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The coagulation and fibrinolytic systems are tightly regulated and protected against 

dysfunction by various activators and inhibitors. During bacterial infections, both systems in 

cooperation with the inflammatory system act in a very efficient way to contain and eliminate 

the infection. However, bacteria have developed mechanisms during evolution to target such 

systems in a specific manner to protect themselves against the host hemostatic and immune 

response. In addition, bacteria are capable to benefit from components of the hemostatic 

system in order to promote invasion.  

In this thesis we have investigated novel interactions between TAFI and Gram-negative 

bacteria, and we elaborated in molecular detail on how TAFI binds to the Gram-positive 

Streptococcus pyogenes and how these interactions could influence the outcome of infection.  

As an introduction to the thesis, in chapter 1 we describe how the pathogenic bacteria S. 

pyogenes, Yersinia pestis and Salmonella enterica interact with the coagulation and the 

fibrinolytic systems in order to confer the bacteria ability to establish major infection. Next, in 

chapter 2 we extensively review one component of the fibrinolytic system, thrombin-

activatable fibrinolysis inhibitor (TAFI). The glycoprotein TAFI circulates in plasma as zymogen 

and once activated acts as a carboxypeptidase B-like enzyme and cleaves C-terminal lysine 

and arginine residues. Activated TAFI plays a role in down-regulating fibrinolysis but also has a 

function in regulating inflammatory processes. 

 

Interaction of TAFI with Y. pestis and S. enterica 

Proteolysis plays an important role in the pathogenesis of bacterial infections. Bacterial 

proteases target several host factors during infection to gain pathogenesis. Both, Y. pestis and 

S. enterica express outer membrane proteases, omptins such as Pla and PgtE, on their 

surface. Both bacterial species are highly invasive pathogens, and Pla and PgtE have been 

identified as virulence factors [1-4]. In chapter 3 we investigated the effect of the omptins Pla 

of Y. pestis and PgtE of S. enterica on TAFI. 

We observed that adding recombinant E.coli expressing the omptins or live Y. pestis and S. 

enterica bacteria to purified TAFI or plasma, resulted in reduced TAFI antifibrinolytic activity. 

This prompted us to investigate the underlying mechanism. We showed that Pla and PgtE 

degrade TAFI via proteolytic breakdown. TAFI was degraded at the C-terminal region and the 

lysine analogue ε-ACA prevented cleavage suggesting that lysine residues are critical for the 

cleavage of TAFI by these omptins. OmpT, an omptin of Escherichia coli, preferentially cleaves 

its substrates after arginine or lysine thus it is possible that the cleavage occurs at lysine 

residues.  

Besides TAFI, Y. pestis and S. enterica target other components of the fibrinolytic system to 

increase plasmin formation. Pla and PgtE activate plasminogen, degrade α2-antiplasmin and 

inactivate PAI-1, and this may be beneficial for the bacteria to penetrate through tissues and 

spread to distant organs. 
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This is the first report demonstrating that bacterial proteases degrade TAFI and thus interfere 

with TAFI activation. In line with our findings, it was shown recently that the protease InhA 

secreted by Bacillus anthracis degraded TAFI in vitro. Injection of InhA to mice reduced TAFIa 

activity in plasma [5]. 

 

Interaction of TAFI with S. pyogenes 

TAFI binds to the surface of group A streptococci of an M41 serotype [6]. The interaction is 

mediated by the streptococcal collagen-like surface proteins A and B (SclA and SclB), and the 

streptococcal-associated TAFI can then be activated at the bacterial surface by plasmin or 

thrombin-thrombomodulin. In chapter 4 we further investigated the TAFI binding 

characteristics to SclA and SclB.  

Using TAFI peptides, we identified the binding region involved in the interaction with SclA and 

B between amino acids 205 to 232 of TAFI which are located distally from the TAFI catalytic 

site. The Gly205 to Asp232 region is surface exposed and does not interfere with the region 

known to influence TAFIa stability (Arg302, Arg320, Arg330, and Thr/Ile325), neither with the 

residues involved in substrate binding (Gly336, Tyr341, and Glu363).                                                                                  

The amino acids in the Gly205 to Asp232 region responsible for the interaction were those 

belonging to the so called glycosaminoglycan consensus motifs. The consensus sequence of 

such a repeat is XBBXBX, where B stands for a basic residue and X is a non-basic residue. 

The glycosaminoglycan consensus repeats (XBBBXXBX and XBBXBX) are found in some 

proteins that bind glycosaminoglycans such as vitronectin, laminin and protein C inhibitor. 

Therefore, it is reasonable to propose that S. pyogenes might target proteins with 

glycosaminoglycan-binding sites as a conserved mechanism to recruit proteins for its own 

benefit. 

