

expressed as fusion protein using the P. pastoris expression system. Untagged Efb protein was 

recombinantly expressed using E. coli bacteria. Obtained proteins were purified by metal chelate 

affinity chromatography, separated by SDS-PAGE and visualized either by silver staining (lanes 1 and 

2) or immunoblotting using a his-tag-specific antibody (lanes 3 and 4). Based on the mobility of the 

marker proteins, the molecular mass of the chimera Efb-SCRs18-20 is 40 kDa. (B) Schematic 

illustration of the chimeric protein, which consists of the bacteria-derived complement inhibitor Efb and 

the cell surface attachment site of human Factor H, i.e. SCRs18-20. 
 

3.3.2. The chimeric protein binds to heparin  

The C-terminal SCRs18-20 of Factor H represents the central cell surface recognition 

region [96, 107, 108] and binds to GAGs, to C3b and to C3d [16, 109]. I therefore first 
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analyzed binding of Efb-SCRs18-20 to heparin by ELISA. The chimeric protein and 

also the tag alone, i.e. SCRs18-20 bound to immobilized heparin and binding was 

dose-dependent (Figure 25A). Furthermore, both proteins bound with almost similar 

intensity. By contrast, untagged Efb did not bind to heparin (Figure 25A). Taken 

together, Efb-SCRs18-20 binds to heparin and uses the Factor H-recognition tag for 

heparin binding. 

 

3.3.3. Efb-SCRs18-20 binds to C3 activation products C3b and to C3d 

Staphylococcal Efb binds human C3b with high affinity [51, 55]. Therefore, I analyzed 

if the chimeric protein also binds to C3b using ELISA. The chimera, Efb or the tag 

alone, was added to immobilized C3b and following washing bound, proteins were 

detected with a his-tag-specific monoclonal antibody. The chimera and also Efb and 

the tag alone bound to C3b (Figure 25B). When the intensities of binding were 

compared, the chimeric protein bound to C3b with 25% higher intensity as compared 

to Efb alone and with about 100% higher intensity as compared to the Factor H tag 

alone. Similarly, binding of the chimera to C3d was followed. Efb-SCRs18-20 bound 

to C3d and binding was 35% and 227% higher as compared to SCRs18-20 and Efb, 

respectively.  

In addition, binding of the chimera to C3b and C3d was assayed by surface plasmon 

resonance. First, binding of the chimera to C3b immobilized on the chip surface was 

followed. Efb-SCRs18-20 showed a strong and pronounced association profile 

followed by a slow dissociation upon removal of the analyte (Figure 25C, solid line), 

demonstrating that the chimera forms a rather stable complex with immobilized C3b. 

Untagged Efb bound with low, and SCRs18-20 bound with even lower intensity to 

immobilized C3b (Figure 25C, dashed and dotted line). In the association phase, the 

chimeric protein bound to C3b with about three fold higher intensity as compared to 

Efb (300 RU vs. 110 RU) and with about six fold higher intensity as compared to the 

C-terminal Factor H tag, i.e. SCRs18-20 (50 RU).  

Similarly, binding of the chimera to immobilized C3d was followed. Efb-SCRs18-20 

bound to C3d (Figure 25D, solid line) and binding was more than two times higher as 

compared to C3b (750 RU vs. 300 RU at the association phase). Based on the RU, 

the chimera bound to C3d with almost four fold higher intensity than the untagged 

Efb (750 RU vs. 175 RU) (Figure 25D, dashed line) and with almost 10 fold higher 
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intensity than the Factor H tag alone, i.e. SCRs18-20 (75 RU) (Figure 25D, dotted 

line). Taken together, the chimera binds to the C3 activation products C3b and C3d, 

and based on the binding intensities, both regions of the chimera, i.e. Efb and 

SCRs18-20 contact C3b and also C3d. 

 

Figure 25 – Efb-SCRs18-20 binds to heparin and complement activation products C3b and C3d.  

(A) Heparin was immobilized onto the surface of a microtiter plate and Efb-SCRs18-20, SCRs18-20 or 

Efb was added. Following washing, bound proteins were detected with a monoclonal antibody specific 

for the his-tag of the proteins. Efb-SCRs18-20 and also SCRs18-20 alone bound to heparin, whereas 

Efb did not bind. (B) Human C3b and C3d were immobilized and binding of Efb-SCRs18-20, SCRs18-

20 or Efb was assayed by ELISA. Bound proteins were quantified as described in (A). The chimera 

bound to C3b and C3d, and binding to C3d was about 50% stronger than to C3b. Untagged Efb and 

SCRs18-20 bound to C3b and also C3d with less intensity as compared to the chimera. Data in (A) 

and (B) are mean values of three wells of a representative experiment ± SD (total of three independent 

experiments). (C, D) The interaction of Efb-SCRs18-20 (black line), Efb (dashed line) or SCRs18-20 

(dotted line) with C3b (C) or C3d (D) was analyzed by surface plasmon resonance. Binding of the 

chimera to C3b and C3d was stronger than binding of the single proteins of the chimera, i.e. Efb and 

SCRs18-20. Binding of Efb-SCRs18-20 to C3d (400 RU) was more pronounced than to C3b (150 RU). 

A representative experiment of three is shown. (E) Efb-SCRs18-20 has two separate binding sites for 

C3b and C3d, one provided by Efb and another one localized within the Factor H tag, i.e. SCRs18-20. 

Efb and the tag both recognize the C3d domain of C3b. 
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3.3.4. Efb-SCRs18-20 inhibits AP activation in fluid phase 

Having shown that Efb-SCRs18-20 binds to C3b and C3d, I next assayed whether it 

blocks complement activation in fluid phase. To this end, Efb-SCRs18-20 was tested 

in a hemolytic assay, where rabbit erythrocytes were challenged with NHS. Rabbit 

erythrocytes represent activators of complement and are lysed when challenged with 

NHS. Efb-SCRs18-20 blocked erythrocyte lysis and the effect was dose-dependent 

(Figure 26). Both the chimeric protein and Efb used at 0.5 µM inhibited erythrocyte 

lysis by about 80%. In contrast, the tag alone, i.e. SCRs18-20, did not affect lysis 

(Figure 26). In this case, the inhibitory effect is primarily mediated by fluid phase 

control, thus explaining why both, the chimera (tagged Efb) and also untagged Efb 

showed comparable inhibitory effects. Taken together, attachment of the 22-kDa 

Factor H SCRs18-20 fragment did not affect the inhibitory capacity of Efb, as Efb-

SCRs18-20 and the untagged protein displayed similar inhibitory activities.  

 

 
Figure 26 – Efb-SCRs18-20 inhibits AP activation in fluid phase.  

AP-mediated hemolysis was assayed using rabbit erythrocytes. Efb-SCRs18-20, Efb or SCRs18-20 

used in increasing equimolar levels was added to 20% NHS. Following incubation, rabbit erythrocytes 

were added and hemolysis was monitored. The chimeric protein inhibited erythrocyte lysis in a dose-

dependent manner. Tagged and untagged Efb protein showed similar activities. The C-terminal 

Factor H fragment SCRs18-20 did not block erythrocyte lysis. The mean values derived from three 

independent experiments ± SD. 
 

