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Due to the continued growth of antibiotic-resistant Staphylococcus aureus strains, it is necessary to explore 
alternative targets for future therapeutic applications. For this reason, is important to understand the 
staphylococcal immune evasion mechanisms with a special focus on extracellular fibrinogen-binding protein (Efb) 

and Efb related proteins. Therefore, it was conducted a literature review to compile relevant information on this 
protein. It was found that Efb has three binding sites with biological relevance that could be used as therapeutic 

targets with specificity for fibrinogen, platelets, and complements. First, the fibrinogen-binding motifs also found in 

coagulase block neutrophil αMβ2 adherence to fibrinogen and attract fibrinogen to the bacterial surface, forming 
capsule-like structures that block phagocytosis. Second, Efb is a potent anti-thrombotic agent, probably related to 
its P-selectin binding capacity. Efb P-selectin binding blocks the interaction of P-selectin with the PSGL-1 receptor, 

thereby impairs the mechanisms of platelet-mediated leukocyte recruitment to the site of vascular injury. Third, 
the Efb complement binding domain, also found in other staphylococcal complement inhibitory proteins like Ecb, 

Sbi, and SCIN, is responsible for the evasion of the complement-mediated immune response. Efb reduces the 
formation of C3 convertase and the interaction with neutrophils, affect B-cells activation, and maturation. Efb 
binding sites have a clear implication on the virulence of Staphylococcus aureus in mastitis, wound infection, 

staphylococcal pneumonia, and infections related to implanted devices, and contributes to staphylococcal 
persistence in host tissues and abscess formation in the kidneys. Given the biological relevance of Efb binding sites 

in staphylococcal infections, they are promising vaccine targets. Additionally, due to the inhibitory effect of Efb on 
platelets and complements, Efb can be a potential therapeutic agent to treat diseases associated with thrombosis 

and abnormal complement activity.   
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Introduction 
Staphylococcus aureus has the ability to bind different types 

of host tissues causing a wide spectrum of diseases from 
mild wound infections to serious, life-threatening 

conditions such as osteomyelitis and endocarditis (1). The 
continuous growth of methicillin and multidrug-resistant S. 

aureus strains has become a serious problem in the 
treatment of S. aureus infections (2). Therefore, alternative 
treatment approaches are urgently needed. S. aureus 

escapes from the host immune responses using different 
proteins such as V8 (3), superantigens (4), protein A (5), 

hemolysins, and hyaluronidase (6,7). The extracellular 
fibrinogen-binding protein (Efb) (8–11) contributes to the 

evasion of the host defenses by disrupting multiple 
biological processes of the host. The primary objective of 
this review is to determine the biological effects of the 

different binding domains of Efb in staphylococcal 
infections and their potential as therapeutic targets.  

  

Sources of information 
An extensive literature review was done in the databases 

of PubMed related to Staphylococcus aureus Efb in 
combination with fibrinogen-binding, complement-binding, 

and platelet-binding. Articles of proteins related to Efb 
such as coagulase and complement inhibitory proteins 
were studied. 

 

Efb background 
Efb is produced by S. aureus strains, but not by other 

staphylococcal species like Staphylococcus epidermidis, 
Staphylococcus hyicus, Staphylococcus lugdunensis, or 

Staphylococcus intermedius. All S. aureus clinical isolates 
possess the efb gene and produce the Efb protein (12). Efb 

contains 165 amino acids, including a 29-amino-acid signal 
peptide that is cleaved as the protein is secreted and 
converted into a mature protein of 136 residues. This 

protein does not contain the LPXTG anchor motif that 
covalently attached cell surface protein to the bacterial 

cell wall. As the inactivation of the efb gene has no effect 
on bacterial attachment to immobilized fibrinogen (11) 

suggests that this protein is not involved in the direct 
binding of staphylococcal cells to fibrinogen. However, the 
biological function of Efb is related to its binding to 

fibrinogen, platelets, and components of the complement 
system.  

 

Fibrinogen-binding 
There are at least two fibrinogen-binding sites involved in 

the interaction between Efb and fibrinogen (9,10,13). Efb 
has two similar sequences of 22 amino acids at the N-

terminal region that are responsible for fibrinogen-binding. 
Peptides containing the first (residues 30-67) or second 

repeat (residues 68-97) bind strongly to soluble fibrinogen 
and inhibit the binding of Efb to fibrinogen (9,10,13). Also, 
several residues in the second repeat of Efb (K68, H74, 

Y76, I78, F81, D83, T85, F86, Y88, and R91) seem to be 
crucial for fibrinogen-binding (13). A single Efb molecule 

can bind two different fibrinogen molecules 
simultaneously, and the combination of equimolar 

amounts of these two proteins led to the formation of a 
complex (9). The amino acid sequence revealed an EF-

domain with Ca2+-binding motifs(10) which explains why 
calcium or zinc enhances the precipitation of the Efb-
fibrinogen complex. 

