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cesses BK to a B1R agonist at the bacterial surface and there-
by may redirect inflammation from a transient to a chronic 
state.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

  Streptococcus pyogenes  is an important human patho-
gen that normally causes harmless skin and throat infec-
tions. Although these conditions often are self-limiting, 
infections can become invasive and may give rise to severe 
complications such as streptococcal toxic shock syndrome 
and necrotizing fasciitis, conditions associated with high 
mortality  [1] . This said, it was recently estimated that more 
than 500,000 humans die each year from  S. pyogenes  in-
fections, which places this bacterium among the 10 most 
dangerous pathogens  [2] . In order to cause infection,  S. 
pyogenes  has developed a multifold repertoire of virulence 
factors  [3] . For example, the bacterium has a broad arsenal 
of secretory proteins, including exotoxins which are pow-
erful inducers of proinflammatory cytokines such as in-
terleukin (IL)-1 � , IL-6, and tumor necrosis factor- �  (TNF-
 � )  [4] . In addition, streptococci also express a huge panel 
of surface-bound virulence factors that are involved in 
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 Abstract 

 Bacteria-controlled regulation of host responses to infec-
tion is an important virulence mechanism that has been 
demonstrated to contribute to disease progression. Here 
we report that the human pathogen  Streptococcus pyo-
genes  employs the procarboxypeptidase TAFI (thrombin-
activatable fibrinolysis inhibitor) to modulate the kallikrein/
kinin system. To this end, bacteria initiate a chain of events 
starting with the recruitment and activation of TAFI. This is 
followed by the assembly and induction of the contact sys-
tem at the streptococcal surface, eventually triggering the 
release of bradykinin (BK). BK is then carboxyterminally 
truncated by activated TAFI, which converts the peptide 
from a kinin B 2  receptor ligand to a kinin B 1  receptor (B1R) 
agonist. Finally, we show that streptococcal supernatants 
indirectly amplify the B1R response as they act on periph-
eral blood mononuclear cells to secrete inflammatory cyto-
kines that in turn stimulate upregulation of the B1R on hu-
man fibroblasts. Taken together our findings implicate a 
critical and novel role for streptococci-bound TAFI, as it pro-
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many host/pathogen interactions such as the recruitment 
of host proteins to the bacterial surface or bacterial attach-
ment to eukaryotic cells. Among these are M proteins, 
which were first described by Lancefield  [5]  in the 1930s. 
Today M and M-like proteins are considered classical vir-
ulence factors and are probably the best-characterized 
surface-bound virulence determinants of  S. pyogenes   [6] .

  The human contact system (also known as the kalli-
krein/kinin system or the intrinsic pathway of coagula-
tion) has recently attracted considerable attention, since 
the recognition pattern of contact factors functions in a 
manner that is remarkably similar to that seen in other 
innate immune systems, for instance the complement 
system [for review, see  7] . Subsequent work has demon-
strated that activation of the contact system leads to the 
generation of antimicrobial peptides derived from high 
molecular weight kininogen (HK), a cofactor of the con-
tact system  [8, 9] . Already a decade ago, it was reported 
that HK has a high affinity for many streptococcal sero-
types. Studies with an M1 serotype revealed an interac-
tion of HK with the respective M protein  [10] . Interest-
ingly, HK bound to the streptococcal surface via M1 pro-
tein is prone to processing by plasma kallikrein (another 
factor of the contact system) resulting in the release of 
bradykinin (BK)  [11] . BK and the BK metabolite desArg-
 9 BK are short peptides of nine and eight amino acids in 
length, respectively. Both peptides are proinflammatory 
mediators capable of promoting hypotension, increased 
vascular permeability, edema, fever, and pain. They 
achieve these reactions by binding and activating recep-
tors belonging to the family of G-protein-coupled seven 
transmembrane-spanning receptors. While BK has a 
high affinity for the B 2  receptor (B2R) subtype, desArg-
 9 BK preferentially interacts with the B 1  receptor (B1R), 
which shares only minor sequence homology with the 
B2R  [12] . In contrast to the B2R, which is constitutively 
expressed by many cells types, the B1R is induced only 
following inflammatory insult. While activation of B2R 
gives rise to a transient inflammatory response, stimula-
tion of B1R promotes a sustained response  [12] .