3.3.5. Efb-SCRs18-20 attaches to sheep erythrocytes  

Efb-SCRs18-20 binds to heparin via the Factor H tag (Figure 25A). Therefore, I next 

assayed if it binds to the surface of sheep erythrocytes. Sheep erythrocytes 

represent non-activator surfaces to NHS and have cell surface-exposed GAGs [110]. 

Efb-SCRs18-20 was added to sheep erythrocytes and following washing, bound 

chimeric protein was quantified by flow cytometry. Efb-SCRs18-20 bound to sheep 

erythrocytes and binding was dose-dependent (Figure 27A, black columns). In a 
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similar manner the Factor H tag also bound to the surface of sheep erythrocytes and 

binding was dose-dependent (Figure 27A, gray columns). In this set up binding of 

Efb-SCRs18-20 to sheep erythrocytes was almost saturated at 0.5 µM, whereas 

binding of the tag alone was not saturated even at the highest concentration of 2 µM. 

In addition, Efb-SCRs18-20 binding to the erythrocyte surface was slightly higher 

(MFI 200 at 0.5 µM) than SCRs18-20 alone (MFI 120 at 0.5 µM). In summary, Efb-

SCRs18-20 binds to sheep erythrocytes and binding is primarily mediated by the 

Factor H tag. 

 

3.3.6. Binding of Efb-SCRs18-20 to sheep erythrocytes is enhanced by surface-

deposited-C3b 

Upon complement activation, C3b is deposited onto a nearby cell surface and C3b 

deposited onto non-activator cell surfaces provides additional binding sites for 

Factor H, particularly for SCRs18-20 of Factor H [18, 110-112]. I therefore assayed 

binding of Efb-SCRs18-20 to C3b-decorated non-activator sheep erythrocytes. To 

this end, sheep erythrocytes were coated with C3b by incubation in NHS and after 

washing, binding of Efb-SCRs18-20 was analyzed by flow cytometry using a 

polyclonal Efb antiserum. The chimera bound to C3b-coated sheep erythrocytes and 

binding was about 75% higher as compared to non-coated erythrocytes (MFI 340 vs. 

MFI 200) (Figure 27B, left). Untagged Efb only slightly bound to C3b-coated 

erythrocytes (Figure 27B, right). Taken together, Efb-SCRs18-20 binds to C3b-

coated sheep erythrocytes via the Factor H tag and binding is more pronounced 

when cell surface-attached C3b is present. 
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Figure 27 – Efb-SCRs18-20 binds to sheep erythrocytes cell surface. 

(A) Binding of Efb-SCRs18-20 or SCRs18-20 to sheep erythrocytes was analyzed by flow cytometry 

and MFI values are shown. Efb-SCRs18-20 bound to sheep erythrocytes and binding was dose-

dependent. Chimera binding to sheep erythrocytes was of slight higher intensity compared to the tag 

alone. Data are MFI values of three separate experiments ± SD. *, P < 0.05; ***, P < 0.001. (B) Left: 

Efb-SCRs18-20 binding to C3b-coated sheep erythrocytes was assayed by flow cytometry and MFI 

values are presented. The chimeric protein bound to C3b-labeled sheep erythrocytes with 75% higher 

intensity as compared to non-coated cells. Right: Untagged Efb slightly attached to sheep erythrocytes 

to which C3b is bound. Data are MFI values of two separate experiments ± SD. 
 

3.3.7. Surface-bound Efb-SCRs18-20 reduces AP activation 

The chimeric protein inhibits AP activation in fluid phase and attaches to sheep 

erythrocytes (Figures 26, 27). To assay the inhibitory activity directly on the 

erythrocyte surface, first, Efb-SCRs18-20 was bound to C3b-coated sheep 

erythrocytes and following washing, erythrocytes were challenged with Factor H-

depleted complement-active human serum (HSCFH, Figure 28A, lane 2). Then C3b 

deposition on the erythrocyte surface was analyzed by flow cytometry using a 

polyclonal antiserum specific for the C3d domain. Efb-SCRs18-20, when bound to 

C3b-coated sheep erythrocytes, blocked AP-mediated C3b deposition onto the 

erythrocyte surface as shown by flow cytometry (Figure 28B). Efb-SCRs18-20 used 

at 4 µM concentration reduced C3b deposition by approximately 20%. However, at 

the lowest concentration of 0.5 µM Efb-SCRs18-20 increased C3b opsonization 

which is explained by the binding of C3b to cell surface-bound Efb-SCRs18-20. The 

tag alone, when bound to the erythrocytes, increased C3b deposition (Figure 28B). 

This increase was dose-dependent and the tag alone used at 4 µM concentration 

increased C3b deposition by approximately 75%. This effect is explained by 
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competition with residual Factor H amounts in HSCFH. However, untagged Efb also 

blocked C3b deposition.  

In parallel, erythrocyte lysis was evaluated. The surface-attached chimera inhibited 

erythrocyte lysis (Figure 28C). This inhibition was dose-dependent and at 4 µM 

concentration, lysis was reduced by about 20%. The tag alone did not affect 

erythrocyte lysis (Figure 28C). Untagged Efb slightly enhanced erythrocytes lysis 

(Figure 28C). In summary, Efb-SCRs18-20, when bound to a C3b-coated non-

activator surface, inhibited complement activation, C3b surface deposition and TCC 

effector function. This protecting effect on the surface occurs at the level of the C3 

convertase as C3b deposition is reduced.  

 

 

Figure 28 – Efb-SCRs18-20 inhibits C3b deposition and erythrocyte lysis. 

(A) The Factor H level of Factor H-depleted serum (HSΔCFH) was analyzed by immunoblotting using 

a polyclonal Factor H antiserum. HSΔCFH was prepared by immunoadsorbance as described in 

section 2.1.2.. HSΔCFH did not lack Factor H entirely, but had a reduced Factor H level (reduction by 

approximately 66%). (B) Cell surface-bound Efb-SCRs18-20 inhibits C3b deposition. Efb-SCRs18-20 

or SCRs18-20 were bound to C3b-coated sheep erythrocytes. Then, erythrocytes were washed 

thoroughly and challenged with 10% HSΔCFH. Following incubation for 10 min at 37°C, further C3b 

opsonization was measured by flow cytometry. MFI values of two separate experiments ± SD are 

presented. (C) Cell surface-bound Efb-SCRs18-20 blocks erythrocyte lysis. The chimera or the tag 

alone, i.e. SCRs18-20 was bound to C3b-coated sheep erythrocytes. After washing, erythrocytes were 

challenged with 30% HSΔCFH. Following incubation for 30 min at 37°C, erythrocyte lysis was 

monitored. Mean values of three separate experiments ± SD are shown. 
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3.3.8. Efb-SCRs18-20 uses the surface recognition tag to attach to CHO cells  

Efb-SCRs18-20, when bound to the cell surface, protects sheep erythrocytes from 

AP-mediated C3b opsonization and lysis. To analyze the protective effect of the 

chimera on nucleated cells, the binding of Efb-SCRs18-20 to nucleated CHO cells 

was assayed by flow cytometry. The chimeric protein attached to the surface of CHO 

cells and binding was dose-dependent as revealed by the increase in MFI (MFI 600 

at 1 µM of protein) (Figure 29A). The Factor H tag, i.e. SCRs18-20 also bound to the 

surface of intact CHO cells and binding was of slightly lower intensity as compared to 

the chimeric protein (MFI 450 at 1 µM of protein) (Figure 29A). 

