Hemostasis

Cg) Ferrata Storti Foundation

Haematologica 2020
Volume 105(5):1424-1435

Correspondence:

SONJA OEHMCKE-HECHT
sonja.oehmcke-hecht@med.uni-rostock.de

Received: April 3,2019.
Accepted: July 12, 2019.
Pre-published: July 18, 2019.

doi:10.3324/haematol.2019.223545

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:

www.haematologica.org/content/105/5/1424

©2020 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode.
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

5

The contact system proteases play disparate
roles in streptococcal sepsis

Juliane Kohler,* Claudia Maletzki,? Dirk Koczan,®* Marcus Frank,*
Carolin Trepesch,*” Alexey S. Revenko,® Jeffrey R. Crosby,® A. Robert Macleod,®
Stefan Mikkat® and Sonja Oehmcke-Hecht*

*Institute of Medical Microbiology, Virology and Hygiene, Rostock University Medical
Center, Rostock, Germany; 2Department of Internal Medicine, Medical Clinic Il -
Hematology, Oncology, Palliative Care, Rostock University Medical Center, Rostock,
Germany; *Center for Medical Research - Core Facility Micro-Array-Technologie, Rostock
University Medical Center, Rostock, Germany; “Medical Biology and Electron Microscopy
Centre, Rostock University Medical Center, Rostock, Germany; °Department of Antisense
Drug Discovery, lonis Pharmaceuticals Inc., Carlsbad, CA, USA and °Core Facility
Proteome Analysis, Rostock University Medical Center, Rostock, Germany

*Current address: Department of Anesthesiology and Operative Intensive Care Medicine,
Campus Virchow-Klinikum, Charité - Universitdtsmedizin Berlin; Freie Universitat Berlin, Humboldt-
Universitat zu Berlin, and Berlin Institute of Health, Berlin, Germany

ABSTRACT

epsis causes an activation of the human contact system, an inflamma-

tory 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 pre-
viously 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. Iz vitro, factor XII
decelerated bacteria induced fibrinolysis, whereas plasma kallikrein support-
ed it. Remarkably, depletion of plasma kallikrein (but not factor XII) by treat-
ment with antisense-oligonucleotides, dampens bacterial dissemination and
growth in multiple organs in the mouse sepsis model. These findings iden-
tify plasma kallikrein as a novel host pathogenicity factor in Streptococcus
pyogenes sepsis.

Introduction

Sepsis and severe sepsis are life-threatening complications caused by a dysregulat-
ed 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.' 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.” Inhibition of fibrinolysis may support
this process further, since highly invasive pathogens exploit the host fibrinolytic sys-
tem to degrade fibrin clots and overcome tissue barriers.” 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 syn-
drome and necrotizing fasciitis are associated with high morbidity and mortality.®
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Virulence factors of S. pyogenes have been studied inten-
sively, and conversion of human plasminogen to plasmin
by bacterial streptokinase is a mechanism which supports
bacterial dissemination.’ Streptokinase-activated plasmin
also activates the human contact system, an inflammatory
response mechanism against artificial material and
pathogens.” 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 con-
verts PPK to plasma kallikrein (PK). PK, which circulates in
a non-covalent complex with HK,® cleaves HK and the
proinflammatory peptide bradykinin is released.” In severe
sepsis, activation of the contact system is archetypal® and
multiple animal studies with different pharmacological
interventions that inhibit FXII, bradykinin receptors or the
interaction of contact factors with the bacterial surface’
were carried out to evaluate potential therapeutic options."
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 dif-
ferent in vivo roles for FXII and PK in streptococcal sepsis.

Methods

A detailed description of materials and methods with addition-
al 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."

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 (Tagman 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 ug/mL), PKSI (10 M), FXIla (50 ug/mL) or PK (50 ug/mL) was
added before clot formation was induced. The clot was incubated
for 5 min at 37°C before Streptokinase (100 Units), uPA (10 ug/mL
g) or tPa (10 ug) 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 Xlla
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 Ounline Supplementary Appendix.

