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Abstract 

Streptococcus pyogenes mainly causes throat and skin infections. Although the majority of 

streptococcal infections are superficial, some cases may progress into invasive and life 

threatening diseases such as sepsis and necrotizing fasciitis. S. pyogenes is highly host-specific 

and normally only infects humans. Thrombin-Activatable Fibrinolysis inhibitor (TAFI) binds to 

the collagen-like proteins SclA and SclB found at the surface of S. pyogenes. To test the 

relative contribution of human TAFI to the outcome of S. pyogenes, we generated TAFI 

knockout mice expressing human TAFI (humanized-TAFI). Wild-type and humanized-TAFI 

transgenic mice were infected with S. pyogenes using a subcutaneous air-pouch model. Mice 

were sacrificed after 24 or 48 h for determination of bacterial load, coagulation and 

fibrinolysis activation, histopathology, inflammatory parameters, or were observed in a 

survival study. Bacterial outgrowth was equal between groups. Levels of thrombin-

antithrombin complexes in spleen and lung were increased in humanized-TAFI transgenic 

mice at 24 h and D-dimer was elevated in liver tissue in humanized-TAFI transgenic mice at 24 

h after injection. Expression of human TAFI in mice had no effect on lung, liver, spleen and 

kidney histopathology or cytokine levels. Remarkably, S. pyogenes inoculation led to a 65% 

mortality rate in humanized-TAFI mice 120 h postinfection, in contrast to a 20% mortality rate 

in wild-type mice (p=0.006). These findings suggest that introduction of human TAFI in mice 

leads to an increased susceptibility to S. pyogenes infection.  

 



                                                                                             Susceptibility of humanized TAFI mice to S. pyogenes  

  

83 
 

C
h

ap
te

r 
5

 

Introduction  

Streptococcus pyogenes (group A streptococcus, GAS) is an important gram-positive pathogen 

that preferably colonizes humans. For the past two decades, several studies have reported an 

increase in the severity and incidence of GAS infections [1]. S. pyogenes is responsible for a 

wide variety of uncomplicated but also life-threatening infections in skin and throat. 

Erysipelas, impetigo, pharyngitis and tonsillitis are considered rather harmless conditions 

[2,3], whereas streptococcal toxic shock and necrotizing fasciitis are associated with invasive 

and systemic infections [4]. Two serious complications are acute rheumatic fever and acute 

glomerulonephritis [5,6].  

S. pyogenes infection involves interactions with several components of the host hemostatic 

system. The bacteria have been shown to bind and modulate the function of several 

important factors involved in coagulation and fibrinolysis. Fibrinogen, factor V, XI, XII and 

high-molecular-weight-kininogen are assembled at the surface of S. pyogenes through specific 

interactions with bacterial surface proteins to promote formation of the fibrin network [7,8]. 

Plasminogen binding and its activation to the serine protease plasmin has been implicated as 

a contributing mechanism of invasion for S. pyogenes and a variety of other bacterial species 

[9,10]. Another hemostatic protein that interacts with S. pyogenes is TAFI [11]. 

TAFI is synthesized in the liver and secreted into plasma as a 56-kDa procarboxypeptidase. 

During coagulation, the proenzyme is activated to TAFIa by thrombin and the thrombin-

thrombomodulin complex. TAFIa has anti-fibrinolytic properties as it inhibits plasmin-

mediated blood clot lysis by removing C-terminal lysine residues from partially degraded 

fibrin that are required for positive feedback in tissue-type plasminogen activator dependent 

plasmin generation. Apart from thrombin, the serine proteases plasmin, trypsin and 

neutrophil elastase have been reported to function as TAFI activators [12-14]. TAFIa is 

unstable at 37 ºC and upon activation by thrombin it is inactivated (TAFIai) by a 

conformational change in a temperature-dependent manner [15]. 

TAFI binds to the surface of S. pyogenes (M41 serotype) and is subsequently activated at the 

bacterial surface via plasmin and thrombin-thrombomodulin [11]. Furthermore, activation of 

TAFI on the surface of Streptococcus pyogenes evoked inflammatory reactions by modulating 

the kallikrein/kinin system [16].  

