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                                                                                                                        Abstract

                                                            Sepsis causes an activation of the human contact system, an inflammatory response mechanism against foreign surfaces, proteins and pathogens. The serine proteases of the contact system, factor XII and plasma kallikrein, are decreased in plasma of septic patients, which was previously associated with an unfavorable outcome. However, the precise mechanisms and roles of contact system factors in bacterial sepsis are poorly understood. We, therefore, studied the physiological relevance of factor XII and plasma kallikrein in a mouse model of experimental sepsis. We show that decreased plasma kallikrein concentration in septic mice is a result of reduced mRNA expression plasma prekallikrein gene, indicating that plasma kallikrein belong to negative acute phase proteins. Investigations regarding the pathophysiological function of contact system proteases during sepsis revealed different roles for factor XII and plasma kallikrein. In vitro, factor XII decelerated bacteria induced fibrinolysis, whereas plasma kallikrein supported it. Remarkably, depletion of plasma kallikrein (but not factor XII) by treatment with antisense-oligonucleotides, dampens bacterial dissemination and growth in multiple organs in the mouse sepsis model. These findings identify plasma kallikrein as a novel host pathogenicity factor in Streptococcus pyogenes sepsis.
                                                            
                                                            Introduction
Sepsis and severe sepsis are life-threatening complications caused by a dysregulated host response to bacterial infection and activation of coagulation. The liver plays a key role in these events due to the acute phase protein response, an increased or decreased synthesis of host defense and coagulation proteins. Increased production of acute phase proteins contribute to a procoagulant state in sepsis, especially by enhancing production of procoagulants such as fibrinogen, and by decreasing liver synthesis of antithrombin.1 A procoagulant state is thought to be protective against bacterial dissemination, as local activation of coagulation traps bacteria in a fibrin mesh and activates inflammatory reactions.32 Inhibition of fibrinolysis may support this process further, since highly invasive pathogens exploit the host fibrinolytic system to degrade fibrin clots and overcome tissue barriers.2 Streptococcus pyogenes is a Gram-positive major human pathogen causing mainly local infections of the skin and mucous membranes such as erysipelas or tonsillitis. Local infections occasionally develop into serious systemic complications, of which streptococcal toxic shock syndrome and necrotizing fasciitis are associated with high morbidity and mortality.3 Virulence factors of S. pyogenes have been studied intensively, and conversion of human plasminogen to plasmin by bacterial streptokinase is a mechanism which supports bacterial dissemination.4 Streptokinase-activated plasmin also activates the human contact system, an inflammatory response mechanism against artificial material and pathogens.5 The human contact system consists of two proteases, factor XII (FXII) and plasma prekallikrein (PPK), as well as the co-factor high molecular weight kininogen (HK). The proteins are produced in the liver and circulate as zymogens in the blood stream or are assembled on endothelial cells, neutrophils, and platelets. When blood is exposed to foreign artificial or biological surfaces, contact factors bind to it, and FXII becomes auto-activated and converts PPK to plasma kallikrein (PK). PK, which circulates in a non-covalent complex with HK,6 cleaves HK and the proinflammatory peptide bradykinin is released.7 In severe sepsis, activation of the contact system is archetypal8 and multiple animal studies with different pharmacological interventions that inhibit FXII, bradykinin receptors or the interaction of contact factors with the bacterial surface9 were carried out to evaluate potential therapeutic options.10 However, surprisingly little is known about the precise role of contact factors during microbial sepsis. Here, therefore, we studied the physiological role of FXII- and PK in a mouse model of experimental sepsis. We found that hepatic expression of F12 and Klkb1 genes after infection with S. pyogenes is quickly reduced upon streptococcal infection. Moreover, a knockdown of Klkb1 gene expression by anti-sense-oligonucleotide (ASO) technology prior to infection diminishes bacterial spreading, but knockdown of F12 did not influence bacterial dissemination. Our data indicate different in vivo roles for FXII and PK in streptococcal sepsis.
Methods
A detailed description of materials and methods with additional information is provided in the Online Supplementary Appendix.