Coagulase is a protein similar to Efb regarding 
fibrinogen-binding. It possesses both prothrombin and 

coagulase activity at the N-terminal portion (residues 27 
to 310) (14). However, the C-terminal part of coagulase 

(residues 484 to 636) contains several tandem repeats of 
around 27-residues which bind fibrinogen. These repeats 
contain fibrinogen-binding motifs found in the repeat 

regions of Efb (13,15,16) (Fig. 1), which recognize the 
same site on fibrinogen. Also, Efb repeat regions can 

compete with the corresponding repeat regions of 
coagulase for binding to fibrinogen (16). A peptide 

corresponding to residues 68 to 98 of Efb blocks 
coagulase binding to fibrinogen indicating that they bind to 
the same or overlapping site on fibrinogen (13). 

Furthermore, antibodies against Efb recognize coagulase 
and inhibit coagulase function in plasma (17). This indicates 

that Efb and coagulase have a common motif and similar 
functions related to fibrinogen binding. Also, five residues 

in the repeat regions of coagulase are crucial for coagulase 
binding to fibrinogen (N508, Y510, V512, Y522, and 

R525)(13). 
Staphylococcus aureus produces several proteins in 

addition to Efb and coagulase that specifically recognize 

fibrinogen (18) including clumping factors A and B (19,20), 
the extracellular adherence protein (Eap) (21), Map (22), 

and von Willebrand factor-binding proteins (23). None of 
these proteins have the fibrinogen-binding motifs of Efb or  
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coagulase (24). Interestingly, a part of coagulase 

fibrinogen-binding sites was identified in the nucleocapsid 

phosphoprotein (N-protein) of the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) 
(GenBank: QOQ16111.1). The region corresponding to 
the amino acid residues 261-271 of the N-protein has 

some similarity to the repeats of coagulase (GenBank: 
AKJ16095.1). The fibrinogen-binding capacity of the N-

protein must be tested for potential biological function. It 
is tempting to think that the N-protein mimics the 

function of Efb and coagulase for fibrinogen-binding to 
facilitate the evasion of host defense by SARS-CoV-2 (25). 
  

The Biological effect of the fibrinogen-binding 

sites.  
Both Efb and coagulase inhibit the attachment of 
neutrophils and monocytes to fibrinogen by interfering 

with fibrinogen-binding to αMβ2 (26,27). The fibrinogen-
binding sites of Efb are implicated in this inhibition because 
the N-terminal half of Efb, but not its C-terminal half, 
blocks the attachment. The fibrinogen-binding regions of 

Efb (residues 68 to 98) and coagulase (residues 506 to 
532) effectively inhibit phagocytosis of neutrophils. Also, 

the inhibitory effect is caused by Efb binding to fibrinogen 
rather than binding to a component on neutrophil surface. 

Interesting, these interactions are unaffected by peptides 
containing only one fibrinogen-binding site, suggesting that 
more than one fibrinogen-binding site is necessary to 

obtain full inhibition. Furthermore, the fibrinogen-binding 

sites are essential for Efb or coagulase to produce capsule-

like structures formed by fibrinogen around S. aureus 

(13,28). Also, Efb and coagulase are important for 
staphylococcal survival in the bloodstream, bacteremia, 
abscess formation, and persistence in host tissues (29). 

 

Platelet-binding 

Platelet aggregation is essentially mediated by fibrinogen, 

which binds to GPIIb/IIIa on activated platelets. There are 
two ways of interaction between Efb and platelets: one is 

dependent on the fibrinogen-GPIIb/IIIa interaction and the 
other is independent of fibrinogen [20] which is mediated 

by a receptor expressed on the surface of platelets that 
seems not to be GPIIb/IIIa (Fig. 2). 
 

Fibrinogen dependent binding to platelets. 
The expression of the fibrinogen receptor GPIIb/IIIa on 

the platelet surface is necessary for the aggregation of 
platelets, and only activated platelets are able to bind 

fibrinogen (30). Also, activated platelets adhere to each 
other by fibrinogen, which is a dimer that can bind two 
GPIIb/IIIa receptors, forming a bridge between platelets. 