The highly host-specificity nature of GAS in combination with the binding of TAFI to SclA and 

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

susceptibility of mice expressing human TAFI to S. pyogenes infection. To this end, mice 

expressing only human TAFI were generated and infected with S. pyogenes serotype AP41. 

The study suggests that introduction of human TAFI in mice leads to an increased 

susceptibility for S. pyogenes infection.  

 

  



Chapter 5 

84 
 

Materials and Methods 

Animals 

C57BL/6 mice were supplied by Harlan (Venray, The Netherlands). TAFI-transgenic mice were 

generated by introduction of the human TAFI cDNA. The mouse albumin enhancer/promoter 

was chosen to drive liver-specific expression of the human TAFI cDNA. The transgenic 

construct containing the human TAFI cDNA was micro injected into fertilized oocytes of 

FVB/NAU strain mice. Founders were bred with FVB/NAU strain mice. Transgenic mice were 

identified by PCR analysis, and back-crossed to C57BL/6 background. TAFI-humanized 

transgenic mice were generated by crossing TAFI-transgenic mice with TAFI- deficient mice. 

Mice exclusively expressing human TAFI were selected. TAFI-deficient mice on a C57BL/6 

background have been characterized previously [17-20]. Animals were bred in the animal 

facility at the Academic Medical Center, The Netherlands and kept on a controlled 12 h 

light/dark cycle and food and water were provided ad libitum. Experiments were carried with 

8-12 weeks old male mice and all procedures were approved by the Institutional Animal Care 

and Use Committee of the Academic Medical Center. 

 

Experimental model of S. pyogenes infection 

The S. pyogenes strain AP 41 (M41 type) was obtained from the Institute of Hygiene and 

Epidemiology (Prague, Czech Republic). Bacteria were grown in Todd-Hewitt broth (BD 

Bioscience) at 37°C, an aliquot of these cells were added to fresh media and grown up to the 

exponential phase of growth (OD620=0.5). The cells were washed three times with saline (0.9 

% NaCl) and diluted to 1 to 3.5 x 10
8
/ml in saline. Wild-type and TAFI-humanized transgenic 

mice were subjected to an air-pouch infection. Briefly, 0.8 ml of air and 0.2 ml of S. pyogenes 

diluted were injected with a 25-gauge needle subcutaneously on the neck of the mouse. Mice 

were sacrificed 24 and 48 hours after infection or were observed in a survival study for 5 days. 

During the survival experiment, the animals were daily monitored for signs and symptoms of 

infection. 

 

Sample harvesting 

At the time of sacrifice (24 and 48 hours), mice were first anesthetized by inhalation of 

isoflurane (Abbott Laboratories). Blood was drawn from the vena cava inferior into a sterile 

syringe containing 3.2% sodium citrate (1/10 vol) and immediately placed on ice. Thereafter, 

spleen, kidney, lung and liver were harvested and processed for measurements of CFU, 

histology, cytokines.  
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Determination of bacterial outgrowth 

After 24 and 48 hours postinfection, spleen, kidney, lung and liver were homogenized at 4°C 

in 4 volumes of sterile isotonic saline with a tissue homogenizer (Biospect Products) which 

was carefully cleaned and disinfected with 70% ethanol after each homogenization. Serial 10-

fold dilutions in sterile saline were made from these homogenates and blood. Thereafter, 50-

µl volumes were plated onto sheep-blood agar plates and incubated at 37°C. CFU were 

counted after 16 h. 

 

Histology 

Organs collected from both mice groups 24 and 48 hours after infection were fixed in formalin 

for 24 h and then embedded in paraffin. Sections 5- µm thick were cut, stained with 

hematoxylin and eosin following standard procedures and then examined by light microscopy. 