  The conversion of BK to desArg 9 BK is mediated by car-
boxypeptidases of the N and M type  [13] . Interestingly, 
another member of the carboxypeptidase family called 
procarboxypeptidase B, R or U, better known as TAFI 
(thrombin-activatable fibrinolysis inhibitor), has recently 
been shown to assemble at the surface of streptococci of 
the M41 serotype  [14] , a strain with high affinity for HK 
 [10] . TAFI adheres to the bacterial surface by interacting 
with the streptococcal collagen-like surface proteins A and 
B (SclA and SclB)  [14] . Subsequent studies have shown that 

bacteria-bound TAFI is activated by its natural activators, 
plasmin and thrombin, which are also recruited to the 
streptococcal surface. As implicated by the name, TAFI 
impairs fibrinolysis by removing carboxy-terminal lysine 
residues from partially degraded fibrin that are required 
for tissue-type plasminogen activator-dependent plasmin 
formation. However, apart from its role in fibrinolysis, 
TAFI has been shown to cleave other substrates such as 
anaphylatoxins C3a and C5a  [15] , thrombin-cleaved osteo-
pontin  [16] , and fibrinopeptide B  [17] . In addition, TAFI is 
able to convert BK to desArg 9 BK which should be associ-
ated with a switch from a B2R ligand to a B1R agonist.

  The present study was undertaken to determine 
whether  S. pyogenes  can create prerequisites for inappro-
priate persistent inflammatory responses by initiating a 
chain of events including the assembly and activation of 
the contact system at the bacterial surface, recruitment 
and activation of TAFI, conversion of BK to desArg 9 BK 
by bacteria-bound activated TAFI, and an upregulation 
of B1R on human fibroblasts.

  Materials and Methods 

 Bradykinin and desArg 9 BK were from Bachem (Torrence, Ca-
lif., USA). Thrombin was from ICN Biomedicals Inc. (Aurora, 
Ohio, USA), thrombomodulin from American Diagnostica Inc. 
(Stamford, Conn., USA), and plasmin was purchased from Sigma 
(St. Louis, Mo., USA). Todd Hewitt Broth (TH) medium was from 
Beckton Dickinson (Sparks, Md., USA).

  Cell Culture 
 Human fetal lung fibroblasts (IMR-90 cells) CCL-186 (Amer-

ican Type Culture Collection, Manassas, Va., USA) were cultured 
in minimum essential medium as described earlier  [18] . Cells 
were plated at a density of 1.5  !  10 5  cells/well in 6-well plates (35 
mm well) and used at confluency after 3–4 days. Experiments 
were conducted in culture medium supplemented with  L -gluta-
mine alone. Human peripheral blood mononuclear cells (PBMCs) 
were isolated as previously described  [19] .

  Stimulation of PBMCs 
 PBMCs were incubated with 1% (v/v)  S. pyogenes  (M41) super-

natants (obtained from overnight cultures of single colonies in 40 
ml TH medium) in RPMI 1640 medium (Invitrogen, Paisley, UK) 
in the presence of 2 m M   L -glutamine for 24 h at 37   °   C. Cells were 
pelleted by centrifugation and the supernatant was assayed for IL-
1 �  content by ELISA (Quantikine immunoassay kit; R&D Sys-
tems, Minneapolis, Minn., USA).

  Binding of Radiolabeled TAFI to Bacterial Cells 
 Binding experiments of radiolabeled TAFI to the surface of the 

bacterial strains  S. pyogenes  (AP41),  Staphylococcus aureus  strain 
Wood 46, Newman, and SH1000 were performed as described 
before  [14] .
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  Degradation of HK at the Bacterial Surface 
  S. pyogenes  bacteria of the M41 strain were cultured overnight 

in TH medium, washed and diluted to 2  !  10 10  cells/ml in 10 m M  
Tris buffer (pH 7.4) with 50  �  M  ZnCl 2 . The bacteria were incu-
bated with fresh citrated human plasma (1:   1 v/v) by rotation for
1 h at room temperature. Bacteria were then washed and proteins 
bound to the bacterial surface were dissolved with 0.1  M  glycine 
(pH 2.0). The supernatants were separated from the bacteria by 
centrifugation. Recovered proteins were mixed with SDS sample 
buffer (reducing conditions) and separated by 10% (w/v) poly-
acrylamide gel electrophoresis followed by a transfer onto nitro-
cellulose and immunodetection with antibodies against HK as 
described before  [20] .

  Determination of Bradykinin 
 Bacteria (2  !  10 10  cells/ml in HEPES buffer; 15 m M  HEPES, 135 

m M  NaCl, 50  �  M  ZnCl 2 , pH 7.4) were incubated with fresh citrated 
plasma (1:   1 v/v) or medium. After a 15-min incubation at room 
temperature, bacteria were washed and resuspended in HEPES 
buffer followed by another 15-min incubation step. The superna-
tants were separated from the bacteria and immediately processed 
for BK concentration measurements with an ELISA kit (Markit-M 
Bradykinin, Dainippon Sumitomo Pharmaceutical Co., Ltd., Osa-
ka, Japan) according to the instructions of the manufacturer.

  Activation of TAFI by Plasmin or Thrombin/
Thrombomodulin 
 Recombinant TAFI was produced as described before  [21] . A 

quadruple mutant of TAFI (T325I, T329I, H333Y, H335Q) was 
generated and expressed. After activation, this mutant displayed 
a  � 50-fold enhanced stability. Details will be described else-
where. TAFI (20 n M ) was activated by a premixture of thrombin 
(16 n M ) and thrombomodulin (32 n M ) or plasmin (10  � g/ml) as 
described earlier  [22] .