Interestingly, one single platelet can display up to 45000 
fibrinogen-binding sites when they are activated (31). Efb is 

an effective inhibitor of the aggregation of adenosine 
diphosphate activated platelets (16,32), even when 

increasing concentrations of Efb increase the level of 

Fig. 1. Sequence similarities of proteins with Efb fibrinogen- binding motifs. 
The N-terminal haft of Efb (GenBank: ADJ67155.1) is responsible for fibrinogen and P-selectin binding. This contains two 

nearly identical regions (underlined) that have high similarity with the fibrinogen-binding tandem repeats of coagulase 
(red)(GenBank: AKJ16095.1). The N- protein of SARS-CoV-2 (GenBank: QOQ16111) (residues 261–271) shares some 

sequence similarity with the repeat regions of coagulase (blue). 
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fibrinogen-binding to activated platelets (16). This 

interaction could be neutralized with anti-GPIIb/IIIa 
antibodies, however, the interaction between Efb and 

washed thrombin-activated platelets is unchanged (32,33).  
It was speculated that the inhibitory effect may be caused 
by Efb fibrinogen-binding that may retain fibrinogen in a 

non-functional manner which results in the obstruction of 
normal platelet function or by Efb binding to a protein 

different from fibrinogen (16). 

 
Fibrinogen independent binding to platelets. 

Efb binds to washed activated platelets depleted of 
fibrinogen, but not to those that are not activated. Also, 

antibodies against GPIIb/IIIa can only neutralize the 

fibrinogen-dependent Efb binding and not the interaction 

between Efb and washed thrombin-activated platelets 
(32,33). This indicates that Efb triggers a new type of 

fibrinogen-binding to platelets that seems not to be 
implicated the GPIIb/IIIa receptor (32) or GPIb (34). A 
subsequent study revealed that the component recognized 

by Efb in platelets was P-selectin (33), an interaction that is 
independent of fibrinogen. P-selectin is a member of the 

selectin family of cell adhesion receptors that mediate the 

adhesion of neutrophils to platelets (35) and endothelial 
cells (36). P-selectin is the major component of the 

platelet alpha-granule membrane which is released when 
platelets are stimulated with thrombin (37) and can 

stabilize the initial platelet aggregation formed by 

Fig. 2. Schematic representation of the interaction between Efb, fibrinogen, and platelets. 
A single Efb molecule is capable of attaching at least two fibrinogen molecules simultaneously, leading to the precipitation 
of the Efb-fibrinogen complex. Binding to fibrinogen is essential for Efb or coagulase to produce capsule-like structures 

around bacteria that prevent phagocytosis. The interaction of Efb and platelets can be dependent or independent of 
fibrinogen. Efb stimulates fibrinogen binding to activated platelets, mediated by the integrin receptor GPIIb/IIIa. Efb 

recognized P-selectin on activated platelets, independently of fibrinogen, thus blocking the binding of P-selectin to the 
PSGL-1 receptor on granulocytes and affecting platelet aggregation. Both Efb and coagulase inhibit the attachment of 

fibrinogen to αMβ2 on neutrophils and monocytic cells. 



        ISSN 2660-972X      Current Bioscience. 2022;2(1):e01  

DOI: https://doi.org/10.51959/cb.2022.v2n1.e01 
   

 

https://currentbioscience.com  License: CC BY-NC-ND 

Page 5 of 14 

  

GPIIb/IIIa-fibrinogen interactions (38). Surprisingly, the 

expression of P-selectin was significantly decreased by the 
two repeats of Efb, probably associated with the inhibition 

of platelet aggregation or another effect caused by Efb 
binding. Also, the platelet binding site of Efb is located in 
the region with two repeats within the N-terminal domain 

of Efb (residues 37-98) and binds directly to platelets 
(16,32,33). Furthermore, an Efb fragment corresponding 

to residues 29-103 and  20 aa-peptide located within Efb-
N between Lys68 and Glu87, interfere with the binding of 

P-selectin to the P-selectin glycoprotein ligand-1 (PSGL-1), 
thereby blocking the interaction of platelets with 
thrombin-stimulated leukocytes (33,39). This has a 

negative effect on platelet recruitment of leukocytes to 
sites of vascular damage (40).  This occurs without 

exogenous fibrinogen, indicating that the mechanism of 
binding is independent of integrin GPIIb/IIIa. Finally, the 

inhibitory effect of Efb on platelet aggregation was studied 
in vivo which showed an increased survival of S. aureus in a 

mouse model of acute infection (41).  
 

