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Background: High-molecular-weight kininogen is a cofactor of the human contact system, an inflammatory
response mechanism that is activated during sepsis. It has been shown that high-molecular-weight kinino-
gen contributes to endotoxemia, but is not critical for local host defense during pneumonia by Gram-negative
bacteria. However, some important pathogens, such as Streptococcus pyogenes, can cleave kininogen by con-
tact system activation. Whether kininogen causally affects antibacterial host defense in S. pyogenes infection,
remains unknown.

Keywords: .. . . . . .
Kir):inogen Methods: Kininogen concentration was determined in course plasma samples from septic patients. mRNA
Sepsis expression and degradation of kininogen was determined in liver or plasma of septic mice. Kininogen was

depleted in mice by treatment with selective kininogen directed antisense oligonucleotides (ASOs) or a
scrambled control ASO for 3 weeks prior to infection. 24 h after infection, infection parameters were
determined.
Findings: Data from human and mice samples indicate that kininogen is a positive acute phase protein. Lower
kininogen concentration in plasma correlate with a higher APACHE II score in septic patients. We show that
ASO-mediated depletion of kininogen in mice indeed restrains streptococcal spreading, reduces levels of
proinflammatory cytokines such as IL-18 and IFNy, but increased intravascular tissue factor and fibrin depo-
sition in kidneys of septic animals.
Interpretation: Mechanistically, kininogen depletion results in reduced plasma kallikrein levels and, during
sepsis, in increased intravascular tissue factor that may reinforce immunothrombosis, and thus reduce strep-
tococcal spreading. These novel findings point to an anticoagulant and profibrinolytic role of kininogens dur-
ing streptococcal sepsis.
Funding: Full details are provided in the Acknowledgements section.
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Streptococcus pyogenes

1. Introduction are also found in other body fluids, organs such as kidneys and in cells

such as neutrophils. Two forms of kininogen are found in mammalian

Kininogens are multifunctional and multidomain glycoproteins,
synthetized in the liver and predominantly circulate in the blood, but
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plasma: high-molecular-weight kininogen (HK) and low molecular
weight kininogen (LK) [for a review see 1]. In humans, both proteins
originate from the KNG1 gene through alternative splicing [2]. In con-
trast to humans’, mice contain two genes for kininogen, KNG1 and
KNG2, both produce HK and LK isoforms [3]. Structurally, HK and LK
contain an identical heavy chain, which consists of domains 1, 2, and
3. HK contains a 56 kDa light chain that consists of domains 5 (D5H)
and 6 (D6). LK contains a unique 4 kDa light chain (D5L). In both
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proteins, the heavy and light chains are linked by domain 4 (D4),
which contains the bradykinin nonapeptide. HK is an important
cofactor of the human contact system responsible for inflammatory
response against foreign surfaces, proteins and pathogens. Beside HK,
the contact system includes two proteases, factor XII (FXII) and
plasma prekallikrein (PK). The proteins circulate as zymogens in the
bloodstream or are assembled on endothelial cells, neutrophils, and
platelets. When blood is exposed to negatively charged artificial or
biological surfaces, contact factors bind to it, FXII becomes auto-acti-
vated and converts PK to plasma kallikrein (PKa). PK circulates in a
noncovalent complex with HK [4] and cleaves it after conversion to
PKa, releasing the peptide bradykinin from D4 [5]. Bradykinin is a
vasoactive and proinflammatory nonapeptide, which increases the
production of nitric oxide and prostaglandins, and causes increased
vascular permeability, hypotension, smooth-muscle contraction and
fever. HK and LK can also be cleaved by other proteases, including tis-
sue kallikrein and neutrophil-derived proteases [6,7] as well as bacte-
rial proteases (for a review see [8]), to release kinins related to
bradykinin. Moreover, contact factors can bind to the surface of path-
ogenic Gram-positive, such as Staphylococcus aureus or Streptococcus
pyogenes and Gram-negative bacteria, such as Escherichia coli and Sal-
monella [9], become activated and release bradykinin and antimicro-
bial peptides (AMPs) [10]. AMPs are derived from the proteolysis of
kininogen D3 and D5H and are active against a wide range of bacte-
rial species (for a review see [11]).