Antisense-oligonucleotides
Antisense-oligonucleotides (ASO) for Klkb1 or F12 mRNA knockdown in vivo were provided by Ionis Pharmaceuticals and have been described previously.11
Infection of HepG2 cells
Details are provided in the Online Supplementary Appendix.
mRNA analysis
Total RNA was isolated from HepG2 cells or homogenized mouse liver with RNeasy Plus Mini Kit (Qiagen). RNA quality was checked with Agilent RNA 6000 Nano Kit (Agilent Technologies) and RNA concentration determined with Qubit RNA HS Assay Kit (Invitrogen). All analyses were performed according to the manufacturer’s instructions. 800 ng total RNA was converted to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and the complementary DNA obtained used for real-time quantitative polymerase chain reaction (PCR). Reaction mixture (20 ML) containing gene specific nuclease assay (Taqman Universal PCR Master Mix; Applied Biosystems) and cDNA was amplified as follows: denaturation at 95°C for 10 minutes (min) and 45 cycles at 95°C for 15 seconds (sec) and 60°C for 1 min. GAPDH (human or rodent) was used as housekeeping gene. Relative expression was calculated using the 2− ct method.
Clotting assays
Details are provided in the Online Supplementary Appendix.
Clot lysis time
A clot was generated in human normal, FXII- or PK-deficient plasma by addition of PT-Reagent. In some experiments, CTI (75 μg/mL), PKSI (10 M), FXIIa (50 μg/mL) or PK (50 μg/mL) was added before clot formation was induced. The clot was incubated for 5 min at 37°C before Streptokinase (100 Units), uPA (10 μg/mL g) or tPa (10 μg) was added. Time until clot lysis was determined in a coagulometer.
Measurement of FXII and plasma kallikrein in plasma
Details are provided in the Online Supplementary Appendix.
Proteolytic potential for plasma kallikrein/factor XIIa activity in mouse plasma
Pooled plasma from four mice/group was incubated with Dapptin and FXIIa/PK activity was determined in a microplate reader by chromogenic substrate S-2302 (Chromogenix). (See Online Supplementary Appendix).
Plasma clot escape experiments
See Online Supplementary Appendix.
Light and scanning electron microscopy
See Online Supplementary Appendix and Oehmcke et al.12 and Isenring et al.13
Fibrinogen degradation
Fibrinogen was mixed with either plasmin, plasminogen and streptokinase, FXII, PPK, or PBS as negative control. (See Online Supplementary Appendix). The mix was incubated at 37°C and at indicated time points samples were analyzed by SDS-Page and western blot using fibrinogen antibody (Santa Cruz). Relative fibrinogen levels were determined by densitometry analysis (ImageStudioLite 5.2.5).
Animal experiments
Eight-week-old female BALB/c mice (weight 16-18g) (Charles River Laboratories) were treated with ASO through intraperitoneal injections, with a dose of 800 μg/mouse, twice per week for three weeks (total 7 injections, each with 800 μg ASO/mouse).
The subcutaneous infection model with S. pyogenes AP1 strain and determination of bacterial dissemination were performed as described previously.12 (See also Online Supplementary Appendix). This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments the Landesveterinär- und Lebensmitteluntersuchungsamt Rostock (Permit n. 7221.3-1-002/16).
Plasma proteome
The methods are provided in the Online Supplementary Appendix.
Patient samples
Patients with sepsis, severe sepsis, or septic shock were enrolled from the Intensive Care Medicine Unit at University Medical Center of Rostock, as described previously.14 The protocol had been approved by our Institutional Ethics committee (A 201151), and informed consent was obtained from the patients or their caring relatives.