  High Pressure Liquid Chromatography (HPLC) 
 Bacteria were pre-incubated with either plasmin (10  � g/ml), 

thrombin (16 n M ) and thrombomodulin (32 n M ), or TAFI (20 n M ) 
(wild-type or IIYQ) for 1 h on ice in PBSAT (phosphate-buffered 
saline with 0.02% (w/v) sodium azide and 0.05% (v/v) Tween 20). 
Thereafter, bacteria were washed and re-dissolved in 100 m M  
HEPES buffer with 0.01% (v/v) Tween 20 (pH 8) and 5 m M  CaCl 2 , 
and incubated with either plasmin (10  � g/ml), thrombin (16 n M ) 
and thrombomodulin (32 n M ), or TAFI (20 n M;  wild-type or 
IIYQ). After 20 min at room temperature, samples were either 
washed or directly further incubated with 1  �  M  BK for 15 min at 
37   °   C. Sample supernatants were then chromatographed by re-
verse-phase HPLC on a C18 column (5  � m; 250  !  4.6 mm) with 
a linear gradient system, 100% buffer A (0.1% (v/v) trifluoroacetic 
acid (TFA) in water) to 100% buffer B (0.1% (v/v) TFA in acetoni-
tril). Samples were run for 45 min with a flow rate of 1 ml/min. 
The UV absorbance was monitored at 214 nm. Data were ana-
lyzed with the software package TotalChrom v6.2.0.0.1 with LC 
instrument Control (PerkinElmer, Waltham, Mass., USA).

  Radioligand Binding 
 The binding of 1 n M  [ 3 H]desArg 10 kallidin (77.5 Ci/mmol; 

PerkinElmer) to IMR-90 cells was performed as described earlier 
 [18] . Binding assays were conducted on ice in triplicate and 
 nonspecific binding was defined as the amount of radiolabeled 

ligand bound in the presence of 1  �  M  non-radiolabeled desArg-
 10 kallidin.

  Transmission Electron Microscopy 
 Proteins and peptides were labeled with colloidal gold as pre-

viously described  [23] . To study complex formation, gold-labeled 
TAFI (40 nm) was mixed with either gold-labeled BK (15 nm) or 
gold-labeled desArg 9 BK (15 nm). Alternatively, gold-labeled TAFI 
was incubated with plasmin in the presence of AP41 bacteria (1% 
bacterial solution) for 20 min at room temperature followed by the 
addition of gold-labeled BK. Specimens were then adsorbed for 1 
min onto carbon-coated grids. The grids had been rendered hy-
drophilic by glow discharge at low pressure in air beforehand, 
briefly washed with water, and stained with 0.75% (w/w) uranyl 
formate in water. The samples were analyzed in a Jeol 1200 EX 
electron microscope operated at 60 kV accelerating voltage. Eval-
uation of the data was based on 300 particles from different elec-
tron micrographs. As control, gold particles treated with polyeth-
ylene glycol alone were used and did not result in significant un-
specific background binding (data not shown).

  Phosphoinositol Hydrolysis 
 For phosphoinositol (PI) hydrolysis, HEK293 cells (human 

embryonic kidney cells) stably transfected with B1R  [24]  were em-
ployed and PI hydrolysis was measured as described earlier  [25] . 
Briefly, cells were labeled with 1  � Ci/ml myo-[ 3 H]inositol in 
DMEM/10% FBS for 20–24 h at 37   °   C, washed 4 times in DMEM, 
and then further incubated in DMEM for 1 h at 37   °   C. This was 
followed by incubation with various stimuli (10  �  M  desArg 9 BK 
with or without 1  �  M  [3,4-prolyl-3,4-(3)H(N)]-[des-Arg10,Leu9] 
kallidin (DLKD) a B1R antagonist, 1  �  M  DLKD alone, sample su-
pernatants with or without 1  �  M  DLKD, or medium alone) in 
DMEM supplemented with 50 m M  LiCl for 30 min at 37   °   C. Cells 
were then lysed with 0.1  M  formic acid for 20 min at 4   °   C, trans-
ferred to Eppendorf tubes, and centrifuged at 16,100  g  for 5 min 
at 4   °   C. The supernatants were added to anion exchange columns, 
which were washed twice with a low-salt solution (60 m M  ammo-
nium formate, 5 m M  sodium borate). Inositol phosphates were 
then eluted with a high-salt solution (1  M  ammonium formate, 
0.1  M  formic acid) and counted for radioactivity in a Beckman LS
6000 scintillation counter. Each condition was run in triplicate.