Additionally, we demonstrated that not only the TAFI zymogen bound to bacterial proteins 

but also the active enzyme. Interestingly, TAFIa is easily dissociated from the bacterial 

proteins. These results suggested that the conformation of the Scl-recognition domain had 

been slightly changed upon TAFI activation. It is tempting to speculate that this constitutes a 

mechanism whereby the bacteria attract TAFI to their surface, localize it there and 

subsequently may allow activation of TAFI, whereafter the active enzyme easily dissociates.  

 

Role of TAFI during S. pyogenes infection 

In chapter 5 and chapter 6 we investigated the role of TAFI during S. pyogenes infection. 

The highly host-specific nature of S. pyogenes in combination with the binding of TAFI to SclA 

and SclB and subsequent activation at the bacterial surface, prompted us to investigate the 

susceptibility to S. pyogenes infection of mice expressing human TAFI (chapter 5). To this end, 

mice expressing only human TAFI were generated and infected with S. pyogenes serotype 

M41. Introduction of human TAFI resulted in significantly increased mortality in response to S. 
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pyogenes compared to wild-type mice. Our results demonstrated increased local activation of 

coagulation and fibrinolysis in some organs after 24 h infection in TAFI-humanized transgenic 

mice compared to wild-type mice. However, we were unable to demonstrate an altered local 

or systemic inflammatory response in humanized-TAFI mice, as evidenced by unaltered 

cytokine levels after 24 and 48 h S. pyogenes infection. In addition, after 24 and 48 h S. 

pyogenes infection bacterial loads were not consistently altered.  

Although our data cannot establish the etiology of the infection, it is striking that mice 

expressing human TAFI are more susceptible to S. pyogenes infection. More research is 

warranted to investigate the mechanisms by which TAFI contributes to S. pyogenes infection. 

The study in chapter 6 was performed to elucidate the role of endogenous TAFI during 

infection of S. pyogenes. Upon induction of infection, the mortality of TAFI deficiency 

markedly increased compared to wild-type mice. However, there were no clear differences in 

bacterial loads, coagulation, fibrinolysis and inflammation at early phase of infection. These 

data indicate that endogenous TAFI did not modify host defense at early stage, but is of 

importance for the final outcome of infection. 

Interestingly, immunohistochemistry revealed that both wild-type and TAFI-knockout mice 

accumulated megakaryocytes in spleen during a 5-day infection. Megakaryocyte levels were 

significantly lower in TAFI-knockout compared to wild-type mice, suggesting that TAFI could 

play a role in promoting hematopoiesis in spleen (extramedullary hematopoiesis). 

Furthermore, non-survivors from both infected groups had lower megakaryocyte numbers in 

spleen compared to survivors, indicating that megakaryocytes may play an important role in 

survival against S. pyogenes. 

It is unclear why we failed to observe clear differences in host defense after S. pyogenes 

infection in both TAFI-humanized transgenic and TAFI-KO mice. A reason may include that 

acceleration of the disease progression may have occurred later than for instance 48 h after S. 

pyogenes infection. 

 

Discussion 

In this thesis we studied TAFI interactions with Gram-positive and Gram-negative bacteria.  

Here we show that S. pyogenes targets TAFI through binding to glycosaminoglycan consensus 

repeats. Whether this interaction is crucial for the increased susceptibility of TAFI-humanized 

mice compared to wild-type mice is unclear since murine TAFI which has 85% homology with 

human TAFI was found to bind S. pyogenes AP41. In addition, the glycosaminoglycan 

consensus motifs involved in binding to SclA and SclB are 100% conserved in mouse TAFI 

compared to human TAFI. Having established that both mouse and human TAFI interact with 

S. pyogenes, it was to our surprise that TAFI-KO mice have reduced survival towards S. 

pyogenes infection. An explanation could be that mouse TAFI is not as well activated as 

human TAFI at the bacterial surface. This would also explain why transgenic mice expressing 

both mouse and human TAFI had similar susceptibility to S. pyogenes during a 5-day survival 
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experiment than TAFI-humanized mice (Figure 1). In this experiment we analyzed survival of 

TAFI-transgenic mice expressing both mouse and human TAFI. The mortality rates of the 5-

day observation period were 5% for wild-type and 55% for TAFI transgenic mice. Therefore 

we suggest that contribution of human TAFI to infection was predominant to the protective 

effects of mouse TAFI (chapter 6) during S. pyogenes infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In chapter 5 we observed that human TAFI contributes to S. pyogenes infection. In contrast, in 

chapter 6 we showed that murine TAFI protects against S. pyogenes infection. Our results 

suggested that human and murine TAFI contribute differently to the infection. S. pyogenes 

might gain survival advantage by interacting with human TAFI. Contrary, murine TAFI could 

contribute to protection of infection by facilitating extramedullary hematopoiesis that might 

be used to counteract against infection.  