 

Assays 

Interferon-γ, TNF-α, IL-6, IL-12, IL-10 and MCP-1 were measured by cytometric bead array 

multiplex assay (BD Biosciences, San Jose, CA, USA) in accordance with the manufacturer’s 

recommendations. For these cytokine measurements, harvested organs were homogenized 

as described above. Sample homogenates were lysed in 1.25 volumes lysis buffer (300 mM 

NaCl, 15 mM Tris [tris(hydroxymethyl) aminomethane], 2 mM MgCl2, 1% Triton X-100, 

pepstatin A, leupeptin, and aprotinin (each at 20 ng/ml) (pH 7.4)) on ice for 20 min and spun 

at 3600 rpm at 4°C for 10 min. The supernatant was frozen at -80°C until assayed. Thrombin-

antithrombin complexes (TATc; Siemens Healthcare Diagnostics, Marburg, Germany) and D-

dimer (Diagnostica Stago, Asnieres, France) were measured by ELISA. 

 

Statistical analysis 

Differences between groups were calculated by using the Mann-Whitney U test. Values were 

expressed as means ±SE. A p value of < 0.05 was considered statistically significant. Survival 

curves were analyzed by the Kaplan-Meyer log-rank test. All statistics were performed using 

GraphPad Prism, version 5.01 (GraphPad Software, San Diego, CA, USA).    

 

Results 

Bacterial outgrowth 

To investigate if human TAFI influences S. pyogenes dissemination, we compared the bacterial 

load in spleen, kidney, lung, liver and blood of TAFI humanized and wild-type mice after 24 

and 48 h of initiation of infection (Fig. 1). At 24 h, there were no differences in bacterial 

outgrowth in spleen, lung or kidney between mouse strains. However, bacterial loads in liver 

and blood from wild-type mice were slightly higher. After 48 h, bacterial loads in spleen, lung, 

and blood from TAFI humanized and wild-type mice were equal, whereas the bacterial loads 

in kidney and liver tended to be higher but not significant in TAFI-humanized transgenic mice. 
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Figure 1. Bacterial dissemination. Wild-type (●) and humanized-TAFI mice (○) were injected with S. 

pyogenes AP41 (3.5 x10
8
/ml) administrated by subcutaneous injection. After 24 h or 48 h mice were 

sacrificed and the bacterial load in the spleen, kidney, liver, lung and blood was determinated. Data are 

expressed as CFU/ml of organ homogenate or blood from each animal with lines drawn at the median 

for each group. The dotted horizontal line represents the detection limit. There were no statistically 

significant differences between groups (Mann-Whitney test). 

 

Activation of coagulation and fibrinolysis  

To determine whether human TAFI impacts on local or systemic activation of coagulation 

and/or fibrinolysis we determined levels of TATc and D-dimer after 24 and 48 h S. pyogenes 

AP41 infection in organs and plasma.  

At 24 h TATc levels were significantly elevated in spleen and lung of TAFI-humanized 

transgenic (Fig. 2A, D), however after 48 h, TATc levels were not different between mouse 

strains. In addition, TATc concentrations in kidney, liver, and plasma were not different 

between the groups at both time points (Fig. 2B, C, E). To investigate if the introduction of 

human TAFI influenced the fibrinolytic activity, we measured D-dimer (Fig. 3). D-dimer 

concentrations were significantly increased in liver of TAFI-humanized transgenic mice after 

24 h compared to wild-type and tended to be elevated (but not significant) after 48 h S. 

pyogenes infection (Fig. 3C). D-dimer levels in spleen, kidney, and lung were not different 

between the groups at both time points (Fig. 3A, B, D). Plasma D-dimer decreased after 48 h 

but levels between strains remained similar at both time points (Fig. 3E). 

 

 



                                                                                             Susceptibility of humanized TAFI mice to S. pyogenes  

  

87 
 

C
h

ap
te

r 
5

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Activation of coagulationq. Levels of TATc in spleen (A), kidney (B), liver (C), lung (D) and 

plasma (E) at 24 and 48 hours after inoculation of S. pyogenes in wild-type mice (black bars) and 

humanized-TAFI mice (white bars). Data are expressed as means ± SE of eight mice per time point 

(except at 48 h for all organs where n=7 and at 48 h for blood where n=6 in the wild-type group or n=4 

in the humanized-TAFI transgenic group). Differences between groups were calculated using Mann-

Whitney U test. p values of humanized-TAFI mice vs wild-type mice of the same time point. 