Other staphylococcal proteins that interact with 

platelets. 
Efb is also an antagonist to several staphylococcal proteins 

that trigger platelet aggregation, such as clumping factor 
(42), fibronectin-binding protein A (43), and alpha-toxin 

(44). They induce platelet aggregation in the presence of 
fibrinogen and depending on the platelet receptor 
GPIIb/IIIa (42)(43). This is thought to contribute to the 

development of infective endocarditis (45,46) and liver 
injury during staphylococcal sepsis (44). For example, 

patients with coagulase-positive endocarditis showed 
increased aggregation of adenosine diphosphate stimulated 

platelet mediated by direct interaction between clumping 
factor and the adenosine diphosphate receptor or by 
indirect platelet pre-activation. (47). In contrast to these 

proteins, the bacterial lipoteichoic acid has an antiplatelet 
activity that may cause the bleedings in gram-positive 

septicemia (48). All these proteins with different effects on 
platelet aggregation are probably regulated differently and 

some of them have synergistic effects on hemostasis. 
 

Efb as an antiplatelet agent in vivo. 
The two repeats regions from the N-terminal portion of 

Efb significantly prolong the bleeding time in mice (49), 

caused by the direct impact of Efb on platelets and not on 

the coagulation cascade. In this model, acute thrombosis 
was induced by the intravenous injection of a combination 

of the powerful platelet activator collagen and the potent 
vasoconstrictor epinephrine (50). Moreover, this model 
has been useful for screening antithrombotic agents that 

act primarily by inhibiting platelet aggregation, leading to 
microcirculation in the lungs and ending with animal death. 

Also, this thrombotic effect could be prevented by 
administering the two repeats of Efb to the animals 

immediately before the thrombogenic stimulus (51). One 
in vivo study also showed that the inhibitory effect of the 
terminal portion of Efb on platelet aggregation also 

improves bacterial survival in acute infections in mice (41). 
 

Complement-binding 
Besides Efb, there are at least three proteins produced by 
S. aureus implicated in the evasion of the complement-

mediated immune response: the extracellular complement 
binding protein (Ecb) (52), the staphylococcal binder of 

immunoglobulins (Sbi) (53,54), and the staphylococcal 
complement inhibitor (SCIN) (55). They share a common 
domain of three helices at the C3 binding region (55)(Fig. 

3). In addition, the extracellular adherence protein (Eap) 
binds fibrinogen (21) and blocks the classical and lectin 

pathway of complement activation (56) but it has not the 
three-helix domain. The mechanisms of actions of the 

different Staphylococcus aureus complement inhibitory 
proteins are shown in Fig. 4. 

The N-terminal half of the Efb (residues 35-120) 
binds to fibrinogen, whereas the other half of the protein 
(residues 98-165) recognizes the alpha-chain of C3 and its 

thioester‐containing fragments (C3b, iC3b, C3d) (57,58). 
The Efb complement inhibitory domain (residues 98-165) 
is characterized by three alpha-helices (58–62) and 

contains two residues (R131 and N138) that are crucial to 
Efb affinity with the C3d domain of C3 and its inhibitory 

activity (57). The binding between Efb and C3d is 
dominated by electrostatic forces, and the region 
implicated in the binding is localized close to a highly 

conserved acidic pocket of C3d (61). Efb affects both the 
classical and alternative pathways of complement 

activation, phagocytosis, and cell-surface deposition of 
C3b (57).  
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Ecb (known as Ehp) shares 44% amino acid identity with 

the complement inhibitory domain located in the C-
terminal half of the Efb (52). Specific mutations of Ecb 

residues R75 and N82, corresponding to the two Efb 

residues (R131 and N138) (63) that are essential for C3 
binding, did not completely abolish its binding to C3, 

suggesting a second binding site in Ecb (52). Two binding 
domains (residues 198-266) (64) with the two crucial 

residues R231 and N238 for binding to C3d(63) have also 
been identified in Sbi(65).  SCIN was the first bacterial 

protein identified to target C3 convertases (66). The SCIN 
family consists of three members (SCIN-A, SCIN-B, and 
SCIN-C) that inhibit the complement activation and a 

putative inactive protein (ORF-D) (55). 
 

Blocking or reduction of C3b deposition. 
Efb binds to a loop region in the thioester-containing C3d 

domain of human native C3, impeding the conformation of 
the C3 molecule into a functional C3b opsonin (58). This 
was demonstrated by studying the deposition of C3b on 

the surface of rabbit red blood cells (RBCs) which was 
undetectable if human serum was pre-incubated with Efb 

(57). In addition, Efb and Sbi can interact with C3/C3b and 

plasminogen simultaneously, which is then converted to 

plasmin by staphylokinase or urokinase-type plasminogen 
activator, causing subsequent degradation of surface-

bound C3/C3b (67). 