Light and scanning electron microscopy
See Ouline Supplementary Appendix and Oehmcke et al."” and
Isenring et al.”®

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 intraperi-
toneal injections, with a dose of 800 ug/mouse, twice per week
for three weeks (total 7 injections, each with 800 pg
ASO/mouse).

The subcutaneous infection model with S. pyogenes AP1 strain
and determination of bacterial dissemination were performed as
described previously.” (See also Ownline Supplementary Appendix).
This study was performed in strict accordance with the recom-
mendations 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 Landesveterindr- und Lebensmitteluntersuchungsamt Rostock
(Permit n. 7221.3-1-002/16).

Plasma proteome
The methods are provided in the Omnline 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."* The proto-
col had been approved by our Institutional Ethics committee (A
201151), and informed consent was obtained from the patients or
their caring relatives.
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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,” which is similar to
the situation encountered in human streptococcal toxic
shock syndrome." Plasma was collected 24 hours (h) after
infection and a total number of 137 proteins including PK,
kininogen-1 and EXII 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 pro-
teins 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 identi-
fied 47 proteins with significantly decreased concentration
due to infection (Table 1). Here, again, we found classical
negative acute phase proteins such as retinol binding pro-
tein or antithrombin III. PK concentrations were signifi-
cantly reduced in infected animals (Table 1). Kininogen-1
and FXII levels were also reduced; however, this was not
statistically significant (Online Supplementary Table S1).

F12 and Kikb1 mRNA levels decline in vitro and in vivo
after infection with S. pyogenes

We next investigated i vitro how mRNA expression of
contact factors is affected in liver cells in response to infec-
tion. HepG2 cells were treated with IL6 or living bacteria
and mRNA was analyzed by quantitative real-time PCR.
In accordance with Citarella et al.,'* 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 sig-
nificantly declined upon treatment with either IL6 or
S. pyogenes (Figure 1B).

To investigate the hepatic expression of Klkb1 and F12
mRNA in vivo, we used the streptococcal murine sepsis
model. Mice were infected subcutaneously with 1.5-2x10
colony forming units (CFU) of S. pyogenes and samples col-
lected 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, K/kb1 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 significant-
ly reduced at 6 and 24 h after infection (Figure 1D); how-
ever, 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/FXIla 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).

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 func-
tional contribution of PK and FXII during sepsis, we inhib-
ited Klkb1 or F12 gene expression by antisense oligonu-
cleotides (ASO), using established protocols,'" 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,'"" plasma protein level of PPK on
EXII depletion, or FXII on PPK depletion, were increased
(Online Supplementary Figure S1C-F). This indicates stabi-
lization of FXII or PPK as response to decreased basal acti-
vation. As a consequence of PPK or FXII knockdown,
decreased proteolytic potential of PK/FXIla (Ounline
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 differ-
ence in bacterial loads in spleen, blood or kidneys
between FXII-depleted mice and controls (data not shown).

Formation of microvascular fibrin deposition in kidneys
was described in lethal human sepsis.”® 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 um) 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 EXII-ASO treated group
(2.5). This was reflected by increased creatinine values in
plasma from control-ASO (8+2.9 umol/L) and FXII-ASO
(8.25+1.9 umol/L) mice, compared to values in PPK-ASO
mice (6+1 umol/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 bac-
terial loads, infected PPK-ASO treated mice had signifi-
cantly 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).
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®
Ta_ble 1. Plasma proteins from infected mice detected by mass spectrometry analysis that were significantly down-regulated, compared to healthy
mice.
Fold change