One of the most striking findings in Chapter 6 was that TAFI deficiency can impair survival in 

mice with S. pyogenes. Recently, it was shown that TAFI-KO mice exhibited significantly 

reduced survival following inoculation with the human bacterium Yersinia enterocolotica, 

which is responsible of self-limiting enterocolitis but can also cause extraintestinal disorders, 

including sepsis [7]. Bacterial counts in liver on days 3 and 5 were similar between wild-type 

and TAFI-KO mice, but were increased on day 7 in spleen from TAFI-KO compared to wild-type 

mice. In addition, levels of plasma D-dimer did not increase significantly in wild-type or TAFI-

KO mice infected with Y. enterocolotica. Interestingly, mice lacking both plasminogen 

activator inhibitor-1 (PAI-1) and TAFI displayed the greatest susceptibility, followed 

sequentially by PAI-1-KO and TAFI-KO mice. These findings suggested that both TAFI and PAI-1 

deficiency can impair host defense against Gam-negative bacteria. 

Similar to many other procarboxypeptidases, the TAFI zymogen is activated through cleavage 

of an activation peptide to form activated TAFI (TAFIa), which is involved in downregulation of 

plasmin formation. However, TAFIa is unique among carboxypeptidases in that it 

spontaneously inactivates with a short half-life, a property that is essential for its function in 

controlling blood clot lysis. The recent determination of the TAFI crystal structure revealed 

Figure 1. Survival rates. Wild-type (■) and  

TAFI-transgenic mice (□), expressing both 

mouse and human TAFI were infected with 

0.5 x10
8
 CFU/ml of S. pyogenes AP41 

subcutaneously. Survival data (n=20) are 

presented as a Kaplan-Meier plot.  
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the mechanism by which TAFI is able to autoregulate its activity [8,9]. The crystal structures 

showed that TAFIa stability is directly related to the dynamics of a 55-residue segment 

(dynamic flap). The dynamic flap is stabilized in the TAFI zymogen by interactions with the 

activation peptide. Upon activation, release of the activation peptide increases dynamic flap 

mobility and in time this leads to conformational changes that disrupt the catalytic site and 

make TAFIa prone to inactivation and aggregation. This novel mechanism for enzyme 

regulation may be an advantage to S. pyogenes which could benefit from both TAFI activity 

and inactivation. 

If SclA and SclB do indeed bind to and facilitate TAFI activation in vivo, this would seem to 

counteract the pro-fibrinolytic effects of plasminogen activation by streptokinase. How can 

these two opposite functions be reconciled? Perhaps S. pyogenes employs a strategy whereby 

it initially promotes activation of the clotting system [10] to generate a protective fibrin 

barrier around the infected area, and uses active TAFI to prevent fibrinolysis of the 

surrounding fibrin network, thereby decreasing the chance of elimination by host 

inflammatory cells at the site of infection (and possibly preventing premature dissemination 

of the bacteria into the bloodstream). This period of safety from immune attack could then be 

used by S. pyogenes to allow for multiplication of bacterial numbers and upregulation of 

genes to overcome subsequent immune attack, followed by generation of a sufficiently high 

local TAFI concentration. A similar argument could be made for Y. pestis where Pla activates 

factor VII and degrades TFPI in vitro [11] leading to clot formation but on the other hand, in 

this thesis we showed that Pla degrades TAFI which together with other Pla targets such as 

plasminogen activation, α2-antiplasmin inactivation and PAI-1 degradation may promote 

uncontrolled fibrinolysis. This scenario is supported by a recent study where B. anthracis, the 

anthrax-causing pathogen, targets the host fibrinolytic system [5]. Such effects were achieved 

by the bacterial proteases InhA and NprB which respectively degraded TAFI in vitro and in 

mice, and activated human pro-urokinase plasminogen activator. The activation of fibrinolysis 

by NprB and InhS may contribute to bleeding seen in anthrax disease. In contrast, another 

study demonstrated that B. anthracis is able to initiate coagulation [12], and clustering of B. 

anthacis was capable of directly activating prothrombin and factor X, thus bypassing the 

initiators of the intrinsic (FXII) or extrinsic (TF-FVII) pathways. The molecular component 

responsible for activating prothrombin and FX coagulation factors was InhA. 

Taken all together, pathogenic bacteria may exploit pro-coagulant and pro-fibrinolytic factors 

for its convenience to meet the demand for bacterial survival and proliferation. Importantly, 

we underscored multiple ways that bacteria interact with the anti-fibrinolytic/anti-

inflammatory protein TAFI. However, we cannot exclude the possibility that other (unknown) 

TAFI functions play a role during bacterial infection. 
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