To confirm that Efb-SCRs18-20 attaches to CHO cells via the Factor H recognition 

tag, i.e. SCRs18-20, binding was blocked with a domain-mapped monoclonal 

antibody, C18, that binds within SCRs18-20. To this end, the chimera was pre-

incubated with C18 and then binding to CHO cells was assayed by flow cytometry. 

Efb-SCRs18-20 binding to CHO cells was totally blocked by C18 (MFI 150 in the 

presence of C18 vs. MFI 420 in the absence of C18) (Figure 29B, left). By contrast, 

binding of it to CHO cells was only slightly affected by the subtype-matched 

monoclonal antibody B22, which binds within SCR5 of Factor H (MFI 370 in the 

presence of B22 vs. MFI 420 in the absence of B22) (Figure 29B, left). Similarly, 

binding of the tag alone, i.e. SCRs18-20 was completely inhibited by C18, but not by 

B22 (MFI 270 in the absence of mAB, MFI 170 in the presence of C18, MFI 300 in 

the presence of B22) (Figure 29B, right). These data clearly demonstrate that Efb-

SCRs18-20 binds to the surface of nucleated CHO cells through the Factor H tag.  

In addition, binding of Efb-SCRs18-20 to CHO cells was evaluated by confocal laser 

scanning microscopy. The chimera was added to CHO cells and following washing, 

bound Efb-SCRs18-20 was visualized with a polyclonal goat Factor H antiserum 

followed by a secondary Alexa 488-conjugated rabbit anti-goat IgG (green). CHO cell 

membrane was stained with Texas Red-coupled wheat germ agglutinin (WGA, red) 

and DNA was stained with DAPI (blue). The chimeric protein bound to the surface of 

the CHO cells as revealed by the co-localization of Efb-SCRs18-20 and the cell 

membrane shown by yellow fluorescence (Figure 29C). 
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Figure 29 – The chimeric protein binds to nucleated CHO cells via the tag.  

(A) Binding of Efb-SCRs18-20 or SCRs18-20 to CHO cells was assayed by flow cytometry and MFI 

values are shown. Bound proteins were quantified using a polyclonal Factor H antiserum. Both the 

chimeric protein and the tag alone bound to CHO cells in a dose-dependent manner and Efb-SCRs18-

20 binding was slightly stronger as compared to the tag alone. Data are MFI values of three separate 

experiments ± SD. (B) Binding of Efb-SCRs18-20 or SCRs18-20 to CHO cells in presence of 

monoclonal anti-Factor H SCR20 (C18) or anti-Factor H SCR5 (B22) antibodies was assayed by flow 

cytometry. C18 inhibited binding of Efb-SCRs18-20 and also SCRs18-20 to CHO cells by almost 

100%, but B22 did not affect binding. Data are MFI values of two separate experiments ± SD. (C) 

Binding of Efb-SCRs18-20 to CHO cells was evaluated by confocal laser scanning microscopy. Efb-

SCRs18-20 (green) was detected with a polyclonal goat Factor H antiserum followed by a secondary 

Alexa 488-conjugated rabbit anti-goat antibody. Cell membranes were stained with Texas Red-

coupled wheat germ agglutinin (red) and DNA was stained with DAPI and appeared in blue. A 

representative experiment of three is shown. 
 

3.3.9. Efb-SCRs18-20 binds to CHO cells via cell surface-exposed GAGs 

Efb-SCRs18-20 binds to the surface of CHO cells via the Factor H tag. The Factor H 

tag, i.e. SCRs18-20 particularly attaches to GAGs [16, 96, 107]. Therefore it was of 

interest to define how surface proteoglycans affect surface binding of the chimera. To 

this end, binding of Efb-SCRs18-20 to mutant CHO cells which are either deficient for 

surface-exposed heparan sulfate (CHOΔHep) or all GAGs (CHOΔGAGs) was 

analyzed by flow cytometry. Efb-SCRs18-20 bound to heparin deficient CHO cells 

with about 30% lower intensity as compared to wild type cells (MFI 250 CHOΔHep 
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vs. MFI 340 wild type cells) (Figure 30A, left). Similarly, the tag alone, i.e. SCRs18-20 

also bound to heparin deficient CHO cells with approximately 25% lower intensity as 

compared to wild type cells (Figure 30A, right). Binding of Efb-SCRs18-20 to GAGs 

deficient CHO cells was also reduced and when the binding intensities were 

compared to wild type cells, it bound with 70% lower intensity (MFI 130 CHOΔGAGs 

vs. MFI 340 wild type cells) (Figure 30A, left). Again, binding of the tag alone to 

GAGs deficient CHO cells was reduced in the same way (Figure 30A, right). Taken 

together, binding of Efb-SCRs18-20 to mutant CHO cells deficient for surface-

exposed GAGs is reduced, demonstrating that the chimeric protein attaches to CHO 

cells through surface-exposed GAGs.  

 

3.3.10. Efb-SCRs18-20 binds to C3b-coated CHO cells with higher intensity 

The chimeric protein and also SCRs18-20 of Factor H bind to CHO cells primarily via 

GAGs exposed at the cell surface. Factor H, however, binds to GAGs-rich surfaces 

with 10-fold higher intensity when C3b is attached to the surface [18, 111]. To 

examine whether the density of C3b at the cell surface influences chimera binding, 

binding of Efb-SCRs18-20 to C3b-coated CHO cells was analyzed by flow cytometry. 

Efb-SCRs18-20 bound to C3b-decorated CHO cells with 154% higher intensity as 

compared to non-coated cells (MFI 1200 vs. MFI 475) (Figure 30B). C3b attached to 

the surface also enhanced binding of the chimera to CHOΔHep and also to 

CHOΔGAGs (Figure 30B). However, binding of Efb-SCRs18-20 to both mutant cell 

lines was about 32% lower as compared to wild type CHO cells. Thus, binding of Efb-

SCRs18-20 is more efficient to wild type CHO cells coated with C3b as compared to 

C3b-labeled mutant cell lines. Moreover, the C-terminal Factor H tag of the chimeric 

protein has a surface targeting effect which is mediated by surface exposed GAGs, 

as well as cell surface-deposited C3b.  
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Figure 30 – Chimera binding to CHO cells is driven by cell surface-exposed GAGs and cell 

surface-deposited C3b.  

(A) Binding of Efb-SCRs18-20 or SCRs18-20 to CHO cells and mutant CHO cells lacking either 

surface-exposed heparan sulfate (CHOΔHep) or all GAGs (CHOΔGAGs) was analyzed by flow 

cytometry. Efb-SCRs18-20 binding to CHOΔHep was reduced by 30% and binding to CHOΔGAGs 

was reduced by 70% when compared to wildtype cells. Similarly, SCRs18-20 binding to CHOΔHep 

and to CHOΔGAGs was reduced in the same manner. One representative histogram of three 

independent experiments is shown. (B) Chimera binding to C3b-coated CHO cells is increased. Efb-

SCRs18-20 binding to CHO cells, CHOΔHep or CHOΔGAGs in presence or absence of surface-

attached C3b was assayed by flow cytometry using a polyclonal Factor H antiserum and MFI values 

are shown. Binding of Efb-SCRs18-20 to C3b-coated wildtype cells and mutant cells was increased as 

compared to non-coated cells. However, chimera binding to both mutant cell lines was about 30% 

higher as compared to wild type cells showing that Efb-SCRs18-20 attaches to the CHO cell surface 

via surface exposed GAGs, as well as cell surface-deposited C3b. MFI values derived from two 

separate experiments ± SD. 
 