Accession Protein infected/control Anova (P)
Q00724 Retinol-binding protein 4 0.08 2.17E-09
P49182 Heparin cofactor 2 0.19 1.50E-05
070362 Phosphatidylinositol-glycan-specific phospholipase D 0.21 TA1E-06
PA1317 Mannose-binding protein C 0.32 2.66E-04
P01675 Ig kappa chain V-VI region XRPC 44 0.32 5.87E-04
P03987 Ig gamma-3 chain C region 0.32 4.16E-06
Q61268 Apolipoprotein C-IV 0.33 5.79E-04
P26262 Plasma kallikrein 0.37 2.42E-04
P42703 Leukemia inhibitory factor receptor 0.38 1.30E-04
QIDBBY Carboxypeptidase N subunit 2 0.40 8.67E-07
P01898 H-2 class [ histocompatibility antigen_ Q10 alpha chain 0.42 2.00E-04
Q9JIN5 Carboxypeptidase N catalytic chain 0.42 2.95E-04
Q07968 Coagulation factor XIII B chain 0.44 3.61E-07
QIZ1R3 Apolipoprotein M 0.44 8 43E-04
Q61730 Interleukin-1 receptor accessory protein 0.45 6.01E-05
Q8BH61 Coagulation factor XIII A chain 045 1.18E-02
QIR098 Hepatocyte growth factor activator 0.46 3.31E-04
Q06770 Corticosteroid-binding globulin 0.47 2.25E-04
Q8VCSO N-acetylmuramoyl-L-alanine amidase 048 1.55E-03
089020 Afamin 0.49 1.28E-06
P33622 Apolipoprotein C-II 0.49 3.90E-04
Q60994 Adiponectin 0.50 1.33E-02
P01887 Beta-2-microglobulin 0.50 1.98E-03
P01642 Ig kappa chain V-V region L7 (Fragment) 0.50 1.26E-03
P01863 Ig gamma-2A chain C region_ A allele 0.50 2.38E-02
P51885 Lumican 0.51 1.81E-03
P07309 Transthyretin 0.51 5.89E-04
P03953 Complement factor D 0.53 2.81E-02
P13020 Gelsolin 0.53 1.87E-04
Q9QWK4 CD5 antigen-like 0.54 1.19E-03
Q06890 Clusterin 0.54 6.55E-05
P01787 Ig heavy chain V regions TEPC 15/5107/HPCM1/HPCM2/HPCM3 0.55 1,75E-02
P29699 Alpha-2-HS-glycoprotein 0.55 2.09E-04
P01806 Ig heavy chain V region 441 0.56 2.29E-02
Q64726 Zinc-alpha-2-glycoprotein 0.60 3.34E-05
P28665 Murinoglobulin-1 0.63 1.80E-04
P28666 Murinoglobulin-2 0.64 2.88E-04
P14106 Complement C1q subcomponent subunit B 0.64 1.23E-02
P01631 Ig kappa chain V-II region 26-10 0.65 1.55E-02
QIESB3 Histidine-rich glycoprotein 0.65 1.06E-02
P01867 Ig gamma-2B chain C region 0.66 3.93E-02
P23953 Carboxylesterase 1C 0.66 5.23E-03
Q61129 Complement factor | 0.66 3.33E-04
P32261 Antithrombin-IIl 0.66 1.07E-03
P01872 Immunoglobulin heavy constant mu 0.66 6.51E-03
P01843 Ig lambda-1 chain C region 0.67 2.40E-02
P01868 Ig gamma-1 chain C region secreted form 0.67 4.62E-03
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Role of contact factors in bacterial-triggered
fibrinolysis

S. pyogenes activates plasminogen to escape from the
local site of infection;*however, knockdown of PPK decel-
erated bacterial spreading in mice, implicating a role of PK
in bacteria-induced fibrinolysis. To further explore the
human relevance to our findings, we employed i vitro plas-
ma clot-lysis assays in normal human plasma and congen-
ital 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 significant-
ly 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 strep-
tokinase, was again significantly shorter compared to nor-
mal plasma (Figure 5B). Similarly, the addition of the PK
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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 (2x10° cells/mL) were incubated with
IL6 (50 ng/mL) or S. pyogenes [2x10° 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) TagMan® 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 2x10”
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 TagMan®
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.