Results
Plasma proteome from septic mice
In order to gain more information about contact factors in sepsis, we performed a quantitative proteome analysis of plasma from healthy or S. pyogenes-infected mice. The subcutaneous infection model has been shown to become septic and activate the contact system,9 which is similar to the situation encountered in human streptococcal toxic shock syndrome.15 Plasma was collected 24 hours (h) after infection and a total number of 137 proteins including PK, kininogen-1 and FXII could be quantified based on the abundance of at least two peptides (Online Supplementary Table S1). There was a rise in the concentration of 38 proteins due to infection (Online Supplementary Table S2). Within this set of elevated proteins, typical positive acute phase proteins such as serum amyloid, C-reactive protein or fibrinogen were detected. In addition, we also identified 47 proteins with significantly decreased concentration due to infection (Table 1). Here, again, we found classical negative acute phase proteins such as retinol binding protein or antithrombin III. PK concentrations were significantly reduced in infected animals (Table 1). Kininogen-1 and FXII levels were also reduced; however, this was not statistically significant (Online Supplementary Table S1).
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Table 1.Plasma proteins from infected mice detected by mass spectrometry analysis that were significantly down-regulated, compared to healthy mice.
F12 and Klkb1 mRNA levels decline in vitro and in vivo after infection with S. pyogenes
We next investigated in vitro how mRNA expression of contact factors is affected in liver cells in response to infection. HepG2 cells were treated with IL6 or living bacteria and mRNA was analyzed by quantitative real-time PCR. In accordance with Citarella et al.,16 F12 mRNA levels were significantly decreased in cells treated with IL6 for 6 and 24 h (Figure 1A). The same was observed in cells infected with S. pyogenes (Figure 1A). Klkb1 mRNA levels also significantly declined upon treatment with either IL6 or S. pyogenes (Figure 1B).
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Figure 1.Decreased mRNA levels of F12 and Klkb1 in vitro and in vivo after infection with S. pyogenes. (A and B) HepG2 cells (2×105 cells/mL) were incubated with IL6 (50 ng/mL) or S. pyogenes [2×106 colony forming units (CFU)/mL] for 6 hours (h). After incubation, cells were washed and the medium was replaced with fresh medium containing 1% PenStrep. After 6 and 24 h, cells were harvested, total RNA was isolated, and real-time polymerase chain reaction (PCR) TaqMan® gene expression assays were performed. N≥9. (*P≤0.05; **P≤0.01; ***P≤0.001). (C-F) Groups of mice (n=8-10) were subcutaneously (sc.) infected with 2×107 CFU/mouse of S. pyogenes AP1. Animals were killed 6 and 24 h after infection, and liver tissue was collected for total RNA isolation (C-E) and real-time PCR TaqMan® gene expression assays were performed. (F) Spleen and liver were homogenized and the number of CFU was quantified 6 h after infection. *P≤0.05; ***P≤0.001.
To investigate the hepatic expression of Klkb1 and F12 mRNA in vivo, we used the streptococcal murine sepsis model. Mice were infected subcutaneously with 1.5-2×10 colony forming units (CFU) of S. pyogenes and samples collected 6 and 24 h after infection. Six h after infection, Klkb1 mRNA levels were reduced by approximately 50% compared to non-infected controls (Figure 1C). Twenty-four h after infection, Klkb1 mRNA levels dropped down to undetectable levels (Figure 1C), indicating that Klkb1 mRNA production was discontinued upon bacterial spreading. Relative expression of F12 was also significantly reduced at 6 and 24 h after infection (Figure 1D); however, this effect was not as pronounced as for the Klkb1 gene. We also measured fibrinogen alpha (FGA) mRNA levels and found significantly increased FGA expression at 6 and 24 h after infection (Figure 1E), which is consistent with the data from proteome analysis. Ninety-percent of mice were bacteremic at 6 h after infection, containing bacteria in their liver and/or spleen (Figure 1F).
Plasma kallikrein concentration decline significantly in vivo after infection with S. pyogenes
In accordance with the quantitative proteome analysis and Klkb1 mRNA data, we detected a significant decrease in PK levels in mice 24 h after infection, and an even greater decrease 48 h after infection (Figure 2A). This was accompanied by a decreased proteolytic potential of PK/FXIIa in plasma after activation with Dapptin reagent (Figure 2B), and a significantly prolonged activated partial thromboplastin time (aPTT) (Figure 2C) but not PT (Figure 2D). In accordance with mass spectrometry data, FXII plasma levels did not change significantly in infected mice (data not shown).