3.3.11. Efb-SCRs18-20 protects CHO cells from complement-mediated damage 

Having shown that the chimera binds to CHO cells, in particular to cells to which C3b 

is attached (Figure 30B), next it was of interest to test whether Efb-SCRs18-20, when 

bound to the cell surface, protects these nucleated cells from complement-mediated 

damage. CHO cells lack human membrane-bound complement regulators. Thus, 

when challenged with complement-active HSCFH these cells are damaged by 

complement and their membrane and also their cellular integrity are disturbed. 

To study the protective effect of Efb-SCRs18-20, the metabolic activity of CHO cells 

as an indicator of cell viability and complement damage was analyzed. Nonviable, 

complement-damaged cells have a reduced metabolic capacity while intact, viable 

cells maintain metabolic activity. CHO cells when challenged with complement-active 

HSCFH showed a reduced viability as revealed by the reduced metabolic activity 

(Figure 31A). This effect was concentration-dependent and caused by complement-
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damaging activity as heat-inactivated serum (hiHS) did not reduce the metabolic 

activity.  

To analyze the effect of the chimera on cell viability, Efb-SCRs18-20 was first bound 

to the surface of C3b-coated CHO cells. Following extensive washing, the cells were 

challenged with complement-active HSCFH and then cell viability was recorded 

over a period of four hours. In presence of the cell surface-bound Efb-SCRs18-20, 

CHO cells maintained metabolic activity, thus showing that the cells were intact and 

that the chimera protected the CHO cells from complement-mediated damage 

(Figure 31B). This protecting effect was dose-dependent. The depletion of Factor H 

was restored at a concentration of 1 µM of Efb-SCRs18-20 and the cellular integrity 

was comparable to cells that were treated with hiHS. Factor H, when bound to the 

CHO cells, also protected the cells from complement attack, however, Efb-SCRs18-

20 was about four times more effective when compared at molar levels (Figure 31B). 

The tag alone, i.e. SCRs18-20 which also binds to the surface of CHO cells had no 

protecting activity and by competing off residual Factor H in HSCFH, decreased cell 

viability as revealed by the decreased metabolic activity. Efb lacking the tag only 

slightly reduced cell-directed complement attack. Taken together, Efb-SCRs18-20 

acts as a complement inhibitor by binding to cell surfaces and protecting CHO cells 

from AP-mediated damage. 
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Figure 31 – Efb-SCRs18-20 protects CHO cells from AP-mediated damage.  

(A) CHO cells are damaged by complement-active human serum. CHO cells were challenged with 

either NHS or HSΔCFH at indicated concentrations. Then, the metabolic activity of the cells as an 

indicator of cell viability was analyzed. In this assay the cells are incubated with a cell permeable 

colored substrate which is converted to a fluorescent end product. Nonviable, complement-damaged 

cells loose their enzymatic activity and will not generate a fluorescent dye whereas intact cells are able 

to promote an enzymatic reaction and thus, generate a fluorescent end product, which then is 

measured at a specific absorbance. CHO cells were intact when they were challenged with heat-

inactivated serum (hiHS) as revealed by the high absorbance. CHO cell viability, however, was 

reduced by complement-active NHS, demonstrating complement-damaging activity. Cell viability in 

complement-active HSΔCFH was further reduced (30% less viability at 10% serum compared to NHS) 

indicating that Factor H has a protective role. (B) Efb-SCRs18-20 protects CHO cells from AP-

mediated damage. Efb-SCRs18-20, SCRs18-20 or Factor H was bound to C3b-coated CHO cells and 

after washing, cells were challenged with 10% HSΔCFH. Then, cell viability was monitored as 

described in (A). In presence of cell surface-attached Efb-SCRs18-20, the cells remained intact, 

showing that Efb-SCRs18-20 protected the cells from complement-damaging activity. This effect was 

dose-dependent. Similarly, Factor H had a protective effect, but at a concentration of 1 µM, the activity 

was more than four times less than that of Efb-SCRs18-20. SCRs18-20 decreased cell viability likely 

by competing with residual Factor H for cell surface binding. Untagged Efb had a slight protective 

effect. Mean values in (A) and (B) are from three wells of a representative experiment ± SD (total of 

three separate experiments). **, P < 0.005, ***, P < 0.001.  
 

3.3.12. Efb-SCRs18-20 blocks TCC formation on endothelial cells  

Efb-SCRs18-20, when fixed to the cell surface, protects nucleated CHO cells from 

AP-mediated damage. Next, I asked if this protein has the capacity to protect human 

endothelial cells (HMEC-1) from complement attack. Human endothelial cells are 

protected from complement damage by NHS as they recruit and bind Factor H to 

their surface. Impaired Factor H binding to endothelial cells, however, results in 

uncontrolled complement activation, TCC formation and ultimately, cell damage 

[113].  

To assay the protective effect of Efb-SCRs18-20 on the surface of endothelial cells, 

HMEC-1 were challenged with complement-active aHUS patient serum which 

harbors a mutated form of Factor H in SCR20. First, Efb-SCRs18-20 was bound to 

the endothelial cells and after thorough washing, 50% aHUS patient serum was 
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added for four hours. Following incubation, cells were washed again and C5b-9 

deposition on the endothelial cell surface was analyzed by confocal laser scanning 

microscopy using a TCC-specific antiserum. 

Human endothelial cells exposed to NHS had less surface-deposited TCC 

(MFI 1100), but when challenged with complement-active aHUS patient serum had 

500% more C5b-9 complexes deposited on their surface (MFI 5300) (Figure 32). Efb-

SCRs18-20, when bound to the endothelial cell surface, reduced this TCC deposition 

by about 90% (MFI 1600) (Figure 32). In contrast, untagged Efb only slightly reduced 

deposition of the TCC on the cell surface. i.e. reduction by 18% (MFI 4400) 

(Figure 32). Soluble complement receptor 1 (sCR1) was used as positive control and 

inhibited formation and surface deposition of the TCC by 95% (MFI 1390) 

(Figure 32). Taken together, Efb-SCRs18-20, when bound to human endothelial 

cells, efficiently reduces C5b-9 deposition on their surfaces.  

 

 
Figure 32 – Efb-SCRs18-20 blocks TCC deposition on human endothelial cells.  