Different functions for FXIl and PK in sepsis -

inhibitor PKSI19 to normal plasma prolonged clot lysis
induced by streptokinase (Figure 5B). Complementation of
human congenital FXII- or PPK-deficient plasma with acti-
vated enzymes (FXIla 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 ug/ml) comparing to pooled normal plasma
(141u8 ug/mlL) or PPK deficient plasma (123u28 ug/mL).
However, plasmin activity after activation with streptoki-
nase was similar in all plasma types (Online Supplementary
Figure S2A), providing proof that the streptokinase/plasmin
activity is not inhibited due to different donors.
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 plas-
ma clots, which contained S. pyogenes bacteria. Twenty
minutes after incubation, D-dimer were detected in sam-
ples 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 detect-
ed from clots in normal plasma and FXII-deficient plasma
complemented with FXIla, but still not from clots in PPK-
deficient plasma. Forty-five minutes after incubation,
D-dimer were detected in the supernatant of PPK-defi-
cient plasma, and this time-lag could be reversed by com-
plementation with PK (Figure 5C). As expected, in plas-
minogen-depleted plasma, no D-dimer were detected
within 180 min, but after complementation with plas-
minogen 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.
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after 20 min in FXII-deficient plasma, after 30 min in nor-
mal plasma, and after 45-50 min in PPK-deficient plasma.

As clot lysis time and D-dimer production were deceler-
ated 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 fibrino-
gen (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
EXII alone had marginal effects on fibrinogen degradation,
and blocking the proteases by PKSI or CTI inhibited
degradation (Omnline  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 streptok-
inase/plasminogen or by FXIla 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 SH).

Plasma kallikrein promotes bacterial escape from
mouse plasma clots

Streptokinase was shown to specifically activate human
plasminogen,” but S. pyogenes is able to escape from
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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 2x10" 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 spe-
cific sandwich enzyme-linked immunosorbent assay. (B) Plasma samples from four mice per group were pooled and proteolytic potential of plasma kallikrein (PK)/fac-
tor Xlla (FXlla) activity was measured using chromogenic substrate S-2302 for PK and FXlla. (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.
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mouse (C57BL/6)-derived plasma clots.” 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% plas-
ma and incubated for up to 4 h at 37°C. Viable S. pyogenes
count assays from the supernatants and the clots were per-
formed. Two hours after incubation, no bacteria could be
detected in the supernatant. Four hours after incubation,
the supernatants of PPK-depleted clots contained signifi-
cantly 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 impor-
tance of PK was confirmed in PPK-depleted plasma recon-
stituted 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).

It has previously been shown that PK activates plas-
minogen,” 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 fib-
rinogen 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 bac-
teria 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 degra-
dation 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, multi-
ple infectious sources and bacterial isolates were identified
and, importantly, non-survivors had significantly pro-
longed aPTT compared to survivors.” 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-sur-
vivors, or between the days of admission. The data sup-
port earlier studies, and clearly show that reduction of PK
and FXII in plasma is not restricted to S. pyogenes sepsis.

Discussion

Local activation of contact factors on the bacterial sur-
face may be protective against infections, due to the
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Figure 3. Bacterial spreading and histopathology of kidneys from plasma prekallikrein (PPK)- or factor Xl (FXIl)-depleted mice infected with S. pyogenes. Groups
of mice were infected subcutaneously (sc.) with 1.6-2 x107 colony forming units (CFU)/mouse S. pyogenes AP1. Twenty-four hours after infection, samples were col-
lected 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 quan-
tified. 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 x magnification).




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 leak-
age.® We previously reported that S. pyogenes triggers acti-
vation of the contact system by streptokinase with the lib-
eration of bradykinin. In addition, we showed that S. pyo-
genes isolates from invasive infections trigger an activa-
tion of the contact system more potently than strains iso-
lated from non-invasive infections. Intriguingly, no signif-
icant difference was observed when plasmin activation
was analyzed,” supporting the idea that the ability of cer-
tain 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 i vivo experiments showing that PK is involved in
S. pyogenes escape from mouse plasma clots and dissemi-
nation. On the other hand, our data do not exclude a
direct plasminogen activation by PK that was shown
before in vitro.”” Of note, a knock-out of the Klkb1 gene in
mice results in an antithrombotic phenotype.'** 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;” thus, this mouse would
be not suitable for our investigations. In the present study;,
we demonstrated that the selective reduction of PPK by
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ASO-technology decelerated bacterial spreading, damp-
ens inflammatory cytokine and chemokines, and raises
CCLS5 (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 bacteremia®and the APACHE II
score, thus low levels were predictive with poor
outcome.**”