  Determination of desArg 9 BK and Related Masses by
MALDI-TOF Mass Spectrometry 
 The peptide-containing solutions were desalted and concen-

trated using C18 ZiptipsT (Millipore) according to the manufac-
turer’s instructions. Briefly, the microcolumns were washed with 
0.1% TFA and eluted with 1  � l 50–90% acetonitrile in 0.1% TFA 
directly onto a MALDI Anchorchip TM  target plate pre-spotted 
with 1  � l 2 mg/ml 2,5-dihydrobenzoic acid (DHB) in 50% aceto-
nitrile/0.1% TFA. The MALDI target plate was loaded into a Bruk-
er Reflex TM  III MALDI-TOF mass spectrometer (Bruker Daltonic 
GmbH, Bremen, Germany). The polarity of the instrument was set 
for positive ions with a delayed extraction and the detector for re-
flector mode. The acceleration voltage was 25 kV and 50–75 shots/
sample were summed in each spectrum for an improved signal-to-
noise ratio. Spectra were externally calibrated using trypsin au-
tolysis fragments (from a parallel experiment handled as above). 
Evaluated machine-specific protocols and settings for the mass 
spectrometer were used for calibration and data collection.



  S. Pyogenes -Bound TAFI Modulates the 
Contact System 

J Innate Immun 2009;1:18–28 21

  Spectra were searched for BK and desArg 9 BK (including their 
3 hydroxyproline equivalents and their Na + -, Ca 2+ - and Zn 2+ - ad-
duct variants, respectively) masses.

  Results 

 Binding of TAFI to the Surface of S. pyogenes 
 A common feature of pathogenic bacteria is their abil-

ity to induce strong inflammatory reactions in the hu-
man host by interfering with so-called host-effector sys-
tems. In particular, cell-mediated immune systems, com-
plement, coagulation, and fibrinolysis are important 
targets that, when systemically activated, often signifi-
cantly contribute to the pathology of the disease. TAFI is 
considered to be an important inflammatory mediator 
and previous studies have shown that the protein is ab-
sorbed by many different streptococcal serotypes  [14] . In 
the present study we wished to extend these observations 
and analyze whether TAFI is able to convert BK to des-
Arg 9 BK at the streptococcal surface. In respect to bacte-
ria-induced contact activation, it is noteworthy to men-
tion that  S. aureus , another important Gram-positive 
pathogen, has previously been reported to utilize the con-
tact system for the generation of BK  [20, 26] . Thus, it was 
tempting to speculate that  S. aureus  may also employ 
TAFI to generate a B1R agonist by cleaving BK on its sur-
face. To this end, we compared the binding of TAFI to a 
 S. pyogenes  strain of M serotype 41 (AP41) and three  S. 
aureus  strains (Newman, Wood 46, and SH 1000). How-
ever, while a significant binding of TAFI to  S. pyogenes 
 (AP41) bacteria was recorded ( 1 20%, data not shown), no 
interaction between the three staphylococcal strains and 
TAFI was found ( ! 5%, data not shown). These data sug-
gest that the ability of AP41 bacteria to interact with TAFI 
is not shared by its Gram-positive relative  S. aureus .

  Bradykinin Is Released from the Streptococcal Surface 
after Incubation with Human Plasma 
 Based on the results obtained from the binding assays, 

we decided to focus on the streptococcal AP41 strain 
throughout this study. To investigate whether streptococ-
cal-recruited TAFI can act as a kininase, we tested the 
ability of AP41 bacteria to assemble and activate the con-
tact system at their surface. By conducting Western-blot 
analysis we found that upon incubation with plasma, HK 
is absorbed by AP41 bacteria.  Figure 1 A shows that the 
HK, recovered from the surface of AP41 bacteria by an 
acid washing step, was processed into heavy and light 
chains suggesting the release of BK. We therefore ana-

lyzed whether the processing of HK into the two chains 
is followed by the generation of BK. AP41 bacteria were 
incubated with plasma for 15 min followed by a washing 
step to remove unbound plasma proteins. Bacteria were 
then resuspended in HEPES buffer and incubated for an-
other 15 min to allow contact activation and the release 
of BK from the bacterial surface into the liquid phase. 
When the BK content in the resulting supernatants was 
analyzed by ELISA measurements, we detected increased 
BK levels in supernatants from plasma, but not buffer-
treated bacteria ( fig. 1 B). Taken together, the results   indi-
cate that the human contact system can be assembled and 
activated at the surface of  S. pyogenes  bacteria of the M41 
serotype, which is followed by the cleavage of HK and 
generation of BK.

