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Introduction 

Bacterial infections are initiated when bacteria and host come into contact. During the 

infection process, the host responds to invading microbes with a number of different defense 

mechanisms. In addition to physical barriers, the immune and hemostatic systems are 

involved in destruction or contention of the infectious agent. Some bacteria or bacterial 

products, however, can employ the hemostatic host response to their own benefit and cause 

serious complications. Although different pathogenic bacteria seem to target different stages 

of the coagulation and fibrinolytic systems, both systems often have a common consequence 

which consists of disease propagation that lead to similar clinical pictures. 

 

The hemostatic system 

Hemostasis is a process which involves first blood clotting (coagulation) and subsequent brake 

down of existing clots (fibrinolysis). Upon vessel injury, platelets adhere to the sub-

endothelial tissues and aggregate to form a haemostatic plug. At the same time, clotting is 

initiated via the extrinsic or intrinsic pathway of coagulation, both of which lead to fibrin 

formation through a common pathway, which forms the clot. The primary function of the 

coagulation system is to stop bleeding of an injury until repair occurs.  

The coagulation system consists of a number coagulation factors that circulate in plasma in 

their inactive precursor forms. The extrinsic pathway (Figure 1) is triggered after an event of 

injury of the blood vessel wall, when tissue factor (TF) is exposed to plasma and forms a 

catalytic complex with coagulation factor VII, leading to the activation of factor X. Activated 

factor X (FXa) will initiate the common pathway by assembly in the prothrombinase complex 

with activated factor V. The prothrombinase complex (FVa-FXa) then cleaves prothrombin to 

thrombin, which then cleaves fibrinogen to fibrin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The intrinsic pathway (Figure 1) is initiated after activation of the contact system, a process 

involving factor XI, factor XII, plasma kallikrein and high molecular weight kininogen. The 

Figure 1. The coagulation 
cascade. The model is explained 
in detail in the text. The intrinsic 
and extrinsic pathways result in 
fibrin formation. Active (a) and 
inactive factors are represented 
by their roman numerals. TF: 
tissue factor. 
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contact system assembles on negatively charged surfaces, leading to the reciprocal activation 

of FXII and prekallikrein. Activated FXII triggers the sequential activation of FXI, IX, and X, and 

subsequent induction of the common pathway. 

Overactive coagulation can result wide-spread thrombosis. Therefore, it has to be controlled 

by anticoagulation systems. This is achieved through the anticoagulation and fibrinolytic 

systems. Together, coagulation, anticoagulation, and fibrinolysis maintain a delicate 

physiological balance. 

The major anticoagulants include antithrombin (AT), tissue pathway inhibitor (TFPI), and 

activated protein C (APC). AT is produced by the liver and inhibits several coagulation factors 

such as thrombin, FVIIa, FIXa, and FXa [1]. TFPI is a serine protease that inhibits FXa. In the 

presence of FXa, TFPI also inhibits the TF/VIIa complex [2]. Protein C is an inactive plasma 

serine protease. When thrombin is produced, it can bind to thrombomodulin present on the 

vascular endothelial surfaces. The thrombin/thrombomodulin complex can then cleave 

protein C into APC. APC generation is enhanced by the endothelial cell protein C receptor 

(EPCR) on the endothelial surface. APC, with cofactor protein S, can cleave and inactivate FVa 

and FVIIIa to negatively regulate coagulation [3,4]. 

At the site of tissue injury, fibrinolysis is initiated when plasminogen is converted to plasmin 

by tissue-type plasminogen activator (t-PA) (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plasmin then degrades the fibrin clot into soluble fibrin degradation products. The C-terminal 

lysine residues of fibrin, generated after limited plasmin cleavage, act as a template onto 

which both t-PA and plasminogen bind. As a result of t-PA and plasminogen interaction with 

fibrin, the catalytic efficiency is 100-1000 fold enhanced. Plasmin formation is regulated by a 

thrombin-dependent activation of the plasma protein thrombin-activatable fibrinolysis 

Figure 2. The fibrinolytic system. Fibrinolysis is initiated when plasminogen is converted to plasmin by 

tissue-type plasminogen activator (t-PA). Fibrin then degrades the fibrin clot into soluble fibrin 

degradation products. Activated thrombin-activatable fibrinolysis inhibitor (TAFIa) by thrombin (IIa) 

together with thrombomodulin (TM) inhibits the formation of plasmin and the degradation of the 

fibrin clot. 
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inhibitor (TAFI). Activated TAFI (TAFIa) cleaves off the C-terminal lysine residues of the 

partially degraded fibrin and thereby abrogates the fibrin cofactor function in the t-PA-

mediated plasmin formation. More detailed information about TAFI is described in Chapter 2. 