FXII is the main physiological activator of PPK but, sur-
prisingly, a knockdown of F72 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.”* Consequently, deficiency of FXII in mice or
human impairs thrombus stability.***" The present study
supports these findings, as fibrinolysis, initiated in vitro by
bacteria or pure streptokinase, was faster in the absence of
EXII. A recent study by Stroo et al. showed that FXII defi-
ciency 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 air-
way infection model.*

A depletion of contact factors is often seen in sepsis
patients,®* and this was confirmed in the present study.
Depletion of contact factors has been assigned to con-
sumption 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.'* As contact factors
are mainly synthesized in the liver, an alternative explana-
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Figure 4. Proinflammatory response in plasma prekallikrein (PPK)-depleted mice infected with S. pyogenes. Groups of mice (n=5 per group) were infected subcu-
taneously (sc.) with 2x107 colony forming units (CFU)/mouse S. pyogenes AP1. Twenty-four hours after infection animals were collected and EDTA plasma were ana-
lyzed 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.
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tion 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 plas-
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ma. In addition, an earlier study has shown that the clear-
ance rate of PK by the liver is significantly increased dur-
ing the acute phase reaction.”” 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
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Figure 5. Effect of human congenital factor
XIl (FXI) or plasma prekallikrein (PPK)
deficiency on fibrinolysis induced by strep-
tokinase or S. pyogenes bacteria. (A) A clot
was derived in normal, FXIl- or PPK-defi-
cient plasma by thromboplastin (PT)-
reagent and time until clot lysis was meas-
ured after addition of streptokinase, uPA or
tPA. (B) A clot was derived in normal, FXII- or
PPK-deficient (def) plasma that was, if indi-
cated, pre-incubated with CTI
(75 ug/mL), PKSI (10 uM), FXlla
(50 ug/mL) or PK (50 ug/mL). Time until
clot lysis was measured after addition of
streptokinase. (C) Growing S. pyogenes
(2x10® 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 super-
natant 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
(FXIl/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 repre-
sent 2 um. *P<0.05; **P<0.01;
**%pP<0.001; ****P<0.0001. min: min-
utes.
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within the process of killing bacteria.' 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,* or increasing production of fibrinolysis
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inhibitors, such as thrombin-activatable fibrinolytic
inhibitor (TAFI)” or plasminogen-activator-inhibitor 1
(PAI1).** Our investigations suggest that down-regulated
Klkb1 expression during infection likewise contributes to
inhibited fibrinolysis.

The intrinsic coagulation pathway does not contribute
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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 1x10” colony forming units (CFU)/mL S. pyogenes, a stable clot was
induced by addition of thrombin and CaCl,, and overlaid with PBS, containing 1% plasma. After 4 hours (h), the bacterial loads in the supernatant (A) and homoge-
nized 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 1x10° CFU/mL S. pyogenes and clot formation was induced by addition of
thrombin and CaCl,. After 4 h of incubation at 37 °C, clots were fixed and analyzed by Scanning electron microscopy. Bars represent 2 um. PK: plasma kallikrein; n.s.

not significant.
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to physiological hemostasis, and activation occurs in vivo
always under pathological conditions, such as thrombosis,
sepsis, or ARDS.** This is the first study that investigated
the functional contribution of PK in host defense to bacte-
rial sepsis in rodent and human systems. The study shows
that EXII and PK play distinct roles within the infection
process. PK supports streptococcal spreading by its profib-
rinolytic function, whereas, in our model, FXII did not
influence bacterial dissemination.
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