  Activation of TAFI at the Streptococcal Surface and 
Conversion of BK to desArg 9 BK 
 We next investigated whether BK is a substrate for ac-

tivated TAFI in the absence of AP41 bacteria. BK and 
plasmin-activated TAFI were incubated for 15 min at 
37   °   C followed by HPLC analysis of the resulting BK-
cleavage products. We found that this treatment led to a 
complete conversion of BK to desArg 9 BK ( fig. 2 C). Simi-
lar findings were recorded when the experiments were 
performed with thrombin/thrombomodulin-activated 
TAFI (data not shown). Commercially available BK and 
desArg 9 BK were used as controls ( fig. 2 A, B). It should 
also be noted that our results are in line with earlier re-
ports by Myles et al.  [16] . In the next series of experi-
ments, we analyzed the TAFI-induced generation of des-
Arg 9 BK at the surface of AP41 bacteria. Thus, bacteria 
were incubated with plasmin for 1 h on ice, followed by a 
washing step to remove unbound plasmin. TAFI was 
then added and after a 20-min incubation at room tem-
perature to allow activation of TAFI by AP41-bound plas-
min, BK was introduced to the reaction mixture for 15 
min at 37   °   C. Thereafter, supernatants were subjected to 
HPLC analysis and BK degradation products were mea-
sured. As seen before in the absence of bacteria, we found 
that also under these experimental conditions, BK is 
readily cleaved by activated TAFI yielding to the genera-
tion of desArg 9 BK ( fig. 2 D) and complete consumption 
of BK. The same results were also obtained when plasmin 
was replaced with thrombin/thrombomodulin in these 
experiments (data not shown). Even though our results 
show that the TAFI activators (plasmin and thrombin/
thrombomodulin) are bound to the bacterial surface, the 
experimental settings used did not allow us to distin-
guish between desArg 9 BK generation at the bacterial sur-
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face or in solution, since activated TAFI could theoreti-
cally have been dissociated from the streptococci. This 
issue could have been solved by introducing a second 
washing step before adding BK. However, since the half-
life time of activated TAFI is rather short, we found that 
an additional washing step was combined with a com-
plete loss of TAFI’s enzymatic activity. To confirm that 
the interaction between TAFI and BK indeed takes place 
at the bacterial surface, we employed negative staining 
electron microscopy. First, we wished to validate the ex-
perimental approach and studied the complex formation 
between colloidal gold-labeled TAFI (40 nm) and colloi-
dal gold-labeled BK (15 nm) in the absence of bacteria. 
 Figures 3 A and C show that most TAFI molecules are in 
contact with BK whereas gold-labeled TAFI failed to 
physically interact with gold-labeled desArg 9 BK (15 nm; 
 fig. 3 B), implicating that the gold label does not disturb 
the binding of BK to TAFI nor does it affect the specific-
ity of TAFI. The experiments therefore show that nega-
tive staining electron microscopy is a suitable technique 
for studying the interaction between TAFI and BK. We 
then tested the complex formation between gold-labeled 
TAFI and gold-labeled BK at the bacterial surface. To this 
end, AP41 bacteria were first incubated with plasmin as 
described before. Afterwards, gold-labeled TAFI was 

added and after a 20-min incubation at room tempera-
ture gold-labeled BK was given to the mixture. Samples 
were then adsorbed onto grids and subjected to negative-
staining electron microscopy analysis.  Figure 4  demon-
strates that activated TAFI, attached at the streptococcal 
surface, is able to form complexes with BK.

  Having demonstrated that TAFI interacts with BK at 
the surface of AP41 bacteria, we next wanted to show
that this interaction is followed by the generation of des-
Arg 9 BK. We therefore introduced a TAFI mutant (TAFI-
IIYQ), which has been shown to have an extended pro-
teolytic activity ( � 50-fold more stable) when compared 
with wild-type TAFI. Thus, experiments with TAFI-IIYQ 
and BK in the presence of bacteria were performed as de-
scribed above, with the exception that a washing step was 
included after incubation with TAFI-IIYQ and before 
adding BK (data not shown). When analyzing the result-
ing BK cleavage products by HPLC, it was found that 
more than half of the BK was converted to desArg 9 BK 
under these experimental conditions ( fig. 5 A). When the 
experimental settings were changed in that TAFI-IIYQ 
was given before the addition of plasmin, we also record-
ed that most of the BK was cleaved to desArg 9 BK ( fig. 5 B). 
Finally, we wished to test whether the formation of des-
Arg 9 BK can take place in plasma without adding addi-
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ground. Values are means  8  standard deviations (n = 3).  *  p  !  
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tional BK or TAFI. We therefore pre-incubated AP41 bac-
teria with plasmin for 15 min followed by a washing step 
to remove unbound plasmin. Bacteria were then incu-
bated with human plasma which should according to our 
hypothesis result in an activation of the contact system at 
the bacterial surface and subsequent release of BK, which 
in turn should be converted to desArg 9 BK by plasmin-
activated TAFI that has been recruited from plasma as 
well. 15 min after bacteria had been incubated with plas-
ma, they were washed and resuspended with buffer to al-
low a dissociation of desArg 9 BK form the bacterial sur-
face into supernatant. Supernatants were then collected 
and subjected to MALDI-TOF mass spectrometry. Inter-
pretation of spectra patterns revealed several peaks that 
correlate well with the molecular mass of desArg 9 BK 

(data not shown), including additional hydroxylation 
(most likely corresponding to hydroxyproline as de-
scribed elsewhere  [27] ). However, no peaks matching BK 
were detected, suggesting that BK had been completely 
converted to desArg 9 BK. Taken together the results dem-
onstrate that the conversion of BK to desArg 9 BK can be 
induced by activated TAFI that is attached to the bacte-
rial surface.