Kinins were shown to recruit neutrophils [12] and stimulate alve-
olar macrophages [13], thus potentiate the host response against
invading pathogens. However, increased vascular permeability due
to bradykinin release may facilitate the systemic spread of the patho-
genic microorganisms. Indeed, in one of our previous studies we
found that depletion of PK by treatment with antisense oligonucleoti-
des (ASOs), dampens bacterial dissemination and growth in multiple
organs in a mouse Streptococcus pyogenes sepsis model [14]. S. pyo-
genes is a Gram-positive major human pathogen causing mainly local
infections of the skin and mucous membranes. Local infections occa-
sionally develop into serious systemic complications, of which strep-
tococcal toxic shock syndrome and necrotizing fasciitis are associated
with high morbidity and mortality [15]. S. pyogenes were the first
bacteria described to adsorb HK from plasma [16], followed by activa-
tion of contact factors [17] and the release of bradykinin [18].

Here we investigated the role of kininogens in a mouse model of
streptococcal sepsis and found increased hepatic expression of mouse
KNG1/2 genes upon infection. Cleavage of HK in plasma of septic mice
indicated a release of bradykinin due to infection. A knockdown of KNG1/
2 gene expression, prior to the infection, diminished bacterial spreading
and cytokine release, but increased intravascular tissue factor levels and
fibrin deposition in kidneys. Thus, the role of kininogen in streptococcal
sepsis seems to be profibinolytic rather than procoagulant.

2. Material and methods
2.1. Bacterial strains and culture conditions

The S. pyogenes strain AP1 (40/58) has been described previously
[17]. Bacteria were grown overnight in Todd-Hewitt broth (THB; Bec-
ton Dickinson) at 37 °C and 5% CO,,

2.2. Human plasma

Pooled plasma was obtained from 20 healthy donors and HK-
depleted plasma was purchased from Affinity Biologicals Inc.

2.3. 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 [19]. The protocol had been
approved by our Institutional Ethics committee (A 201,151), and
informed consent was obtained from the patients or their caring rela-
tives.

2.4. Measurement of kininogen in plasma

The total kininogen amount in plasma of septic patients was
quantified by a sandwich ELISA (Coachrom Diagnostica). Briefly,
affinity-purified antibody to kininogen (SAKN-IG, produced in sheep),
detecting HK and LK in Western blot analysis, was coated onto the
wells of a microtiter plate overnight at 4 °C. Any remaining binding
sites on the plastic wells were blocked for 1.5 h at room temperature
with bovine serum albumin. The plates were washed and plasma
samples, in appropriate dilution, were applied overnight at 4 °C. After
washing, a peroxidase-conjugated detection antibody to kininogen
was added. Peroxidase activity was expressed by incubation with o-
phenylenediamine (OPD). After development for 10 min, the reaction
was quenched with the addition of H,SO4 and the color produced
was quantified using a microplate reader. The color was proportional
to the concentration of kininogen present in the samples.

2.5. Kininogen immunoblot analysis

Mouse or human plasma anticoagulated with sodium citrate was
fractionated on 4—12% gradient SDS-polyacrylamide gels followed by
immunoblotting with mouse antibody detecting the heavy chain of
kininogens (sc-25,885, Santa Cruz). Blots were incubated with sec-
ondary fluorophore-labelled antibodies (LI-COR) and imaged on
Odyssey Imager (LI-COR). HK relative plasma protein levels were
determined by densitometry analysis (Image]).