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Figure 2.Analysis of plasma samples from mice after infection with S. pyogenes. Groups of mice (n=4-10) were subcutaneously (sc.) infected with 2×107 colony forming units (CFU)/mouse of S. pyogenes. (A) Plasma prekallikrein (PPK) concentration in plasma was measured after 24 and 42-48 hours (h) of infection by a specific sandwich enzyme-linked immunosorbent assay. (B) Plasma samples from four mice per group were pooled and proteolytic potential of plasma kallikrein (PK)/factor XIIa (FXIIa) activity was measured using chromogenic substrate S-2302 for PK and FXIIa. (C) Activated partial thromboplastin time (aPTT) and (D) prothrombin time (PT) in plasma of infected and non-infected animals were measured using a coagulometer. *P≤0.05; **P≤0.001; ***P≤0.0001. ctrl: control.
Knockdown of plasma prekallikrein diminishes streptococcal dissemination, dampens kidney damage, cyto- and chemokines, but raises RANTES
Such quick downregulation of protein expression during sepsis implicates that the protein is not required, or is even harmful, under these conditions. To investigate the functional contribution of PK and FXII during sepsis, we inhibited Klkb1 or F12 gene expression by antisense oligonucleotides (ASO), using established protocols,1711 prior to infection with S. pyogenes. As expected, pre-treatment of female BALB/c mice with PPK ASO (Online Supplementary Figure S1A) or FXII ASO (Online Supplementary Figure S1B) reduces relative expression levels more than 90%, which is in accordance with previous studies in male BALB/c mice. As shown before,1711 plasma protein level of PPK on FXII depletion, or FXII on PPK depletion, were increased (Online Supplementary Figure S1C-F). This indicates stabilization of FXII or PPK as response to decreased basal activation. As a consequence of PPK or FXII knockdown, decreased proteolytic potential of PK/FXIIa (Online Supplementary Figure S1G) and prolongation of activated partial thromboplastin time (aPTT) (Online Supplementary Figure S1H) in plasma was demonstrated, compared to mice treated with control ASO. Moreover, as expected, PT was not affected by the treatment with either ASO (data not shown).
The PPK and FXII-depleted mice were challenged with S. pyogenes as described above. Bacterial dissemination and histopathology of the kidneys was determined 24 h after infection. PPK-depleted mice had significantly fewer bacteria in the spleen and blood compared to control-ASO mice (Figure 3A and B). Intriguingly, there was no difference in bacterial loads in spleen, blood or kidneys between FXII-depleted mice and controls (data not shown).
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Figure 3.Bacterial spreading and histopathology of kidneys from plasma prekallikrein (PPK)- or factor XII (FXII)-depleted mice infected with S. pyogenes. Groups of mice were infected subcutaneously (sc.) with 1.6-2×107 colony forming units (CFU)/mouse S. pyogenes AP1. Twenty-four hours after infection, samples were collected and (A) spleen or (B) blood of infected control-antisense-oligonucleotide (ASO) or PPK-ASO treated mice were homogenized and the number of CFU was quantified. Data are presented as means of ten mice per group and were obtained from two independent experiments. *P≤0.05; ***P≤0.0001. (C) Representative kidney tissue sections showing the medullary rays, from non-infected, control-, PPK, or FXII-ASO animals. Sections were stained (MSB-Lendrum) and fibrin depositions (marked by arrows) were detected and scored as described in the Methods section (10 × magnification).
Formation of microvascular fibrin deposition in kidneys was described in lethal human sepsis.18 In our animal model, fibrin was detected 24 h after subcutaneous (sc.) infection in kidneys from septic animals (Figure 3C). A quantification of fibrin areas (> 5 μm) on a scale from 0 to 3 (0: absent; 1: ≤ 20 fibrin areas; 2: 20-50 fibrin areas; 3: >50 fibrin areas) revealed that the mean score in PPK-ASO treated animals was lower (1.7) than that of the control-ASO treated group (2.0) or the FXII-ASO treated group (2.5). This was reflected by increased creatinine values in plasma from control-ASO (8±2.9 μmol/L) and FXII-ASO (8.25±1.9 μmol/L) mice, compared to values in PPK-ASO mice (6±1 μmol/L).