  TAFI-Generated desArg 9 BK Function as a B1R Ligand 
 We next wished to investigate whether desArg 9 BK, 

generated by AP41 bacteria-bound TAFI, is a biologically 
active B1R agonist and measured PI hydrolysis in HEK293 
cells, stably transfected with B1R. As a positive control, 
commercially available desArg 9 BK was used, which when 
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  Fig. 2.  Detection of BK and desArg9BK by HPLC. Commercially 
available BK (1  �  M ;  A ) and desArg 9 BK (1  �  M ;  B ) were analyzed by 
HPLC. BK (1  �  M ) was incubated with plasmin-activated TAFI (20 
n M ) for 15 min followed by HPLC analysis of BK cleavage prod-
ucts ( C ). AP41 bacteria (2  !  10 9  cells/ml) were incubated with (10 
 � g/ml) plasmin for 60 min on ice, followed by a washing step to 

remove unbound protein ( D ). This was followed by the addition 
of TAFI (20 n M ) and after another 20-min incubation at room 
temperature, BK was added to the mixture and incubated for 15 
min at 37   °   C. Bacteria were removed by a centrifugation step and 
the supernatants were analyzed by HPLC. The HPLC chromato-
grams are representative of at least four separate experiments. 
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added at a concentration of 10  �  M  to the transfected cells, 
triggered a significant increase in PI hydrolysis ( fig. 6 A). 
PI hydrolysis was completely blocked when desArg 9 BK 
was co-incubated with a selective B1R antagonist (DLKD; 
 fig. 6 A), implicating that signaling did not involve other 
receptors, for instance those endogenously expressed by 
these cells. To test whether bacteria-bound TAFI is able 
to convert BK to an active B1R agonist, TAFI was added 
to bacteria and activated with plasmin as described above. 
This was followed by incubation with BK for 15 min and 
a centrifugation step to remove bacteria. When the re-
sulting supernatants were added to the B1R-transfected 
cells, we monitored an increase in PI hydrolysis which 

  Fig. 3.  Transmission electron micrograph of gold-labeled TAFI 
with gold-labeled BK and desArg       9 BK. TAFI was labeled with 40 
nm colloidal gold and incubated with 15 nm gold-labeled BK (     A ) 
or desArg           9 BK (   B ). Samples were prepared for electron microscopy 
by negative staining with uranyl formate. Low magnification 
fields of complexes are shown. Arrowheads point to gold-labeled 
kinins that are in complex with gold-labeled TAFI. Statistical 
evaluation revealed that 49% of gold-labeled TAFI were in com-
plex with gold-labeled BK, while only 8% were associated with 
gold-labeled desArg 9 BK ( C ). Representative complexes between 
gold-labeled TAFI and gold-labeled BK are depicted in the inserts. 
The bar represents 200 ( A ,  B ) and 25 nm ( C ).       

  Fig. 4.  Transmission electron micrograph of gold-labeled TAFI 
with gold-labeled BK at the surface of AP41 bacteria.      A  AP41 bac-
teria (2                  !  10 9  cells/ml) were incubated with (10  � g/ml) plasmin 
for 60 min on ice, followed by a washing step to remove unbound 
protein. This was followed by adding gold-labeled TAFI and after 
another 20 min gold-labeled BK was added to the mixture. Bac-
teria were pelleted and then subjected to negative staining elec-
tron microscopy. Arrows indicate gold-labeled TAFI in complex-
es with gold-labeled BK attached to the bacterial surface.  B  Rep-
resentative complexes between gold-labeled TAFI and gold-labeled 
BK are depicted in the inserts. The bar represents 100 ( A ) and 50 
nm ( B ).                 
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  Fig. 5.  Detection by HPLC of BK and desArg       9 BK released from 
AP41 bacteria.      A  AP41 bacteria (2          !  10 9  cells/ml) were incubated 
with (10  � g/ml) plasmin for 60 min on ice, followed by a washing 
step to remove unbound protein. Afterwards (20 n                 M ) TAFI-IIYQ 
was added for 20 min and after a second washing step BK was 
given to the mixture and incubated for 15 min at 37   °   C. Bacteria 

were removed by a centrifugation step and the supernatants were 
analyzed by HPLC.  B  AP41 bacteria were first treated with TAFI-
IIYQ and then with plasmin. Washings steps and incubation with 
BK were performed as described in  A . The HPLC chromatograms 
are representative of at least four separate experiments. 
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  Fig. 6.  Measurements of the biological activity of desArg       9 BK re-
leased from AP41 bacteria and cell surface expression of B1R.
     A  HEK293 cells stably transfected with B1R were treated with (i) 
buffer, (ii) the B1R antagonist DLKD, (iii) desArg           9 BK, (iv) a mix-
ture of desArg 9 BK and DLKD, (v) BK cleavage products released 
from AP41 bacteria, and (vi) a mixture of BK cleavage products 
released from AP41 bacteria and DLKD. Inositol phosphates were 
detected as described in Materials and Methods. The result is rep-
resentative of three experiments with each point performed in 
duplicates.    B  IMR-90 cells were incubated for 6 h with (i) medium, 