2.6. Clot lysis time

A clot was generated in human normal or HK-depleted plasma by
the addition of PT-reagent. In some experiments purified HK (50 ug/
ml) was added before clot formation was induced. The clot was incu-
bated for 5 min at 37 °C before streptokinase (100 Units), uPA
(10 pg) or tPa (10 wg) was added. Time until clot lysis was deter-
mined in a coagulometer.

2.7. Clot lysis time in purified clot system

A clot was generated with 15 ul of protein solution with purified
fibrinogen (3 mg/ml), plasminogen (200 wg/ml), with or without
kininogen (80 wg/ml) by addition of 1 wl thrombin.

The clot was incubated for 5 min at 37 °C before streptokinase
(100 Units) was added. Time until clot lysis was determined in a coa-
gulometer.

2.8. p-Dimer Elisa

S. pyogenes AP1 was grown to mid-logarithmic phase
(OD620nm = 0.4). 100 1l bacteria (2 x 108 CFU/ml) were mixed with
100 w1 human normal or HK-depleted plasma and a clot was gener-
ated by the addition of thrombin (1 U) and CaCl, (25 mM). The clot
was incubated for 5 min at 37 °C, and overlayed with PBS containing
1% of the original plasma. 50 ul supernatant was taken at indicated
time points and stored at —20 °C. The p-Dimers ELISA (Technoclone)
was performed according to the manufacturer’s instructions.

2.9. Plasmin activity in human plasma
Plasmin activity in human normal or HK-depleted plasma (diluted

1:10 in HEPES-saline, 10 mM HEPES, 137 mM NaCl) was determined
after addition of streptokinase (10 Units), uPA (100 wug/ml) or tPa
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(100 wg/ml) and the chromogenic substrate S-2403 (0.36 mM, Chro-
mogenix) followed by incubation for 3 h at 37 °C, during measure-
ment at 405 nm in an ELISA reader.

2.10. Scanning electron microscopy

A clot was induced with PT reagent (Technoplastin HIS) from 100
or 50 11 mouse or human normal and HK-depleted plasma. The clots
were incubated for 5 min at 37 °C, fixed and analysed as described
previously [14]. After fixation the clots were washed with distilled
water and were dehydrated in an ascending series of acetone. In a
final step, acetone was replaced by 1,1,1,3,3,3-hexamethyldisilazane
(HMDS; Roth, Germany) for improved air-drying. Samples were
mounted on SEM-carriers with adhesive conductive carbon tape
(PLANO, Wetzlar, Germany) and were sputter-coated with a gold
layer under vacuum (EM SCD 004, BALTEC, Balzers). Samples were
analysed by a field emission scanning electron microscope (FE-SEM,
MERLIN® VP Compact, Zeiss Microscopy, Germany).

2.11. Antisense-Oligonucleotides (ASOs)

ASOs for KNG1 and KNG2 mRNA knockdown in vivo were provided
by Ionis Pharmaceuticals. All oligonucleotides for kininogen mRNA
knockdown in vivo were 20 nucleotides in length and chemically
modified with phosphorothioate linkages in the backbone and 2'-O-
methoxyethyl (MOE) on the wings with a central deoxynucleotide
gap (“5—10-5" design). Oligonucleotides were synthesized and puri-
fied as previously described [20]. ASOs were designed to inhibit
KNG1 and KNG2 RNA expression simultaneously. ASOs bind and
induce cleavage of the KNG1 and KNG2 pre-mRNA in the nucleus.
ASO site is located in the exon 8. To identify potent kininogen inhibi-
tors, ASOs were designed and tested in primary mouse hepatocytes
for their ability to suppress mRNA levels of the respective target.
From these experiments, optimized ASOs were selected for evalua-
tion in mice.

2.12. mRNA analysis

Total RNA was isolated from 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 Transcrip-
tion Kit (Applied Biosystems) and the complementary DNA obtained
used for real-time quantitative PCR. The reaction mixture (20 ul)
containing Assay probe, Tagman Universal PCR Master Mix (Applied
Biosystems) and cDNA was amplified as follows: denaturation at 95 °
C for 10 min and 45 cycles at 95 °C for 15 s and 60 °C for 1 min.
GAPDH (human or rodent) was used as a housekeeping gene. Relative
expression was calculated employing the 2-22 method.