 
Prevention of phagocytosis 

The mechanism employed Efb to block phagocytosis is 
independent of complement inhibition. Fibrinogen is 

attracted to the surface of staphylococcal cells to form a 
capsule-like shield that not only allows bacteria to escape 

phagocytosis but also prevents C3b binding to its 
receptor; this essentially camouflages opsonins under the 
protection of fibrinogen (68). The dual interaction of Efb 

with C3b on the bacterial surface and fibrinogen effectively 
blocks neutrophil-mediated phagocytosis of S. aureus. 

However, the regions responsible for the two types of 
binding were not able to disrupt phagocytosis when they 

were in different protein fragments, indicating that the 
two binding sites are required in the same molecule to 
obtain full inhibition. The fibrinogen shield interferes with 

the recognition of C3b on bacterial surfaces by 
complement receptor (CR) 1 and IgG by Fc receptors. 

This blocks phagocytosis of S. aureus by human neutrophils 

Fig. 3. Sequence and structural similarities of proteins with Efb C3-binding domains. 
The C3 binding site is located at the C-terminal half of the Efb (GenBank: ADJ67155.1) (residues 98-165) which is 
composed of three alpha-helices (underlined), a typical structure of Staphylococcus aureus complement inhibitory 

proteins including Ecb (GenBank: ADL22954.1), Sbi (GenBank: EHO91427.1), and SCIN (GenBank: 
MBC3017125.1). The 3D structure prediction and modeling were done using SWISS-MODEL [92]. 
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which was demonstrated in vivo by a human whole blood 

model and a mouse peritonitis model (68). 
Ecb builds aggregation with different types of C3 

through interaction with their C3d domain. This results in 
the inhibition of C5 convertase and subsequent inhibition 
of neutrophil migration (69) and neutrophil adhesion to 

fibrinogen (70). The impact in vivo of Ecb on the C5a-
dependent neutrophil recruitment to the site of infection 

(71) was demonstrated using a mouse model of immune 
complex peritonitis (72). In addition, the Ecb blocks the 

recognition of C3b by the neutrophil CR1 (73) and 
enhanced by the complement factor H which causes 
reduction of neutrophil phagocytosis of S. aureus, thereby 

protecting it from the host’s immune system. This occurs 
because Ecb, C3b, and factor H form a complex that 

inhibits the activity of factor H. Normally, factor H 

interacts with C3b which with factor I cleaves C3b into 
iC3b (74). iC3b is covalently bound to the surface of the 

target cell and is therefore strategically positioned to 
work as phagocyte recognition molecules. However, the 
tripartite Ecb:C3d:factor H complex does not turn the 

deposited C3b on the surface of S. aureus into iC3b. 
Therefore, the consequence of the Ecb tripartite is the 

inhibition of complement activation, opsonization, and 
generation of the chemotactic components (75).  

Sbi acts as a potent complement inhibitor that 
hinders the hemolytic activity of human serum by forming 
a tripartite complex with factor H and C3b. This was 

demonstrated in vivo in a hemolytic assay with rabbit 
erythrocytes which only blocked the alternative pathway 

Fig. 4. Schematic representation of the interaction between S. aureus complement inhibitory proteins with elements 
of the complement system. 

Efb binds C3 or C3b impairing the binding of complement factor B to C3b thereby the formation of C3 convertase. 
Also binding to C3b decreases C3b interaction with CR1 of neutrophils and C5 convertase conformation. Efb and 

Ecb bind C3d interfering with the interaction of C3d with the CR2 of B cells. Sbi blocks convertase activity and 
induces degradation of C3 and C3b. SCIN impairs the conversion of C3b into iC3b and blocks recognition of C3b by 
complement receptors. Eap blocks the classical and lectin pathway-dependent activation of C3 and the deposition of 

C3b. 
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while the classical and the lectin pathways were not 

affected (76). 
 SCIN competes with factor H to bind C3b which 

impairs the action factor H and factor I to degrade 
surface-bound C3b into iC3b. The binding site is located 
within the C3c domain of C3b since SCIN can bind C3b 

and iC3b, but not C3d, and it was blocked with anti-C3c 
antibodies (77). SCIN induces the formation of convertase 

dimers that block the recognition of C3b by complement 
receptors expressed on the surface of lymphoid and 

phagocytic cells (78). 
 
Effect on the adaptive immune response. 

Since Efb and Ecb have contact with a site in C3d that is 
essential for CR2 binding, they block the interaction 

between C3d and CR2, which plays a crucial role in the 
activation and maturation of B cells (79). Therefore, Efb 

may have an effect on the complement-mediated 
activation of the adaptive immune response. The impact of 

Efb or Ecb on other CR2-expressing cells such as follicular 
dendritic cells, and immature T lymphocytes (80,81) is 
unknown. 