Efb-SCRs18-20 or Efb (4µM each) was bound to human microvascular endothelial cells (HMEC-1) for 

10 min at 37°C. Following washing, pre-activated HMEC-1 were exposed to 50% complement-active 

aHUS patient serum which harbors mutated Factor H (mutation in SCR20) for 4 h. After washing, the 

deposition of C5b-9 (TCC) on the endothelial cell surface was evaluated by confocal microscopy using 

a TCC-specific antiserum and the data are expressed as pixel
2
/field. HMEC-1 had low levels of 

surface-deposited TCC when they were exposed to NHS, but had 500% more surface-deposited TCC 

when they were challenged with aHUS patient serum. The chimera, i.e. Efb-SCRs18-20, when bound 

to the endothelial cell surface, blocked C5b-9 deposition by approximately 90%. Untagged Efb lacked 

any significant protective effect and thus, C5b-9 was formed. sCR1 was applied in fluid-phase and 

used as positive control. Data are mean values derived from images of 13 acquired fields of 

endothelial cell surfaces. Error bars correspond to ± SEM.  ***, P < 0.001; n.s. not significant.  
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4. Discussion 

Complement is an essential element of host innate immunity. It is a cascade of 

proteolytically-activated proteins which lyses microbial intruders, tags them for 

phagocytosis and stimulates an acute inflammatory response. Pathogens, including 

the opportunistic bacterial pathogen Staphylococcus aureus, however, has 

developed smart strategies to hide from the complement attack. These complement 

evasion mechanisms comprise secretion of low molecular weight complement 

inhibitory molecules and binding of host complement regulatory proteins to the 

bacterial surface.  

In the human host these complement regulators make sure that the powerful effector 

functions of complement are not directed against self-structures. Thus, the lack of 

complement regulators or an impaired functional activity causes complement-

mediated cell damage and the progress of complement-mediated diseases. Even 

though different attempts have been made to control such complement-damaging 

activity, novel therapeutic approaches still have to be considered and with this 

regard, S. aureus offers an arsenal of complement inhibitory and anti-inflammatory 

molecules.  

It was therefore the goal of this dissertation to provide insight into the interaction of S. 

aureus with the human host and to give an idea how staphylococcal complement-

controlling proteins can be utilized for human purposes. To accomplish this, the role 

of the S. aureus virulence factor extracellular fibrinogen-binding protein (Efb) in 

staphylococcal evasion of the human complement system and adhesion of S. aureus 

to host cells was described, and subsequently, the protective potential of Efb in 

complement-mediated cell damage was investigated. 

 

4.1. Efb forms tripartite complexes with host Factor H and C3 to 

allow C3 inactivation 

 

Identification of Efb as a tripartite complex forming protein. S. aureus acquires 

the human alternative complement pathway regulator Factor H. The staphylococcal 

binder of IgG (Sbi) has previously been identified as a Factor H-binding protein of 
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S.aureus and it was demonstrated that Sbi acquires Factor H together with the 

central complement component C3 in a tripartite complex [60]. As the S. aureus 

extracellular fibrinogen-binding protein (Efb) shares almost identical C3-binding 

properties with Sbi, it was therefore of interest to define whether Efb also acquires 

Factor H by the same or a related mechanism. Here, the extracellular fibrinogen-

binding protein (Efb) is described as an additional staphylococcal Factor H-binding 

protein that forms tripartite complexes with human Factor H and human C3.  

Efb tripartite formation is specifically mediated by the C-terminal region of Efb (Efb-

C), that harbors the C3-binding site, indicating that C3 is central for tripartite complex 

formation with Factor H. Similarly, the C-terminal C3-binding domains of Sbi, i.e. Sbi 

III-IV, mediate tripartite complex formation [60]. C3 binding by both Efb and Sbi is 

due to a shared structural feature, i.e. a three-helix bundle fold localized within their 

C-termini, which attaches to the C3d domain of intact C3 [61, 78]. This shared C3-

binding property of Efb-C and Sbi III-IV is one explanation for the similar Factor H-

binding mechanism, i.e. binding of Factor H in tripartite complexes together with C3. 

Although the staphylococcal immune evasion proteins SCIN and Protein A also share 

such a triple-helix bundle [114, 115], tripartite formation is exclusively observed for 

Efb and Sbi. This is explained by two Efb-C residues within the three-helix fold that 

are essential for C3 binding and that only align with the corresponding residues in Sbi 

IV [61]. Furthermore, SCIN binds to the C3c domain of C3, while Protein A does not 

bind C3.  

A similar Factor H-binding mechanism of Efb and Sbi, i.e. tripartite complex formation 

with Factor H and intact C3, is further supported by the competition of Efb and Sbi  

for tripartite formation. Efb-C reduced Sbi tripartite formation already at molar ratio of 

0.015:1 (Efb-C:Sbi), which is due to a 200-times higher C3(d)-binding affinity of Efb-C 

(kD = 1.4 nM [76]) as compared to Sbi III-IV (kD = 280 nM [61]). This again argues for 

C3 to be the central player in tripartite formation. 

Characterization of Efb-mediated tripartite complexes. Efb, similar to Sbi, binds 

Factor H in the presence of intact C3 and the C3 activation fragments C3b and C3d, 

but not C3c. Both Efb and Sbi bind close to the TED domain of C3, which is present 

in the C3d, but not in the C3c subdomain of C3. Binding studies with Factor H 

deletion mutants revealed that the C-terminus of Factor H, i.e. SCRs18-20 mediates 

Efb tripartite complex formation. The significance of the Factor H C-terminus in 
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tripartite formation is also demonstrated for Sbi as only domains 18-20 of Factor H 

mediate complex formation [60]. In addition, it was shown in independent studies that 

the majority of the identified Factor H-binding proteins, regardless of the bacterial 

species, specifically target the C-terminus of Factor H [16, 116, 117]. However, 

binding of Factor H in a tripartite complex together with intact C3, and C3 activation 

products C3b and C3d, is unique to Efb and Sbi. Thus, the Factor H C-terminus 

mediates tripartite formation with Efb and Sbi, and the N-terminal regulatory domain 

of Factor H is accessible for Factor I cofactor activity (discussed below). 

Functional relevance of the Efb tripartite complex. C3 fixed in the tripartite 

complex with Efb or Sbi is cleaved by the serine protease Factor I in the presence of 

the cofactor Factor H. This cleavage is due to a conformational change of C3 

induced by Efb and also Sbi. The conformation of C3 upon Efb and Sbi binding shifts 

to a C3b-like conformation as demonstrated by the formation of a C3b-specific neo-

epitope in intact C3. Such a conformational change has been observed before, but 

the relevance of it remained unclear, and it was speculated that the altered C3 is 

incapable to be processed into C3b [78]. However, here it is shown that the altered 

C3 becomes highly susceptible to cleavage by Factor I in the presence of the 

cofactor Factor H (Figure 27A), which is in strong contrast to native C3, which 

naturally is inert and thus, not processed by Factor I. Cleavage of the 

conformationally-changed C3 by Factor I resulted in the formation of fragments of the 

C3 α chain of 41-, 43- and 77-kDa, the latter one including the C3a domain. 

As only the C-terminus (SCRs18-20) and not the N-terminal regulatory domain 

(SCRs1-4) of Factor H participates in tripartite formation (discussed above), I aimed 

to elucidate the exact mechanism by which Factor H mediates cleavage of tripartite-

fixed C3. C3 was not cleaved in the presence of FHL-1 (SCRs1-7), which shares the 

regulatory domain with Factor H (SCRs1-4), showing that the N-terminal domain 

alone is not sufficient for C3 cleavage and that the C-terminus is required. C3, 

however, was also not cleaved in the presence of FHL-1 and fragment SCRs18-20 of 

Factor H. Thus, intact, full-length Factor H is required for the cleavage of tripartite-

fixed C3 and domains SCRs8-17 serve for the flexibility of Factor H within the 

tripartite complex. Accordingly, the model for the cleavage of tripartite-fixed C3 

(illustrated in Figure 33A) is that Factor H binds in the tripartite complex via SCRs18-
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20, while SCRs1-17, which includes the regulatory domain (SCRs1-4), bend to the 

C3 α chain to mediate Factor I cofactor activity and cleavage of C3.  