2.13. Animal experiments

Eight-week-old female BALB/c mice with a weight of 16—-18 g
(Charles River Laboratories) were treated with ASOs through intra-
peritoneal injections, with a dose of 800 g/mouse, twice per week
for 3 weeks (total 7 injections, each with 800 ;g ASO/mouse).

The subcutaneous infection model with S. pyogenes AP1 strain and
determination of bacterial dissemination were performed as
described previously [14]. This study was performed in strict accor-
dance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. The proto-
col was approved by the Committee on the Ethics of Animal Experi-
ments the Landesveterindr- und Lebensmitteluntersuchungsamt
Rostock (Permit Number: 7221.3—1-002/16).

2.14. Multiplex analysis of cytokines

A panel of plasma cytokines (n = 20) was determined according to
the manufacturer’s instructions of the Procartaplex™ Multiplex
Immunoassay (ThermoFisher Scientific, Berlin, Germany). Briefly,
plates were coated with magnetic beads, followed by the addition of
standards and EDTA plasma samples from infected and healthy con-
trol mice (n = 5/group; 25 ul/well). Upon washing, detection anti-
body was added. Data acquisition was done after incubation with
streptavidin-PE. Samples were run on a Bioplex 2000 (Bio-Rad Labo-
ratories GmbH, Munich, Germany). Data were analysed by the Bio-
Plex Manager Software and sample concentration (pg/ml) was calcu-
lated by plotting against the corresponding standard curve.

2.15. Lendrum (-MSB) staining for Fibrin identification

Mice were killed and organs fixed in buffered 4% formalin at 4 °C.
Tissues were dehydrated, embedded in paraffin and cut into sections.
After removal of the paraffin, tissues were stained with Martius scar-
let blue (MSB Lendrum, Fibrin-Red, Erythrocytes-Yellow, Collagen,
Elastic Fibers, Basement Membranes — Blue, Epithelia - Red) accord-
ing to the manufacturer’s instructions (Morphisto). Fibrin areas >
5 um were counted in each organ and graded on a scale of 0 to 3
(0 = absent; 1 = up to 20; 2 = 20 - 50 and 3 = more than 50 fibrin
areas).

2.16. Proteolytic potential for PK/FXIla activity in mouse plasma

Pooled plasma from 4 mice/group was incubated with Dapptin
(Dapptin TC) and FXIIa/PK activity was determined in a microplate
reader by chromogenic substrate S-2302 (Chromogenix).

2.17. Tissue factor activity in mouse plasma

The tissue factor chromogenic activity assay (Assaypro LLC) was
used to quantify the tissue factor pro-coagulant activity in mouse
plasma samples [21].