 
Reducion of convertase activities. 

Efb induces conformational changes in the alpha-chain of 
C3 or C3b, impairing the binding of complement factor B 

to surface-bound C3b, thereby reducing the formation of 
the major C3 convertase (58). This permits S. aureus to 
evade the immune response since C3 convertase plays a 

key role in complement activation and complement attack 
(82). Further studies showed that Efb and Ecb bind to the 

complement fragment C3d in C3b-containing convertases 
(e.g. C3bBb, C4b2aC3b, and C3b2Bb) deposited on 

bacterial surfaces, inactivating their activities thereby 
hindering the cleavage of C3 and C5. Consequently, it 
impedes the formation of C5a and its capacity to induce 

neutrophil migration (72).   
SCIN acts as a bridge between C3b (55,66) and 

complement factor B stabilizing the assembled convertase 
in a catalytically inactive state. This complex still interacts 

with C3, but without generating or depositing C3b 
(83,84). SCIN binds to C3bBb and C4b2a so that the 
convertase is not able to cleave C3 (66). 

 

The biological effect of Efb 
 

In staphylococcal infection. 
Efb has many biological functions in staphylococcus 

infection. That Efb plays an important role in the 
pathogenesis of S. aureus is supported by the fact of its 

high incidence of Efb among S. aureus isolates from clinical 
samples (12) and that Efb is expressed in vivo (85). Most 

important, Efb is implicated in staphylococcal pathogenesis 

in wound infection, determined by using an Efb mutant in 
an animal model. Also, the number of animals infected 

with the Efb mutant that had clinical signs of 
staphylococcal infection was lower than the number of 
animals infected with parenteral strains with similar signs 

of infection (11). This finding was supported by 
experiments from a mouse mastitis model that resembles 

wound infection caused by S. aureus, since the mammary 
glands were traumatized during the procedure (86). In 

addition, Efb vaccination protects against S. aureus wound 
infection associated with foreign bodies in animal models 
(17). In another study, it was shown that Efb and Ecb 

enhanced the virulence of S. aureus in a lung infection 
model in mice by blocking neutrophil recruitment to the 

site of infection, thereby contributing to staphylococcal 
persistence in host tissues and abscess formation in the 

kidneys (70). Furthermore, the role of Efb was tested in 
vivo by comparing a negative Efb mutant to the wild type 

strain in the peritoneal cavity of mice. The defective Efb 
mutant was phagocytosed by neutrophils to a significantly 
greater extent than the wild type strain (68). 

 
Antibody response against Efb. 

The antibody responses against Efb were analyzed in 
serum samples of patients with staphylococcal septicemia. 

Their levels of antibodies against Efb were significantly 
lower (10%) than in samples of healthy individuals (49%). 
However, these antibodies increased during the 

convalescent phase of patients with arthritis, osteitis, and 
abscesses (85). This indicated that these antibodies were 

produced later within the development of the infection. 
The elevated antibody response to Efb indicates that Efb is 

expressed and secreted in vivo and provides protection 
against S. aureus infection. Furthermore, to understand 
how humans respond to S. aureus exposure, the antibody 

level of antibodies against Efb was studied in young 
children. Also, children that have been nasally colonized 

with S. aureus in the first two years of life had significantly 
higher levels of IgG against Efb than non-colonized 

children (87). Understanding the determinants of carriage 
and how humans respond to S. aureus exposure is 
important to the development of novel antistaphylococcal 

measures. 
 

Efb vaccination. 
In a mouse mastitis model of S. aureus infection, mice 

vaccinated with Efb and coagulase presented a reduced 
rate of mastitis compared to the control group vaccinated 

with collagen-binding protein. Also, the number of 
bacteria recovered from the glands of the infected mice 
was significantly lower after immunization with the two 

fibrinogen-binding proteins. Furthermore, no pathological 
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changes in the mammary glands were observed in animals 

vaccinated with the two fibrinogen-binding proteins 
compared to an unvaccinated group (86). In another study, 

mice vaccinated with Efb were protected against wound 
infections related to implanted biomaterials (17). Probably, 
these antibodies suppress the delay of Efb-related wound 

healing. Interestingly, human donors possess neutralizing 
anti-Efb antibodies that attenuate bacterial survival (88). 

The fact that the antibody response to Efb was significantly 
lower in patients with staphylococcal infection compared 

to the control group suggests that Efb is a potential 
vaccine candidate against staphylococcal infection (85). It is 
also possible that passive immunization using neutralizing 

antibodies against Efb may protect against staphylococcal 
infection in patients with high susceptibility to infection, 

such as in immunocompromised patients undergoing 
surgery. It was demonstrated that antibodies against Efb 

could neutralize the function of Efb both in vitro and in 
vivo by blocking its interaction with C3. This has a 

protective effect against S. aureus survival in a whole blood 
model that closely mimics human bacteremia (88).  
 