Taken together, in tripartite complex-bound C3 undergoes a conformational change 

and the altered C3 is subsequently cleaved by Factor I in the presence of tripartite-

bound intact Factor H. In consequence, C3 is incapable to participate in complement 

activation, i.e. generation of the opsonin C3b and the anaphylactic peptide C3a is 

blocked.  

Factor H bound in the tripartite complex with Efb also maintains Factor I cofactor 

activity for the cleavage of C3b, which is the natural substrate of Factor H. Thus, the 

opsonin C3b is cleaved as well, which prevents opsonization and amplification of the 

AP. This Factor I cofactor activity of tripartite-fixed Factor H has also been 

demonstrated for Sbi [60]. 

 

 

Figure 33 – Schematic diagram of tripartite-mediated C3 cleavage.  

(A) Efb and also Sbi bind to the C3d domain of intact, unprocessed C3. C3, fixed by Efb and Sbi, 

experiences a conformational change and exposes C3b-like binding sites for Factor H and C3b-like 

cleavage sites for the protease Factor I (scissors). Factor H binds to this altered C3 via SCRs18-20 

(blue) resulting in the formation of a tripartite complex (Efb-C3-Factor H). Tripartite-fixed C3 is cleaved 

by Factor I at its α chain and Factor H SCRs1-4 (yellow), by bending to C3, serve as cofactor for 

Factor I. The C3 cleavage fragments remain bound in the tripartite complex. (B) Processing of C3b. 

C3 is cleaved into C3b and the anaphylactic peptide C3a by the C3-convertase. In contrast to the 

naturally inert C3, C3b is bound by Factor H. Factor H attached to C3b acts as cofactor for Factor I to 

cleave C3b and to form inactive C3b (iC3b).  

 

Efb also forms tripartite complexes with human CFHR1, a C5 convertase and TCC 

regulator. The CFHR1 and Factor H C-termini share an exceptionally high sequence 

similarity at the protein level [10] and as tripartite formation with Factor H is mediated 

by SCRs18-20 (discussed above), it explains that CFHR1 is recognized and fixed in 

the tripartite complex with Efb. CFHR1 bound in the tripartite complex with Efb blocks 
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C5b-9 formation by 40%, demonstrating that tripartite-fixed CFHR1 is functionally 

active. CFHR1, however, by competing Factor H, also reduces Factor H fixation in 

the tripartite complex with Efb (reduction by about 30% at the physiological ratio of 

1:0.5 (Factor H:CFHR1)). In consequence, tripartite-bound CFHR1 has TCC 

regulatory activity and in addition, affects binding and the regulatory activity of 

tripartite-fixed Factor H as demonstrated by a reduced Factor I cofactor activity. 

Thus, CFHR1 bound in the tripartite complex with Efb is at the expense of Factor I 

cofactor activity and C3/C3b cleavage, but of gain of C5 convertase and TCC 

regulation.  

In summary, Efb acquires the human complement regulators Factor H and CFHR1 

together with C3 in a tripartite complex. Within these complexes the regulators are 

functionally active, i.e. tripartite-bound Factor H acts as cofactor for Factor I-mediated 

cleavage of intact C3 and of the opsonin C3b, and tripartite-fixed CFHR1 blocks TCC 

formation. 

 

4.2. Efb binds human vitronectin and the Efb-vitronectin complex 

mediates adhesion of S. aureus to human alveolar epithelial cells  

 

Identification of Efb as a novel vitronectin-binding protein. S. aureus binds the 

human adhesive glycoprotein vitronectin, but the staphylococcal protein(s) 

responsible for this binding have been poorly investigated. Screening of recombinant, 

known staphylococcal complement inhibitors and recombinant staphylococcal 

proteins with unknown function for binding to human vitronectin led to the 

identification of Efb as a novel vitronectin-binding protein of S. aureus.  

To date, two additional staphylococcal vitronectin-binding proteins have been 

identified, i.e. Emp and Eap, which have rather wide ECM ligand-binding spectra and 

bind to at least three additional ECM proteins such as fibronectin and collagen [93, 

94, 118]. This is in contrast to Efb, which binds to human vitronectin, but not to any 

other human ECM component (except the earlier reported fibrinogen [79]). Efb, 

however, is also multifunctional since to date, five different human ligands (C3, 

Factor H, CFHR1, plasminogen, fibrinogen) of Efb have been identified including this 

work (section 3.1.).  



  Discussion 

93 

 

Characterization of the Efb-vitronectin interaction. Efb binds purified and also 

serum-derived human vitronectin in a dose-dependent manner. Binding analysis with 

recombinant Efb deletion mutants led to the identification of two separate vitronectin-

binding regions, one provided by the C-terminal region (Efb-C) and another one 

localized within the Efb N-terminus (Efb-N). Thus, binding of vitronectin to Efb is 

distinct from C3, as well as fibrinogen binding, as they have only one binding site on 

Efb [54, 75].  

Binding of vitronectin to Efb-C was 25% higher as compared to Efb-N, indicating that 

the C-terminus of Efb harbors the major binding site for vitronectin. Vitronectin bound 

to Efb-C in a dose-dependent manner with a kD of 0.27 µM as determined by 

microscale thermopheresis. However, the affinity of Efb-C for human C3d is 200 

times higher as compared to vitronectin (kD = 1.4 nM) [76]. 

Efb binds vitronectin independently of C3 or fibrinogen, showing that the vitronectin-

binding sites and the C3, as well as the fibrinogen-binding sites on Efb, are distinct 

and do not overlap. Thus, Efb acquires vitronectin, C3 and fibrinogen at the same 

time and as a consequence, has the capacity to simultaneously impair different 

biological processes in the human host such as complement activation and wound 

healing.  

Efb binding to vitronectin is reduced by heparin by about 50%, demonstrating that the 

heparin-binding regions of vitronectin are involved in the interaction. As vitronectin 

binding to different S. aureus strains is blocked by heparin [91, 119], it suggests that 

Efb is one of the major vitronectin-binding proteins of S. aureus. Binding of Efb to 

vitronectin is not inhibited by a synthetic RGD peptide, thus showing that the N-

terminal RGD motif of vitronectin, when bound to Efb, is left accessible for host cell 

integrin receptor interaction. Thus, vitronectin bound to Efb may have a function in 

attachment and adhesion of staphylococci to host cells (discussed below).  