2.18. Proteome analysis

Proteome analysis was performed with EDTA plasma samples
from mice treated with KNG1/2-ASOs or control ASOs (five mice each
group) respectively. Samples corresponding to 75 g of protein were
mixed with solubilization buffer (1.5% sodium deoxycholate (SDC),
10 mM dithiothreitol, and 50 mM ammonium bicarbonate (ABC)),
incubated at 95 °C for 5 min, and alkylated with 15 mM iodoaceta-
mide for 20 min at room temperature. After dilution with two vol-
umes of 50 mM ABC, sequencing grade trypsin (Promega GmbH,
Mannheim, Germany) was added in an enzyme/protein ratio of
approximately 1:100 to a final volume of 320 wl. Digestion was per-
formed at 37 °C for 16 h. SDC was removed from the solutions of
digested proteins using the phase transfer surfactant method. Finally,
the peptide solutions were desalted with OASIS HLB 1cc Vac Car-
tridges (Waters, Manchester, UK). Peptide samples corresponding to
approximately 200 ng of digested protein supplemented with
40 fmol of Hi3 E. coli standard for protein absolute quantification
(Waters) were separated using a nanoAcquity UPLC system (Waters).
The UPLC system was coupled to a Synapt G2-S mass spectrometer
(Waters) operated in data-independent mode (HDMSE) as previously
described. Samples were measured once without technical replica-
tion. Protein identification and label-free quantification was per-
formed using Progenesis QI for Proteomics version 4.0 (Nonlinear
Dynamics, Newcastle upon Tyne, UK) as described. For the database
search, a database containing 17,006 reviewed protein sequences
from Mus musculus (UniProt release 2019_02) appended with the
sequences of CIpB from E. coli (P63284) and porcine trypsin was
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used. Proteins which showed at least 2-fold increase or decrease,
respectively, and ANOVA p-values < 0.01 for the comparison
between KNG1/2-ASO mice and control-ASO mice were regarded as
significant.

2.19. Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version
8.2.1). The P value was determined by using the unpaired t-test (com-
parison of two groups), if not otherwise indicated. All samples were
analysed in triplicates, and all experiments were performed at least
three times, if not otherwise declared. The bars in the figures indicate
the standard deviations (SD).

3. Results
3.1. Kininogen expression and degradation in septic mice

Hepatic expression of KNG1 and KNG2 mRNA during sepsis was
investigated in a streptococcal murine sepsis model [14]. Mice were
infected subcutaneously with 1.5 - 2 x 107 CFU S. pyogenes and liver
samples were collected at 6 h and 24 h after infection. After 6 h of
infection, KNG1/2 mRNA levels were significantly increased in
infected mice, compared to healthy controls (Fig 1a, b), while 24 h
after infection no differences in KNG1 mRNA expression were mea-
sured between control and infected animals (Fig 1a). The expression
of KNG2 mRNA was still significantly increased at this time point
(Fig 1b).

Several studies have been published showing that systemic con-
tact activation occurs in patients with severe sepsis and septic shock,
combined with a massive release of bradykinin [22,23]. Thus, we per-
formed semiquantitative Western blot analysis in mouse plasma

samples 24 h and 42 h after infection with S. pyogenes (Fig 1c). HK (at
110 kDa), the intermediate band (at 82 kD) corresponding to AmHK-
D5, LK and the heavy chain of HK (at 65 kDa) [3], the light HK chain
(at 56 and 47 kDa) and the degradation product at 38 kDa were ana-
lyzed by densitometry (Fig 1d-f). Similar to a septic patient cohort in
one of our previous studies [19], no significant differences of HK at
110 kDa (Fig 1d), could be observed between plasma of healthy and
septic mice. LK and the heavy chain of HK (at 65 kDa) were increased
after 42 h of infection (Fig 1e). Degradation products of HK at 56 and
38 kDa also were increased in septic mice (Fig 1f, h). This implicates
cleavage of HK and release of BK in the blood of septic mice.

3.2. Knockdown of KNG1/2 in mice by ASO treatment

To investigate the functional contribution of kininogen in strepto-
coccal sepsis, expression of KNG1 and 2 were suppressed by treating
mice with KNG1/2-ASO for 3 weeks. Control mice received scrambled
control-ASO. After 3 weeks of ASO treatment, KNG1/2 mRNA levels in
the liver were reduced by over 90% compared to mice treated with
control-ASO (Fig 2a, b). HK protein (at 110 kDa) and AmHK-D5 (at
82 kD), were almost non-detectable by Western Blotting (Fig 2c).
AmHK-D5 was reduced to around 17% as determined by densitome-
try (Fig 2d). LK (at 65 kDa) was equally reduced to 14% in KNG1/2-
ASO treated mice, comparing to control-ASO treated mice (Fig 2c, d).