In addition, a panel of 20 cytokines, chemokines and growth factors was measured in healthy, infected control-ASO and PPK-ASO treated mice. Infection boosted the pro-inflammatory response yielding a robust increase of 17 cytokines/chemokines. In agreement with lower bacterial loads, infected PPK-ASO treated mice had significantly lower levels of Gm-CsF (Figure 4A) MIP-1 beta (Figure 4B), and MIP-2 (Figure 4C) compared to infected control mice. Interestingly, CCL5 was significantly increased in infected PPK-ASO mice compared to infected controls (Figure 4D).
[image: ]

Figure 4.Proinflammatory response in plasma prekallikrein (PPK)-depleted mice infected with S. pyogenes. Groups of mice (n=5 per group) were infected subcutaneously (sc.) with 2×107 colony forming units (CFU)/mouse S. pyogenes AP1. Twenty-four hours after infection animals were collected and EDTA plasma were analyzed for GmCSF (A), MIP-1 beta (B), MIP-2 (C), CCL5 (RANTES) (D), using a Multi-Plex immunoassay. *P≤0.05; **P≤0.01; ***P≤0.0002; ***P≤0.0001.
Role of contact factors in bacterial-triggered fibrinolysis
S. pyogenes activates plasminogen to escape from the local site of infection;4 however, knockdown of PPK decelerated bacterial spreading in mice, implicating a role of PK in bacteria-induced fibrinolysis. To further explore the human relevance to our findings, we employed in vitro plasma clotlysis assays in normal human plasma and congenital FXII- or PPK-deficient plasma, followed by incubation with streptokinase or the host plasminogen activators uPA and tPA. Clot lysis in PPK-deficient plasma was significantly longer, regardless of the fibrinolysis activator used (Figure 5A). In contrast, clot lysis in FXII-deficient plasma was significantly shorter compared to normal plasma. When corn trypsin inhibitor (CTI), a FXII inhibitor, was added to normal plasma, the clot lysis, induced by streptokinase, was again significantly shorter compared to normal plasma (Figure 5B). Similarly, the addition of the PK inhibitor PKSI19 to normal plasma prolonged clot lysis induced by streptokinase (Figure 5B). Complementation of human congenital FXII- or PPK-deficient plasma with activated enzymes (FXIIa or PK) could reverse shortening or prolongation of clot lysis by streptokinase (Figure 5B). Plasminogen content was slightly reduced in FXII-deficient plasma (97±5 μg/mL) comparing to pooled normal plasma (141μ8 μg/mL) or PPK deficient plasma (123μ28 μg/mL). However, plasmin activity after activation with streptokinase was similar in all plasma types (Online Supplementary Figure S2A), providing proof that the streptokinase/plasmin activity is not inhibited due to different donors.
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Figure 5.Effect of human congenital factor XII (FXII) or plasma prekallikrein (PPK) deficiency on fibrinolysis induced by streptokinase or S. pyogenes bacteria. (A) A clot was derived in normal, FXII- or PPK-deficient plasma by thromboplastin (PT)-reagent and time until clot lysis was measured after addition of streptokinase, uPA or tPA. (B) A clot was derived in normal, FXII- or PPK-deficient (def) plasma that was, if indicated, pre-incubated with CTI (75 μg/mL), PKSI (10 μM), FXIIa (50 μg/mL) or PK (50 μg/mL). Time until clot lysis was measured after addition of streptokinase. (C) Growing S. pyogenes (2×108 CFU/mL) were mixed with plasma, and thrombin was used to form a stable clot. The plasma clot was overlaid with PBS and D-dimer concentration in the supernatant was measured after different time points, using an ELISA. (D and E) Representative western blot analysis of fib-rinogen incubated for up to 30 minutes with plasminogen+streptokinase (Plg/Ska), plasminogen + streptokinase + PPK (Plg/Ska/PPK), Plasmin, or FXII+PPK (FXII/PPK) (F and G) relative levels of uncleaved fibrinogen (Fbg), quantified by densitometry from three independent experiments. (H) Plasma clots were induced by thrombin, fixed and analyzed by Scanning electron microscopy. Bars represent 2 μm. *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001. min: minutes.