Efb specifically binds to the C-terminus of vitronectin (amino acids 353 – 363) as 

determined by binding studies with vitronectin deletion mutants. This binding site 

matches the third heparin-binding region of vitronectin which explains why vitronectin 

binding to Efb is partially reduced by heparin. Another study identified the same 

binding site for Protein E expressed by Haemophilus influenzae [120], and this 

particular motif in vitronectin seems to be targeted by a variety of vitronectin-binding 

proteins of different bacterial species (Hallström, T. et al., unpublished data). 
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Functional relevance of the Efb-vitronectin interaction. Vitronectin bound to Efb 

maintains complement regulatory activity and dose-dependently inhibits C5b-9 

formation. Although S. aureus, similar to other gram positive bacteria, is naturally 

protected from TCC-mediated cell lysis by its thick cell wall, TCC inhibition is relevant 

for them as TCC has additional functions beyond the pore-forming activity. Sublytic 

C5b-9 was shown to stimulate endothelial cells to release chemokines like 

Interleukin-8 and monocyte chemoattractant protein-1, and to express adhesion 

molecules such as ICAM-1 and P-selectin on their surface [121-123]. Thus, TCC can 

induce an inflammation and staphylococci could benefit from TCC inhibitory activity 

of Efb-bound vitronectin, but this has to be further proven.  

Efb complexes human vitronectin in solution and this Efb-vitronectin complex binds 

with about 50% higher intensity to intact staphylococci as compared to vitronectin 

alone (uncomplexed vitronectin). Efb, as part of this complex, attaches to the 

staphylococcal cell surface and this binding correlates with the amount of surface-

bound vitronectin. Thus, Efb facilitates vitronectin binding to S. aureus as the 

naturally-secreted Efb attaches to the staphylococcal cell surface. The binding of 

secreted staphylococcal proteins to the bacterial cell surface after secretion has also 

been demonstrated for Emp and Eap [92, 94] and a recent study also demonstrated 

that Efb is associated with the staphylococcal cell surface [73]. However, other 

studies detected Efb mainly in the supernatant of S. aureus [79] and in this study, the 

presence of endogenous cell surface-associated Efb is excluded as additional Efb 

did not block, but promoted vitronectin binding to S. aureus.  

The Efb-vitronectin complex enhances the adhesion of S. aureus to human alveolar 

epithelial cells as compared to vitronectin alone (uncomplexed vitronectin). Given 

that the Efb-vitronectin complex efficiently binds to the staphylococcal cell surface 

(discussed above), the model for this enhanced adhesion is the following: Efb first 

complexes soluble vitronectin via the third heparin-binding domain and the Efb-

vitronectin complex binds to the staphylococcal cell surface. Second, vitronectin as 

part of this complex recognizes the αvß3-integrin receptor (vitronectin receptor) on the 

alveolar epithelial cells and by this means, the Efb-vitronectin complex bridges 

bacterial and alveolar epithelial cells. This demonstrates that Efb, by acquiring 

vitronectin, has a function in staphylococcal colonization of human lung cells, and 

whether this is also true for other human cell types has to be further determined. The 
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exploitation of the adhesive properties of vitronectin for host cell adhesion and also 

invasion has also been demonstrated for other pathogens such as Helicobacter pylori 

[124, 125] and Streptococcus pneumoniae [90]. 

Efb also directly binds to human alveolar epithelial cells and by this means facilitates 

the adhesion of S. aureus to these cells. Surface-exposed, endogenous vitronectin 

was identified as a ligand for Efb as a polyclonal vitronectin antiserum reduced Efb 

binding to human alveolar epithelial cells by about 50%. Thus, Efb binds to 

vitronectin present on the alveolar epithelial cells and thereby bridges staphylococci 

and epithelial cells. 

In summary, Efb facilitates vitronectin-mediated staphylococcal adhesion to human 

alveolar epithelial cells by two distinct mechanisms (illustrated in Figure 34). First, Efb 

forms a complex with soluble vitronectin and this complex efficiently bridges 

staphylococci and host cells. Second, Efb also binds to vitronectin exposed on the 

alveolar epithelial cell surface and in that way acts as molecular bridge between 

bacterial and host cells. 

 

Figure 34 – Simplified model of Efb-mediated 

staphylococcal host cell adhesion.  

Efb, primarily its C-terminus (green), acquires soluble 

vitronectin through the third heparin-binding region 

(HBD-3). The Efb-vitronectin complex attaches to the 

staphylococcal cell surface and vitronectin bound to Efb 

binds to the αvß3 integrin receptor on human alveolar 

epithelial cells, thereby bridging bacterial and human 

cell. Efb also directly binds to human alveolar epithelial 

cells and binding is partly mediated by vitronectin 

expressed on the alveolar epithelial cell surface. How 

Efb attaches to the staphylococcal surface is at present 

unknown. 

 

 

4.3. The cell surface-binding region of Factor H guides Efb to cell 

surfaces and allows local complement inhibition  

 

Design and generation of a cell surface-targeted complement inhibitor. The 

large number of complement-mediated diseases defines a need for complement 

inhibition. Systemic complement inhibition requires high levels of therapeutic 
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inhibitors, which often compromises the protective functions of complement. As 

disease-causing defective complement regulation is mostly a local effect, targeted 

complement inhibitors that act locally can be used at lower concentrations and thus, 

represent a promising therapeutic option.  

In this study, I generated and characterized a cell surface-targeting chimeric protein, 

i.e. the staphylococcal complement inhibitor Efb was equipped with the central cell 

surface recognition region of human Factor H (SCRs18-20) in order to direct this 

targeted inhibitor to sites of complement activation and immune stress on cell 

surfaces. This chimeric protein, i.e. Efb-SCRs18-20 was recombinantly expressed in 

yeast cells and analyzed with respect to alternative complement pathway inhibition, 

cell binding, as well as cell surface activity.  

Efb-SCRs18-20 blocks complement activation in fluid phase. The chimeric 

protein is composed of a complement inhibitory domain which is provided by the 

staphylococcal protein Efb. It was of importance to define whether the Factor H tag 

affects the inhibitory capacity of Efb. Efb-SCRs18-20 efficiently inhibits AP activation 

in fluid phase, demonstrated in a hemolytic assay where rabbit erythrocytes were 

challenged with 20% complement-active human serum. This activity is similar to that 

of the untagged Efb, and tagged Efb used at 0.5 µM totally blocked erythrocyte lysis. 

In this case, complement inhibition is based on fluid phase activity which explains the 

comparable complement-controlling activities of Efb-SCRs18-20 and Efb. Taken 

together, the attached Factor H tag does not influence the complement-regulating 

activity of Efb, demonstrating that Efb-SCRs18-20 acts as a potent complement 

inhibitor in fluid phase. This activity of Efb-SCRs18-20 was then further characterized 

on erythrocyte and nucleated cell surfaces (discussed below). 

Efb-SCRs18-20 binds to C3 activation fragments, heparin and cell surfaces. 

Efb-SCRs18-20 binds to the C3 breakdown products C3b and C3d, which represent 

strong markers of complement activation. Binding of Efb-SCRs18-20 to C3b is six-

fold stronger and to C3d is 10-fold stronger as compared to the Factor H tag alone. 

Similarly, binding of Efb-SCRs18-20 to C3b is three times and to C3d is four times 

stronger as compared to Efb alone. The higher binding intensities of the chimera to 

both C3b and C3d as compared to the single domains alone is explained by two 

separate interaction domains, as both Efb and SCRs18-20 contact C3b and also 

C3d. Thus, each of the domains of Efb-SCRs18-20 retains their C3b/C3d-binding 
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activity, which is relevant for cell surface binding, as well as complement control 

(discussed below). 