Therapeutic applications of Efb. 
Efb can be a potential therapeutic agent to treat disorders 

related to the immune system, complement pathways, and 
thrombosis. For instance, ankylosing spondylitis is a rare 

type of arthritis with complement system activation within 
the spinal bone marrow, followed by notable alterations of 
the number of neutrophils and macrophages in the bone 

marrow and spleen. Treatment with the C3-binding 
domain of Efb delayed the evolution of this disease in 

mice. Efb also impeded the course of proteoglycan-
induced ankylosing spondylitis mice by reducing osteoblast 

differentiation and complement inhibition (89). 
Furthermore, Efb can be helpful in treating some 
inflammatory diseases due to its anti-thrombotic activity 

and its ability to block the platelet-leukocyte interaction. 
The binding between platelets and leukocytes plays a 

crucial role in inflammation, which in turn may be involved 
in atherosclerosis (90,91) and in many other acute and 

chronic diseases (92). 
 

Discussion 
The multiple binding capacities of Efb permit the induction 
of different mechanisms that allow S. aureus to escape the 
immune system. Efb has fibrinogen-binding sites that 

induce the formation of a capsule-like structure around 
the bacteria built of fibrinogen that masks bacterial cells 

from being recognized by opsonizing and neutralizing 
antibodies and prevents attack by complements and other 

components of the immune system. This information is 
critical to future vaccination attempts, since opsonizing 

antibodies may not function in the presence of Efb. 

Furthermore, Efb and coagulase fibrinogen-binding sites 
inhibit fibrinogen binding to different receptors on cells 

involved in the immune response, thus preventing 
phagocytosis. The Efb fibrinogen-binding motif recently 
described in the N-protein of SARS-CoV-2 makes us 

speculate that SARS-CoV-2 could escape the immune 
system using fibrinogen. If that is the case, asymptomatic 

patients with SARS-CoV-2 infection may have neutralizing 
antibodies against fibrinogen-binding epitopes, so that the 

virus has less ability to escape the immune response. In 
addition, Efb has a P-selectin binding site that converts Efb 
into a powerful antithrombotic agent, which alters the 

interaction between platelets and leukocytes and affects 
platelet aggregation, leukocyte recruitment to vascular 

injury, inflammation, and other processes of the immune 
system. Efb has a C3-binding domain that blocks the 

classical and alternative pathways of complement 
activation and cell-surface deposition of C3. These 

mechanisms are reinforced by other complement 
inhibitory proteins like Ecb, Sbi, and SCIN or they act 
when Efb is not available. The abundance of C3 in human 

plasma suggests that it is unlikely that a single inhibitory 
mechanism is fully effective. The fact that the virulence of 

Efb in S. aureus infections has been demonstrated in 
various animal models makes us consider Efb and its 

binding sites a good vaccine candidate. 
 

Conclusion 
Staphylococcus aureus survives in the host by producing 
different proteins, including Efb, that has specific motifs 
and domains that interfere with hemostasis, wound 

healing, and the host immune response. These motifs and 
domains are potential vaccine candidates against S. aureus 

infections. Efb binding sites for fibrinogen, P-selectin, and 
components of the complement system are potential 

targets for active or passive immunization and represent 
potential therapeutic agents to treat disorders related to 
thrombosis, inflammation, and abnormal complement 

activity. 
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72.  Jongerius I, Köhl J, Pandey MK, Ruyken M, van Kessel KPM, 

van Strijp JAG, et al. Staphylococcal complement evasion by various 

convertase-blocking molecules. J Exp Med [Internet]. 2007 Oct 

1;204(10):2461–71. Available from: 

https://rupress.org/jem/article/204/10/2461/46661/Staphylococcal-

complement-evasion-by-various. 

https://doi.org/10.1084/jem.20070818 

73.  Amdahl H, Haapasalo K, Tan L, Meri T, Kuusela PI, van Strijp 

JA, et al. Staphylococcal protein Ecb impairs complement receptor-1 

mediated recognition of opsonized bacteria. PLoS One [Internet]. 

2017 Mar 8;12(3):e0172675. Available from: 

https://dx.plos.org/10.1371/journal.pone.0172675. 

https://doi.org/10.1371/journal.pone.0172675 

74.  Gaither TA, Hammer CH, Frank MM. Studies of the 

molecular mechanisms of C3b inactivation and a simplified assay of 

beta 1H and the C3b inactivator (C3bINA). J Immunol [Internet]. 