(ii) PBMC exudates (monocytic cells that had been stimulated for 
24 h with 1%  S. pyogenes  overnight culture supernatants), or (iii) 
PBMC exudates in the presence of 10  �                M  desArg 9 BK. All treat-
ments were performed in MEM medium and in the absence of 
serum and antibiotics. After intensive washing, cells were assayed 
for specific [ 3 H]des-Arg 10 kallidin (B1R ligand) binding. Binding 
of [ 3 H]des-Arg 10 kallidin to non-stimulated cells (control) was 
normalized to 100% within each experiment. Results represent 
the mean  8  standard deviation of 3 independent experiments 
performed in triplicates.  *  p  !  0.01 by Student’s t test.         
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was not seen when the supernatants were given to the 
cells in the presence of DLKD ( fig. 6 A). Thus, the data 
show that BK is converted to a biologically active B1R 
agonist at the bacterial surface.

  Upregulation of the B1R on Human Fibroblasts upon 
Treatment with Exudates from Monocytes Stimulated 
with Supernatants from AP41 Bacteria 
 In order to cause an inflammatory reaction, des-

Arg 9 BK, released from the streptococcal surface, requires 
available B1Rs. Most previous studies addressing B1R reg-
ulation were performed with IMR-90 cells, a human fetal 
lung fibroblasts cell line [for review, see  12 ] and it has been 
shown that IL-1 �  stimulates upregulation of B1Rs in these 
cells. Notably, streptococci secrete a number of exotoxins 
that are able to trigger the release of proinflammatory cy-
tokines, including IL-1 � , from human monocytes  [4] . We 
therefore tested whether exudates derived from human 
PBMCs, treated with supernatants from AP41 bacteria, 
can induce an upregulation of the B1R on the surface of 

IMR-90 cells. To this end, supernatants from overnight 
AP41 cultures were collected and incubated with PBMCs 
for 24 h followed by ELISA measurements of the IL-1 �  
content in the PBMC exudates. This bacterial treatment 
led to a massive release of IL-1 �  ( 1 80 ng/ml), which was 
not seen in untreated cells ( ! 0.09 pg/ml). With this infor-
mation in mind it seemed likely that exudates from the 
streptococcal-activated PBMCs would affect surface ex-
pression of B1R on human cells. Thus, we further investi-
gated the ability of PBMC exudates, alone or together with 
desArg 9 BK, to modulate the number of available B1Rs on 
IMR-90 cells. For this purpose, radioligand-binding as-
says were performed using receptor-saturating concen-
trations of [ 3 H]desArg 10 kalli din, a B1R agonist, as previ-
ously described  [18] . IMR-90 cells were treated for 6 h 
with PBMC exudates in the presence or absence of de-
sArg 9 BK. After several washing steps to remove PBMC 
exudates and desArg 9 BK, [ 3 H]desArg 10 kallidin was add-
ed.  Figure 6 B shows that stimulation with exudates from 
PBMC alone caused a 3-fold increase in B1R agonist bind-
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  Fig. 7.  Proposed mechanism used by                                  S. pyogenes  (AP41) to modu-
late the inflammatory response. Based on the present study, the 
following model is suggested. Plasma exudation into the infec-
tious site will allow  S. pyogenes  bacteria to bind human TAFI via 
SclA and SclB. TAFI activators such as plasmin and thrombin/
thrombomodulin can also be recruited to the bacteria and trigger 
activation of bound TAFI. At the same time bacteria assemble and 
activate the factors of the contact system at their surface which 

results in the generation of BK. Invading monocytes at the in-
fected site become activated by streptococcal secretion products, 
i.e. exotoxins, and evoke the secretion of proinflammatory cyto-
kines that in turn trigger an upregulation of B1R at the infectious 
focus. The upregulated B1R is now accessible for desArg       9 BK, re-
leased from the bacteria, which may contribute to a sustained in-
flammatory response.                                   
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ing over control. When desArg 9 BK was added to the in-
cubation together with PBMC exudates the number of 
available B1R ligand-binding sites on the fibroblasts in-
creased further to 8-fold over control. Taken together the 
data show that AP41-secreted products induce release of 
IL-1 �  from human PBMCs and that these exudates to-
gether with desArg 9 BK have a strong upregulatory effect 
on B1R on human cells.