Efb-SCRs18-20 attaches to heparin and, in cell models, binds to non-activator sheep 

erythrocytes and nucleated CHO cells. This binding is specifically mediated by the 

Factor H tag, i.e. SCRs18-20, as untagged Efb does not bind. In the case of CHO 

cells the tag-mediated binding of Efb-SCRs18-20 is further confirmed by a SCR20-

specific mAB (C18), that entirely blocks binding. In addition, binding of Efb-SCRs18-

20 to mutant CHO cells lacking surface-exposed GAGs is reduced by 70%. This 

again proves the Factor H tag-mediated binding, as GAGs are natural ligands of 

SCRs18-20 of Factor H [112]. Altogether, Efb-SCRs18-20 attaches to erythrocyte 

and CHO cell surfaces by the Factor H tag, leaving Efb accessible for complement 

control. 

Binding of Efb-SCRs18-20 to C3b-coated sheep erythrocytes and CHO cells is 75% 

and 150% respectively, more efficient as compared to unlabeled cell surfaces. This 

enhanced binding is also mediated by the Factor H tag as Efb does not bind, and is 

due to a simultaneous recognition of GAGs and cell surface-deposited C3b by the 

Factor H tag [18, 19]. In the human body, this simultaneous recognition guarantees 

efficient attachment of Factor H to complement activation sites on host cells since cell 

surface-deposited C3b represents a strong marker of complement activation. Thus, 

Efb-SCRs18-20 binds efficiently to C3b-coated cell surfaces via the Factor H tag, 

thereby targeting the site of complement activation. 

Efb-SCRs18-20 is active on cell surfaces and prevents complement-mediated 

cell damage. The complement-controlling activity of Efb-SCRs18-20 on a particular 

cell surface was studied in cell models using sheep erythrocytes, CHO cells and 

human endothelial cells. Bound to C3b-coated sheep erythrocytes, Efb-SCRs18-20 

blocks AP-mediated cell lysis upon challenge with complement-active Factor H-

depleted serum (HSCFH). This protective effect of Efb-SCRs18-20 partly correlates 

with a reduced C3b deposition on the erythrocyte cell surface, thus showing that this 

inhibitory activity occurs at the level of the C3 convertase. Efb-SCRs18-20 used at 

the highest concentration of 4 µM, however, inhibited C3b opsonization and 

erythrocyte lysis by only 20%. Higher concentrations tested could not enhance the 

protective effect, which may be explained by the limited binding of Efb-SCRs18-20 to 

the sheep erythrocyte cell surface. In contrast, SCRs18-20 alone enhances 
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erythrocyte lysis and also C3b deposition, demonstrating that the tag alone and thus, 

also Efb-SCRs18-20 competes with residual Factor H in HSCFH. 

This AP-controlling activity of Efb-SCRs18-20 was further studied using CHO cells. 

CHO cells, similar to the glomerular basement membrane of the human kidney [13], 

lack human membrane-bound complement regulators and rely on soluble regulators 

like Factor H to survive in complement-active human serum. However, CHO cells 

exposed to HSCFH get damaged and Efb-SCRs18-20, bound to C3b-labeled CHO 

cells, dose-dependently protects the cells from this AP-mediated damage. Efb-

SCRs18-20 at 0.5 µM concentration already restored the depleted Factor H, and the 

viability and integrity of the cells was comparable to those cells exposed to heat-

inactivated serum. Moreover, Efb-SCRs18-20 was four times more efficient than cell 

surface-bound Factor H and more than 10 times more effective than untagged Efb, 

when compared at molar levels. Thus, the cell surface-targeted inhibitor binds to the 

CHO cells via SCRs18-20 and efficiently reduces complement destructive activity to 

the cell surface. 

In addition, this protective effect of Efb-SCRs18-20 was studied in a human cell 

model using endothelial cells. Efb-SCRs18-20 blocks TCC formation on human 

microvascular endothelial cells (HMEC), which are challenged with serum of a patient 

of the complement-mediated disease aHUS. This aHUS patient serum harbors a 

mutated form of Factor H (mutation in SCR20) and HMEC, when challenged with this 

serum, have C5b-9 complexes deposited on their surface due to a reduced binding 

and protective activity of Factor H on the endothelial cell surface [126, 127]. Cell-

bound Efb-SCRs18-20, however, almost totally inhibits this TCC deposition on the 

endothelial cell surface and thus restores the lacking Factor H protective function. 

Furthermore, Efb-SCRs18-20 is 10 times more effective than untagged Efb, which 

demonstrates the cell surface-targeting effect of the Factor H tag.  

In summary, Efb-SCRs18-20 prevents complement activation on sheep erythrocyte 

and CHO cell surfaces. Moreover, it efficiently protects human endothelial cells from 

aHUS patient serum-mediated TCC deposition which demonstrates the cell 

protective activity of Efb-SCRs18-20 in a clinical setting where complement is 

directed against self. Whether this activity can be transferred to in vivo diseases 

settings is subject to future studies. 
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4.4. Conclusion  
 

This study describes (i) the interaction of the staphylococcal protein Efb with 

components of the host innate immunity and (ii) its protective potential in 

complement-mediated cell damage.  

Efb acquires the human complement regulator Factor H in a tripartite complex 

together with the central complement component C3. Thereby, Efb induces a 

conformational change on intact C3, which facilitates its cleavage by the human 

serine protease Factor I. Efb also forms tripartite complexes with human CFHR1 and 

tripartite-fixed CFHR1 reduces TCC formation.  

Efb also binds the human adhesive glycoprotein vitronectin. Efb complexes 

vitronectin in solution and facilitates vitronectin binding to intact staphylococci. This 

Efb-vitronectin complex on the staphylococcal cell surface enhances the vitronectin-

mediated adhesion of S. aureus to human lung epithelial cells.  

In summary, Efb blocks complement activation at the level of C3 and promotes 

adhesion of staphylococci to host cells. As both evasion of the complement system 

and adhesion to host tissue are crucial for S. aureus in promoting an infection, it 

shows that Efb plays an essential role in this process. The significance of Efb for the 

pathogenesis of S. aureus has also recently been demonstrated by the reduced 

virulence of Efb knockout mutants in a murine infection model [72]. S. aureus strains 

lacking Efb had reduced survival in blood, reduced organ persistence, as well as 

decreased ability to form abscesses. However, which function of Efb to which extent 

contributes to these effects is not clear yet and needs further investigations. 

The complement inhibitory activity of Efb can be utilized to control local, unwanted 

complement activation on a particular cell surface as demonstrated by a cell surface-

targeted complement inhibitor. Efb is equipped with the central cell surface 

recognition site of human Factor H, i.e. SCRs18-20 and by this means is directed to 

sites of complement activation, i.e. C3b-coated cell surfaces. Efb-SCRs18-20 

protects cells such as human endothelial cells from TCC effector functions and in this 

regard, is more effective than the untargeted counterpart. Taken together, tagging 

Efb with SCRs18-20 of Factor H to guide it to host cell surfaces is a promising 

approach to protect the microvascular endothelium from complement damaging- 

activity. It increases the efficiency of Efb and based on the lower amount of inhibitor 

necessary for complement control, it could also minimize immunogenic side effects.   
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