1979 Sep;123(3):1195–204. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/469245 

75.  Amdahl H, Jongerius I, Meri T, Pasanen T, Hyvärinen S, 

Haapasalo K, et al. Staphylococcal Ecb Protein and Host Complement 

Regulator Factor H Enhance Functions of Each Other in Bacterial 

Immune Evasion. J Immunol [Internet]. 2013 Aug 15;191(4):1775–84. 

Available from: 

http://www.jimmunol.org/lookup/doi/10.4049/jimmunol.1300638. 

https://doi.org/10.4049/jimmunol.1300638 

76.  Haupt K, Reuter M, van den Elsen J, Burman J, Hälbich S, 

Richter J, et al. The Staphylococcus aureus Protein Sbi Acts as a 

Complement Inhibitor and Forms a Tripartite Complex with Host 

Complement Factor H and C3b. PLoS Pathog [Internet]. 2008 Dec 

26;4(12):e1000250. Available from: 

https://dx.plos.org/10.1371/journal.ppat.1000250. 

https://doi.org/10.1371/journal.ppat.1000250 

77.  Ricklin D, Tzekou A, Garcia BL, Hammel M, McWhorter WJ, 

Sfyroera G, et al. A Molecular Insight into Complement Evasion by 

the Staphylococcal Complement Inhibitor Protein Family. J Immunol 

[Internet]. 2009 Aug 15;183(4):2565–74. Available from: 

http://www.jimmunol.org/lookup/doi/10.4049/jimmunol.0901443. 

https://doi.org/10.4049/jimmunol.0901443 

78.  Jongerius I, Puister M, Wu J, Ruyken M, van Strijp JAG, 

Rooijakkers SHM. Staphylococcal Complement Inhibitor Modulates 

Phagocyte Responses by Dimerization of Convertases. J Immunol 

[Internet]. 2010 Jan 1;184(1):420–5. Available from: 

http://www.jimmunol.org/lookup/doi/10.4049/jimmunol.0902865. 

https://doi.org/10.4049/jimmunol.0902865 

79.  Ricklin D, Ricklin-Lichtsteiner SK, Markiewski MM, 

Geisbrecht B V., Lambris JD. Cutting Edge: Members of the 

Staphylococcus aureus Extracellular Fibrinogen-Binding Protein Family 

Inhibit the Interaction of C3d with Complement Receptor 2. J 

Immunol [Internet]. 2008 Dec 1;181(11):7463–7. Available from: 

http://www.jimmunol.org/lookup/doi/10.4049/jimmunol.181.11.7463. 

https://doi.org/10.4049/jimmunol.181.11.7463 

80.  Carroll MC. The complement system in regulation of adaptive 

immunity. Nat Immunol [Internet]. 2004 Oct 28;5(10):981–6. 

Available from: http://www.nature.com/articles/ni1113. 

https://doi.org/10.1038/ni1113 

81.  Tsoukas CD, Lambris JD. Expression of EBV/C3d receptors 

on T cells: biological significance. Immunol Today [Internet]. 1993 

Feb;14(2):56–9. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/016756999390059T. 

https://doi.org/10.1016/0167-5699(93)90059-T 

82.  Chen H, Ricklin D, Hammel M, Garcia BL, McWhorter WJ, 

Sfyroera G, et al. Allosteric inhibition of complement function by a 

staphylococcal immune evasion protein. Proc Natl Acad Sci 

[Internet]. 2010 Oct 12;107(41):17621–6. Available from: 

http://www.pnas.org/lookup/doi/10.1073/pnas.1003750107. 

https://doi.org/10.1073/pnas.1003750107 

83.  Garcia BL, Tzekou A, Ramyar KX, McWhorter WJ, Ricklin D, 

Lambris JD, et al. Crystallization of human complement component 

C3b in the presence of a staphylococcal complement-inhibitor 

protein (SCIN). Acta Crystallogr Sect F Struct Biol Cryst Commun 

[Internet]. 2009 May 1;65(5):482–5. Available from: 

http://scripts.iucr.org/cgi-bin/paper?S174430910901207X. 

https://doi.org/10.1107/S174430910901207X 

84.  Rooijakkers SHM, Wu J, Ruyken M, van Domselaar R, Planken 

KL, Tzekou A, et al. Structural and functional implications of the 

alternative complement pathway C3 convertase stabilized by a 

staphylococcal inhibitor. Nat Immunol [Internet]. 2009 Jul 

7;10(7):721–7. Available from: 

http://www.nature.com/articles/ni.1756. 

https://doi.org/10.1038/ni.1756 
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