Activation of fibrinolysis results in the release of D-dimer from cross-linked fibrin; thus, we measured the content of D-dimer in the supernatant from human plasma clots, which contained S. pyogenes bacteria. Twenty minutes after incubation, D-dimer were detected in samples from clots in FXII-deficient plasma, but not in samples from clots in normal or PPK-deficient plasma (Figure 5C). Thirty minutes after incubation, D-dimer could be detected from clots in normal plasma and FXII-deficient plasma complemented with FXIIa, but still not from clots in PPK-deficient plasma. Forty-five minutes after incubation, D-dimer were detected in the supernatant of PPK-deficient plasma, and this time-lag could be reversed by complementation with PK (Figure 5C). As expected, in plasminogen-depleted plasma, no D-dimer were detected within 180 min, but after complementation with plasminogen D-dimer, release occurred after 30 min. Complete clot lysis by the bacteria could be observed when D-dimer concentration was at the highest level, i.e. after 20 min in FXII-deficient plasma, after 30 min in normal plasma, and after 45-50 min in PPK-deficient plasma.
As clot lysis time and D-dimer production were decelerated in PPK-def. plasma, we investigated whether PK might accelerate plasmin degradation of fibrinogen. Western blot analysis shows that pure fibrinogen is degraded by the streptokinase/plasminogen complex within 5- 10 min, and addition of PPK supports fibrinogen degradation further (Figure 5D and F). Of note, PPK was activated by Ska/plasminogen in the presence of fibrinogen (Online Supplementary Figure S2C and D). If PPK and FXII were added to fibrinogen it was degraded within 30 min, comparable to plasmin (Figure 5E and G). PPK or FXII alone had marginal effects on fibrinogen degradation, and blocking the proteases by PKSI or CTI inhibited degradation (Online Supplementary Figure S2B). Intriguingly, the degradation pattern of PK cleaved alpha chain of fibrinogen was different, compared to the FXII or the plasmin cleavage pattern (Online Supplementary Figure S2E). We conclude that PPK, activated either by streptokinase/plasminogen or by FXIIa supports plasmin mediated degradation of fibrinogen.
We also investigated the structure of plasma clots by scanning electron microscopy. Clots derived from PPK-deficient plasma had thinner fibrin strands than clots from normal or FXII-deficient plasma (Figure 5H).
Plasma kallikrein promotes bacterial escape from mouse plasma clots
Streptokinase was shown to specifically activate human plasminogen,20 but S. pyogenes is able to escape from mouse (C57BL/6)-derived plasma clots.21 To test whether S. pyogenes can survive in, and escape from, plasma clots of BALB/c mice, plasma samples from control- or PPK-ASO treated animals were clotted with thrombin in the presence of S. pyogenes. Clots were covered with 1% plasma and incubated for up to 4 h at 37°C. Viable S. pyogenes count assays from the supernatants and the clots were performed. Two hours after incubation, no bacteria could be detected in the supernatant. Four hours after incubation, the supernatants of PPK-depleted clots contained significantly fewer viable bacteria compared to supernatants from control-ASO clots (Figure 6A). Thus, S. pyogenes is able to escape from BALB/c mouse plasma clots and PK plays an important role in this process. The relative importance of PK was confirmed in PPK-depleted plasma reconstituted with human PK, where significantly more viable bacteria (compared to PPK-depleted plasma clots) could be detected in the supernatants (Figure 6A). No difference in CFU could be determined inside the clots (Figure 6B).