 

Gram-positive: Streptococcus pyogenes 

Like other members of the family Streptococcacae, streptococci are Gram-positive facultative 

anaerobic organisms which occur in chains or in pairs. S. pyogenes display a β–hemolytic 

pattern of growth on blood agar meaning that bacteria produce a complete hemolysis around 

the colonies. S. pyogenes also contain the Lancefield serogroup A carbohydrate on their cell 

surface, and are often referred to as group A streptococci (GAS). 

Strain characterization of (GAS) has traditionally been based on serological identification of M 

protein [5], T-protein and production of streptococcal serum opacity factor (SOF) [6]. 

Advances in DNA-sequencing technology in the last decade resulted in the development of a 

method for determining the M type of GAS from the sequence of the gene encoding M 

protein, the emm gene. More than 200 emm types are currently listed in the online C.D.C. 

database (http://www.cdc.gov/ncidod/biotech/strep/strepindex.htm). 

S. pyogenes is one of the most common and important human bacterial pathogens. Although 

it causes relatively mild infections such as pharyngitis (strep throat) and impetigo they may 

evolve to life-threatening invasive infections of deeper tissues, the blood stream, and multiple 

organs like septicemia and toxic-shock syndrome [7].  

S. pyogenes are responsible for an estimated 616 million cases of throat infection 

(pharyngitis, tonsillitis) worldwide per year, and 111 million cases of skin infection (primarily 

non-bullous impetigo) in children of less developed countries [8]. Based on these numbers, 

the bacterium is among the 10 most mortality-causing human pathogens. 

S. pyogenes produces several surface-bound and secreted virulence factors that give rise to 

these complications. Virulence factors from S. pyogenes include: surface attached virulence 

factors such as M proteins [9-11] , streptococcal collagen-like surface protein A and B [12,13] 

and fibronectin-binding protein (Protein F1/Sfb1) [14,15]; capsule and cell wall (lipoteichoic 

acid and hyaluronic acid [16,17]) and secreted virulence factors such as superantigens [18], 

streptokinase [19,20], DNases [21], and streptococcal inhibitor of complement (protein 

SIC)[22].  

The probably best characterized surface attached virulence factors are the M proteins. M 

proteins are composed of two polypeptide chains that form an alpha-helical coiled-coil 

configuration. The emm gene encodes for M proteins and is regulated by the Mga regulon, 

multiple gene regulator of GAS, which is maximally expressed during the logarithmic growth 

phase and in vivo during the acute phase of infection [23,24].  

A number of studies have shown that M proteins allow adherence to various host tissues and 

extracellular matrix components, trigger internalization into host cells, can provide anti-

phagocytic properties and induce autoimmune reactions in rheumatic fever. 

http://www.cdc.gov/ncidod/biotech/strep/
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In addition to the M protein, streptococcal collagen-like surface protein A and B (SclA and 

SclB), also contribute to cell adhesion and internalization. It has also been reported that SclA 

from M type 41 activates the collagen receptor α2β1 integrin on fibroblasts and interacts with 

the low density lipoprotein [25,26], high density lipoprotein [27], fibronectin and laminin [28]. 

In addition, SclA has been implicated in the inhibition of the alternative pathway of 

complement [29,30]. More detailed information about SclA and SclB is described in Chapter 4. 

In order to activate the clotting cascade, GAS have developed two mechanisms involving the 

intrinsic and the extrinsic pathway of coagulation. M protein expressing bacteria can 

assemble factors of the intrinsic pathway on their surface that will lead to fibrin formation. In 

addition, soluble M1 and M3, and bacteria from the M1 and M3 serotype can activate the 

extrinsic pathway by triggering tissue factor synthesis on isolated human monocytes [31,32] 

and induce procoagulant activity on these cells. 

Fibrin(ogen) plays multiple roles in the GAS/host interaction. The ability of S. pyogenes 

surface to bind fibrinogen via fibrinogen-binding proteins (FgBPs) is believed to be important 

in promoting bacterial adherence to host tissues during an infection and seem to have anti-

phagocytic function owing to their ability to impair deposition of complement. During 

infection, the host generates fibrin at the local site of infection that can be used to wall off 

the site of infection and limit pathogen invasion and spread. However, bacteria within a fibrin 

network could be protected from the host defense machinery. To be able to circumvent the 

thrombotic host defense, S. pyogenes expresses a number of molecules which confer the 

bacterium ability to dissolve formed fibrin clots to facilitate bacterial spread. Streptococci are 

proposed to gain fibrinolytic activity through direct binding of plasmin to specific surface 

proteins or indirectly by sequential binding of fibrinogen and plasminogen [33]. 