 

Local and systemic inflammation 

Levels of various cytokines and chemokines were analyzed in organ homogenates and plasma 

from TAFI-humanized transgenic and wild-type mice after 24 and 48 h infection. Levels of 

interferon-γ, TNF-α, IL-6, IL-12, IL-10 and MCP-1 in organs and in plasma were below 

detection in this model (data not shown). Histological examination of the organs showed no 

differences between groups at both time points (data not shown). 

 

Survival 

To determine if introduction of human TAFI impacts on mortality during S. pyogenes infection 

we performed a survival study. Despite the absence of clear differences in bacterial loads, 

coagulation, fibrinolysis and inflammation, remarkably, introduction of human TAFI resulted 

in significantly increased mortality in response to S. pyogenes compared to wild-type mice 

(Fig. 4; p = 0.006). The mortality rates of the 5-day observation period were 20% for wild-type 

and 65% for humanized-TAFI transgenic mice 
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Figure 3. Activation of fibrinolysis. Levels of D-dimer in spleen (A), kidney (B), liver (C), lung (D) and 

plasma (E) at 24 and 48 hours after inoculation of S. pyogenes in wild-type mice (black bars) and 

humanized-TAFI mice (white bars). Data are expressed as means ± SE of eight mice per time point 

(except at 48 h for all organs where n=7 and at 48 h for blood where n=6 in the wild-type group or n=4 

in the humanized-TAFI transgenic group). Differences between groups were calculated using Mann-

Whitney U test. p values of humanized-TAFI mice vs wild-type mice of the same time point. 

 

 

 

 

 

 

 

 

 

 

 

Discussion   

In vitro experiments revealed that TAFI binds to S. pyogenes via SclA and SclB and that it can 

be converted into its active fragment by recruitment of the natural activators, plasmin and 

thrombin [11]. Analysis of the in vivo role of TAFI in S. pyogenes infection is complicated by 

the fact that S. pyogenes is a human pathogen, limiting the use of animal models. Although ex 

Figure 3. Survival rates. Wild-type (●) and 

humanized-TAFI mice (○) were infected with 1 

or 3 x10
8
 CFU/ml of S. pyogenes AP41 

subcutaneously. Data were pooled from two 

independent experiments, each of which was 

conducted with 10 mice per group. Survival 

data are presented as a Kaplan-Meier plot.  
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vivo [21] and primate models [22] are available, both have limitations and the mouse remains 

the system of choice.  

Fibrinogen is the major clotting protein of human plasma that is converted to fibrin by 

thrombin cleavage upon vascular injury. Fibrin(ogen) plays multiple roles in the GAS/host 

interaction. 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 [23-27] which confer the bacterium ability to dissolve formed fibrin clots to 

facilitate bacterial spread. 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. 

In this study, we examined the contribution of human TAFI to virulence in a murine model of 

S. pyogenes infection. Using S. pyogenes M41 serotype strain at a dose of 1 to 3 x10
8
 CFU/ml, 

we observed 20% mortality in wild-type mice after 5 days. However, introduction of human 

TAFI markedly increased mortality to 65%. Our results suggest that S. pyogenes may gain 

additional advantages by binding and activating TAFI. For instance, S. pyogenes can use TAFI 

to prevent fibrinolysis of the surrounding fibrin network, which may protect against 

phagocytosis. Furthermore, activated TAFI is able to inactivate inflammatory peptides such as 

complement factors C3a and C5a [28], which should lead to an impaired chemotactic activity 

of these peptides. 

Altered haemostasis and massive inflammation are common features in severe S. pyogenes 

infection [29]. Our results demonstrated local activation of coagulation and fibrinolysis as 

shown by increased TATc in spleen and lung and elevated d-dimer in liver after 24 h infection 

in humanized-TAFI 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.  By the 

design of our study we can not underline the mechanism(s) responsible for the increased 

susceptibility of humanized-TAFI mice. It seems likely that acceleration of the disease 

progression may have occurred later than for instance 48 h after S. pyogenes infection.  

S. pyogenes has a repertoire of pathogenic mechanisms that assure its success as colonizing 

and invading microorganism. This paper reports the first application of humanized-TAFI mice 

in a model of infection. Although our data can not 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. 
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