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Figure 6.Antisense-oligonucleotide (ASO)-mediated plasma prekallikrein (PPK) depletion reduced bacterial escape and inhibited bacteria-triggered fibrinolysis in mouse plasma clots. (A and B) Plasma from four mice per group was pooled and mixed with 1×107 colony forming units (CFU)/mL S. pyogenes, a stable clot was induced by addition of thrombin and CaCl2, and overlaid with PBS, containing 1% plasma. After 4 hours (h), the bacterial loads in the supernatant (A) and homogenized clots (B) were determined by plating. N=4. *P=0.0323; ****P<0.0001. (C) PAP complexes or plasminogen content (D) were determined in EDTA plasma from infected control- or PPK-ASO treated mouse, n=5 per group. (E) Plasma was mixed with 1×109 CFU/mL S. pyogenes and clot formation was induced by addition of thrombin and CaCl2. After 4 h of incubation at 37°C, clots were fixed and analyzed by Scanning electron microscopy. Bars represent 2 μm. PK: plasma kallikrein; n.s. not significant.
It has previously been shown that PK activates plasminogen,22 which would enhance plasmin concentration in control mice. To address this experimentally, circulating plasmin 2-antiplasmin (PAP) complexes were quantified in infected control- and PPK-ASO treated mice (Figure 6C). However, no difference between the two groups was observed, supporting the assumption that PK assist in fibrinogen degradation and might be relevant for the observed bacterial dissemination. Importantly, there was no difference in the plasminogen concentration between healthy control and PPK-ASO treated mice (Figure 6D).
Finally, plasma clots from control ASO or PPK-depleted animals incubated with S. pyogenes were imaged with scanning electron microscopy. Clots derived from control mice and incubated with bacteria lost their structural integrity (Figure 6E), fibrin fibers were degraded, and bacteria could not be detected within the clot (Figure 6E, left). If PPK was absent, intact fibrin fibers were visible, with bacteria trapped inside of them (Figure 6E, right).
Taken together, the data show that PK supports degradation and streptococcal escape from mouse plasma clots leading to increased bacteremia and infection of tissues.
Plasma kallikrein and FXII concentrations are significantly decreased in plasma of septic patients
We further investigated PK and FXII concentrations in plasma of 23 patients with sepsis, severe sepsis or septic shock, collected 1, 2 and 3 days after admission to the Intensive Care Unit (ICU). In most of the patients, multiple infectious sources and bacterial isolates were identified and, importantly, non-survivors had significantly prolonged aPTT compared to survivors.14 Plasma samples from 12 healthy persons were used as controls. Both PK and FXII levels are significantly reduced in all patients compared to healthy controls (Figure 7A and B). There is no significant difference between survivors and non-survivors, or between the days of admission. The data support earlier studies, and clearly show that reduction of PK and FXII in plasma is not restricted to S. pyogenes sepsis.
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Figure 7.Significant decrease in plasma prekallikrein and factor XII (FXII) in plasma of patients with sepsis, severe sepsis or septic shock. Blood samples were collected from patients diagnosed with sepsis. Specific sandwich ELISA was performed to detect the levels of (A) plasma kallikrein (PK) and (B) FXII in plasma of sepsis patients on days 1-3. Non-survivor: n=8; survivor: n=15; healthy controls: n=15. ***P≤0.001.