Specific GAS surface proteins involved in plasminogen-binding are glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) [19,34], streptococcal surface enolase (SEN) [35], 

plasminogen-binding group A streptococcal M protein (PAM) [36] and PAM related protein 

(Prp) [37]. Moreover, the GAS secreted streptokinase enables GAS to cleave plasminogen to 

plasmin without proteolysis [20,38], which degrades connective tissue, extracellular matrix 

(ECM), and fibrin clots [39,40]. 

Of importance for this thesis, SclA and SclB bind to TAFI and is subsequently activated at the 

bacterial surface by plasmin and thrombin-thrombomodulin [41]. Furthermore, activation of 

TAFI on the surface of S. pyogenes evoked inflammatory reactions by modulating the 

kallikrein/kinin systems [42].  

Thus, at different stages of the infectious process, S. pyogenes may recruit either thrombotic 

or thrombolytic factors to meet the demand for bacterial survival and proliferation. 

 

Gram-negative: Yersinia pestis and Salmonella enterica 

Yersinia pestis and Salmonella enterica belong to the Gram-negative family of 

Enterobacteriaceae. Both are invasive pathogens. 
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Yersinia pestis 

Yersinia species are anaerobic, non-spore-forming bacilli or coccobacilli. There are multiple 

Yersinia species, including the three human pathogens Y. pestis, Yersinia pseudotuberculosis, 

and Yersinia enterocolitica. 

Y. pestis is the causative agent of plague, an illness that may manifests in bubonic, 

pneumonic, or septicemic form. Plague is a zoonotic disease that affects rodents and is 

transmitted to humans mainly through the bite of infected fleas. The reservoir of Y. pestis in 

nature is wild rodents. Humans are accidental hosts and have no role in its long-term survival 

in endemic regions [43]. 

Upon feeding on blood of infected animals, fleas acquire Y. pestis, which multiply and block 

the flea’s foregut. The blocked fleas starve and frenetically bite other rodents and, 

incidentally, also humans. [44]. The bacteria are injected into the subcutaneous tissue, where 

they promote local proteolysis at the infection site and migrate through the subcutaneous 

tissue to the lymph nodes [45,46] where it proliferates, causing bubonic plague. 

Bacterial proliferation causes swollen lymph nodes, called buboes. Another route of infection 

is via respiratory droplets from an infected mammal to another. The bacteria spread to lungs 

within the droplets and multiply causing primary pneumonic plague. The third form of plague 

is primary septicaemic plague, where a flea injects the bacteria directly into a blood vessel 

[45]. Secondary pneumonic or septicaemic plague occurs if the bacteria spread from buboes 

to lungs or to the blood stream, respectively. 

Y. pestis has killed millions of humans in three pandemics. According to World Health 

Organization (WHO), there are about 2.000 cases and 200 deaths per year, mostly in Africa 

and Asia. Because the occurrence of human cases and local epidemics has increased during 

the last decades, plague has been classified as a re-emerging disease (WHO). 

The genome of Y. pestis consists of a chromosome and three virulence plasmids, a 70-kb pCD 

(or pYV), a 96-kb pMT1, and a 9.5-kb pPCP1 [47]. Y. pestis has gathered only a few virulence 

factors and they are mostly encoded in plasmids [48]. 

Y. pestis pathogenesis is mainly caused by the plasminogen activator (Pla). Pla is a 

multifunctional virulence factor that belongs to the omptin family of outer membrane 

proteases of the Gram-negative bacteria. The gene coding for Pla is located in the pPCP1 

plasmid. It has been shown that bacteria that express Pla are highly virulent yielding an LD50 

increase of 106 fold compared to the absence of Pla [45,49]. In addition, expression of Pla is 

needed for establishment of pneumonic plague [50] and is necessary to initiate bubonic 

plague [45].  

Lipopolysaccharides (LPS) are found in the cell envelope of Gram-negative bacteria and are 

the major components of the outer leaflet of their outer membrane. Typically, an LPS 

molecule consists of three structural domains: the lipid A, which holds the endotoxic 

biological activity; a non-repeating oligosaccharide core; and a polysaccharide, the O-specific 

chain, also known as O-antigen [51]. LPS molecules containing the O-specific chain are termed 

smooth LPS while the ones lacking O-antigen are known as rough LPS. Pla and other omptins 
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require rough LPS to be active [52,53]. Thus, the LPS composition plays an important role in 

the proteolysis efficiency of omptins. Y. pestis is naturally rough, which enables the activity of 

Pla [52,54,55]. Besides activating plasminogen, Pla also interferes with the regulation of the 

fibrinolytic system by inactivating α2-antiplasmin. These two features of Pla, in addition with 

its adhesive characteristics, promote uncontrolled proteolysis as well as damage of tissue 

barriers at the site of infection [56]. Another proteolytic target of Pla is the serum 

complement protein C3 [49]. In addition, Pla proteolytically degrades the main inhibitor of the 

initiation phase of blood clotting TFPI, suggesting that inactivation of TFPI may accelerate 

blood clotting [57]. Together these interactions facilitate bacterial dissemination. 