  Discussion 

 Excessive inflammation is a hallmark of the pathology 
of invasive bacterial diseases. Notably, these severe com-
plications often arise from an inappropriate host response 
to the infection.  S. pyogenes  has a multifold repertoire of 
virulence factors that may cause pathologic inflamma-
tory reactions in the human host  [3] . Superantigens for 
instance, of which streptococci express at least eleven dif-
ferent variants, are highly potent immunostimulatory 
toxins that can induce a massive activation of T lympho-
cytes in the absence of a presented antigen. Whereas nor-
mal antigen-presenting MHC class II complexes activate 
0.01% of the T-cell population, superantigens activate up 
to 30% by directly cross-linking the T-cell receptor with 
the MHC II, and this results in the release of pathologic 
levels of inflammatory cytokines including IL-1 � , IL-6, 
and TNF- �   [28] . Since a massive cytokine release is a 
common feature of many severe bacterial infections, cy-
tokines have been targeted for drug development. How-
ever, regardless of the target (IL-6 or TNF- � ), all clinical 
studies involving anti-cytokine treatment have so far 
failed  [29] . The human contact system is another system 
that, once activated, evokes a series of inflammatory re-
actions  [7] . Previous studies have shown that the system 
can be initiated on the surface of many bacterial species, 
including streptococci  [11, 20, 26, 30] , which eventually 
leads to the release of BK, a B2R agonist. Subsequent ani-
mal models of severe bacterial infections demonstrated 
that the application of contact system inhibitors has a 
beneficial effect  [31, 32] . However, so far, only one clinical 
trial targeting the contact system has been conducted. In 
this study, the B2R antagonist, deltibant, was tested in a 
multicenter, randomized, placebo-controlled trial on pa-
tients with systemic inflammatory response syndrome 
and presumed sepsis. It was found that the drug had no 
significant effect on risk-adjusted 28-day survival, even 
though post hoc analysis revealed a trend toward im-
provement  [33] . However, a B1R antagonist, which would 
block sustained inflammatory responses, induced by the 

BK metabolite desArg 9 BK, or a combination of a B1R and 
B2R antagonist have not yet been tested.

  Here, we present a novel mechanism by which strepto-
cocci convert BK from a B2R to a B1R agonist by recruit-
ing TAFI to the bacterial surface. To achieve this,  S. pyo-
genes  first have to assemble and activate the contact sys-
tem at their surface. This is followed by the release of BK 
which subsequently serves as a substrate for bacteria-
bound TAFI to generate desArg 9 BK. Moreover, our stud-
ies also show that bacteria-released toxins stimulate 
monocytes to secrete inflammatory cytokines that in turn 
trigger an increase in surface-expressed B1R, the receptor 
for desArg 9 BK. As depicted in  figure 7 , our findings sug-
gest a chain of events, for which all critical steps are under 
streptococcal control. The recruitment and activation of 
TAFI is the crucial step in these processes since the car-
boxypeptidase drives the host response from a transient 
inflammatory stage, mediated by activation of B2Rs, to 
sustained inflammatory conditions involving activation 
of B1Rs. It should be mentioned that apart from  S. pyo-
genes ,  S. aureus ,  Escherichia coli , and  Salmonella  spp have 
also been shown to generate BK at their surfaces  [26, 30] . 
However, we found that  S. aureus  bacteria do not interact 
with TAFI, and  E. coli  and  Salmonella  spp bacteria have 
not been reported to interact with this procarboxypepti-
dase. Thus, it seems likely that these latter bacteria are 
dependent on other mechanisms to allow conversion of 
BK to desArg 9 BK, such as eukaryotic membrane-bound 
carboxypeptidases as shown for  S. aureus   [26] .

  Apart from targeting BK, streptococci may gain addi-
tional advantages by binding and activating TAFI. For 
instance, activated TAFI has been shown to cleave the 
anaphylotoxins C3a and C5a, which should lead to an 
impaired chemotactic activity of these peptides. One can 
also speculate that bacteria camouflaged with a fibrin 
network use TAFI to prevent fibrinolysis, which may pro-
tect against attacking phagocytic cells. Thus, future work 
will show whether or not bacteria are using TAFI for 
these purposes.

  A better understanding of the molecular mechanisms 
behind host/parasite interactions has the potential to dis-
cover important targets in the human host and ultimately 
new therapeutic approaches for treatment of severe infec-
tious diseases. Here, we present a novel mechanism by 
which  S. pyogenes  of the M41 serotype may trigger sus-
tained inflammatory reactions in the human host by TAFI-
mediated conversion of BK to a B1R agonist and by upreg-
ulating B1Rs. Our findings therefore suggest the combined 
application of B1R and B2R antagonists as a promising ap-
proach to the treatment of severe infectious diseases.
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