Discussion
Local activation of contact factors on the bacterial surface may be protective against infections, due to the release of antimicrobial peptides and bradykinin from HK, which trigger inflammatory reactions. On the other hand, activation of the system by the pathogen may provoke invasive spreading via bradykinin-induced vascular leakage.5 We previously reported that S. pyogenes triggers activation of the contact system by streptokinase with the liberation of bradykinin. In addition, we showed that S. pyogenes isolates from invasive infections trigger an activation of the contact system more potently than strains isolated from non-invasive infections. Intriguingly, no significant difference was observed when plasmin activation was analyzed,23 supporting the idea that the ability of certain strains to activate contact factors is associated with improved bacterial dissemination. The current study showed that PK, a serine protease of the contact system, is involved in fibrinolysis triggered by S. pyogenes, and supports streptococcal dissemination in mice. In vitro, degradation of fibrinogen and lysis of plasma clots (induced by streptokinase) was impaired in the absence of PK. We therefore, suggest that PK assist in degradation of fibrin by plasmin. This hypothesis is supported by ex vivo and in vivo experiments showing that PK is involved in S. pyogenes escape from mouse plasma clots and dissemination. On the other hand, our data do not exclude a direct plasminogen activation by PK that was shown before in vitro.22 Of note, a knock-out of the Klkb1 gene in mice results in an antithrombotic phenotype.2411 However, reduced thrombosis in Klkb1 KO mice was not due to defective contact activation but was a result of reduced aortic tissue factor in this mouse;24 thus, this mouse would be not suitable for our investigations. In the present study, we demonstrated that the selective reduction of PPK by ASO-technology decelerated bacterial spreading, dampens inflammatory cytokine and chemokines, and raises CCL5 (RANTES). RANTES acts as a chemoattractant for monocytes, memory Th cells, and eosinophils. As in our animal model, in humans, the level of RANTES was inversely associated with bacteremia25 and the APACHE II score, thus low levels were predictive with poor outcome.2726
FXII is the main physiological activator of PPK but, surprisingly, a knockdown of F12 gene had no influence on bacterial dissemination in our sepsis model. Beside its function as an activator for PPK, FXII directly increases the fiber density within a clot and makes it more resistant to fibrinolysis.2928 Consequently, deficiency of FXII in mice or human impairs thrombus stability.3130 The present study supports these findings, as fibrinolysis, initiated in vitro by bacteria or pure streptokinase, was faster in the absence of FXII. A recent study by Stroo et al. showed that FXII deficiency in mice improved survival and reduced bacterial outgrowth in an airway infection model with the Gram-negative Klebsiella pneumoniae. However, and similar to our data, FXII deficiency did not protect mice when the Gram-positive Streptococcus pneumoniae was used in the airway infection model.32
A depletion of contact factors is often seen in sepsis patients,343315 and this was confirmed in the present study. Depletion of contact factors has been assigned to consumption resulting from massive activation of the contact system. However, although a prolonged aPTT indicated a consumption of FXII and PK in these patients, we could not observe a massive HK cleavage.14 As contact factors are mainly synthesized in the liver, an alternative explanation for low contact factor levels is downregulation of gene expression in the liver, as shown in the present study for F12 and Klkb1 genes in the mouse sepsis model. The knowledge about the pathophysiological role of contact factor gene expression is important for the understanding of their general functions in infection. Expression of Klkb1 was quickly decreased due to invasive infection in mice and accompanied by a fast decrease in the protein in plasma. In addition, an earlier study has shown that the clearance rate of PK by the liver is significantly increased during the acute phase reaction.35 Both mechanisms could contribute to low PK levels in plasma of septic patients, and this suggests that the fast reduction of PK is part of the physiological acute phase response, which supports the antifibrinolytic state. The role of the acute phase response is to enhance host defense to prevent injury of the host within the process of killing bacteria.1 A procoagulant state with inhibition of fibrinolysis may help to contain the bacteria at the primary site of infection. The impairment of fibrinolysis is mediated by different mechanisms, i.e. by decreasing liver synthesis of anticoagulants such as antithrombin III,36 or increasing production of fibrinolysis inhibitors, such as thrombin-activatable fibrinolytic inhibitor (TAFI)37 or plasminogen-activator-inhibitor 1 (PAI1).3938 Our investigations suggest that down-regulated Klkb1 expression during infection likewise contributes to inhibited fibrinolysis.
The intrinsic coagulation pathway does not contribute to physiological hemostasis, and activation occurs in vivo always under pathological conditions, such as thrombosis, sepsis, or ARDS.4240 This is the first study that investigated the functional contribution of PK in host defense to bacterial sepsis in rodent and human systems. The study shows that FXII and PK play distinct roles within the infection process. PK supports streptococcal spreading by its profibrinolytic function, whereas, in our model, FXII did not influence bacterial dissemination.
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