 

Salmonella enterica 

S. enterica is related to human disease. S. enterica ssp. enterica causes 99% of human 

infections: serovars Typhimurium, Enteritidis, Typhi, and Paratyphi are the most common and 

most studied serovars. S. enterica serovars Typhimurium and Enteritidis cause gastroenteritis, 

and serovars Typhi and Paratyphi cause the life-threatening disease typhoid and paratyphoid 

fever, which are severe systemic infections. Gastroenteritis is usually mild and self-limiting, 

but the bacteria can spread to distant organs and cause systemic infection [58]. In more than 

95% of the cases, the infection initiates as the host ingests food contaminated with 

Salmonella cells, which pass the gastrointestinal tract and reach the small intestine [59]. 

Following the adhesion and colonization of the intestinal tract, bacteria invade the intestinal 

mucosa.  Upon crossing the intestinal barrier, S. enterica invades macrophages and multiplies 

in specific vacuoles known as Salmonella containing vacuoles (SCV)[60] where the bacterium 

survive and multiply. Thereafter, S. enterica spreads inside circulating macrophages via blood 

to cause systemic disease [61,62]. The ability to survive in immune cells is a major 

determinant of pathogenesis and a variety of virulence factors involved in this process have 

been identified in S. enterica [63].  

According to WHO, Salmonella-gastroenteritis affects millions of people annually, especially in 

developing countries, and causes thousands of deaths, and Typhi affects 16-33 million people 

with 216.000 deaths per year. 

In addition to Pla, PgtE also require rough LPS to be active and is sterically inhibited by the O-

antigen [52,64]. Clinical isolates and cells grown in laboratory medium of S. enterica have LPS 

O-antigen oligosaccharide chains and therefore PgtE is apparently inactive. In contrast, 

Salmonella isolates from murine macrophages have LPS with altered structure where the LPS 

O-antigen is strongly reduced [64,65]. Indicating that expression of PgtE is upregulated during 

growth of Salmonella inside macrophages [64,65] since bacteria released from macrophages 

exhibit a strong PgtE-mediated proteolytic activity [65]. 

PgtE from S. enterica Typhimurium cells isolated from SCV of mouse macrophages  

proteolytically activates plasminogen to plasmin [49], inactivates the main physiological 

inhibitor of plasmin, α2-antiplasmin [65], and mediates bacterial adhesion to extracellular 

matrices of human cells [52]. In this way, PgtE mediates degradation of extracellular matrix 
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components and generates localized proteolytic activity, which may promote migration of 

Salmonella through extracellular matrices. PgtE also degrades alpha-helical antimicrobial 

peptides [66], which may be important during intracellular growth of the bacterium. 
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Outline of the thesis 

The major objective of the studies described in this thesis is to study the interactions between 

TAFI and pathogenic bacteria. 

The membrane proteases Pla Y. pestis and PgtE of S. enterica interact with the human 

fibrinolytic system by activating plasminogen and inactivating α2-antiplasmin, and PgtE in 

addition by activating proMMP-9. TAFI is a regulatory, anti-fibrinolytic protein linking the 

coagulation and fibrinolytic systems. In chapter 2, an introduction is given to TAFI and its role 

in fibrinolysis and inflammation is explained. In chapter 3, we investigated the effects of the 

Gram-negative proteases Pla and PgtE on TAFI. 

In chapters 4 to 6, several studies are summarized that investigated the interaction of the 

Gram-positive bacteria, S. pyogenes with TAFI and the role of TAFI in the course of 

experimental streptococcal infection in vivo.  

The binding of TAFI to S. pyogenes is mediated by the surface proteins, SclA and SclB. In 

chapter 4, we characterized the TAFI binding region that is involved in this interaction. 

In chapters 5 and 6 we investigated whether TAFI is involved in the course and the outcome 

of experimental murine S. pyogenes infection in vivo. To this end, humanized-TAFI and TAFI-

deficient mice have been used. 

Finally, in chapter 7 the data of this thesis are summarized and discussed.  
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