HK and PK circulate in plasma as a bimolecular complex and pre-
vious studies documented low PK levels in patients with hereditary
kininogen deficiency [24,25]. Similarly, in mice with inhibited or
absent KNG1 expression PK levels were reduced to about 40% [26].
This was confirmed in our study, as blocking expression of KNG1 and
2 reduced also the content of PK in plasma to about 40% (Fig 2c, d). A
comparable reduction of the PK concentration to 34% was quantified
by mass spectrometry. However other plasma proteins of the contact
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Fig. 1. Relative gene expression of KNG1 and 2 after subcutaneous (sc.) infection with S. pyogenes.
a, b) Groups of mice (n = 9—10) were infected sc. with 2 x 107 CFU/mouse of S. pyogenes AP1. 6 and 24 h after infection, animals were killed, liver tissue was collected for total

RNA isolation and gene expression analysis.
c) Western Blot analysis of mouse plasma with an antibody against kininogen.

d-f) relative levels of HK (d), LK (e) or degradation products (f, g, h) quantified by densitometry from figure 1c. One sample t-test, *p < 0.05 ** p < 0.001.
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Fig. 2. Analysis of kininogen gene expression, protein levels and function after KNG1/2-ASO treatment.
A group of mice (n = 4) were treated with KNG1/2-ASO or control-ASO (n = 10) through intraperitoneal injections, with a dose of 800 ;.g/mouse, twice per week for 3 weeks

(total 7 injections, each with 800 ;g ASO/mouse).

a, b) After the last ASO dose liver tissue was collected for total RNA isolation and gene expression analysis. One sample t-test, **** p < 0.0001

c) Western Blot analysis of mouse plasma with an antibody against kininogen or PK (anti-PK).

d) relative levels of PK, LK and AmHK-D5, quantified by densitometry from Fig 2c. One sample t-test, *p < 0.05, **p < 0.01. e) Plasma samples from 4 mice per group were pooled
and proteolytic potential of PKa/FXIla activity was measured after addition of Dapptin, using chromogenic substrate S-2302.

f) aPTT and g) PT in plasma of ASO-treated animals were measured using a coagulometer.

and the fibrinolysis system, such as FXII or plasminogen, did not sig-
nificantly change upon ASO-treatment (see suppl. Table 1).

As a consequence of kininogen depletion and PK reduction, pro-
teolytic potential of PKa/FXIla (Fig 2e), after addition of Dapptin to
plasma, was reduced, compared to control mice. Plasma samples
from kininogen-depleted mice generated no clot after activation of
FXII with a contact activator (aPTT, Fig 2f), however, the prothrombin
time (PT) was not affected (Fig 2g).

3.3. Kininogen depletion diminishes bacterial dissemination and
cytokine release during streptococcal sepsis

To investigate the role of kininogens in the host response during
streptococcal sepsis, kininogen depleted mice were infected as
described above. After infection KNG1/2 mRNA levels in the liver and
kininogen in plasma stayed reduced in KNG1/2-ASO treated mice
(suppl. Fig. 2). 24 h after infection, bacterial dissemination to the
organs was determined. Kininogen depleted mice had significantly
fewer bacteria in the spleen (Fig 3a), kidneys (Fig 3b) and blood
(Fig 3¢) comparing to control-ASO treated mice.

Additionally, a panel of 20 cytokines, chemokines and growth
factors were measured in healthy or 24 h infected mice, pretreated
with control- or KNG1/2-ASOs. Infection boosted the pro-inflamma-
tory response yielding a robust increase of 11 cytokines/chemokines
(suppl. Fig 1). In agreement with lower bacterial loads, infected kini-
nogen-depleted mice had significantly lower levels of IFNy, TNFq,
IL-1p, IL-18 and monocyte chemotactic protein 1 (MCP1, Fig 3d-h)
compared to infected control mice.

Thus, kininogen depletion restrained bacterial dissemination and
cytokinin release significantly in septic mice.

3.4. Kininogen depletion supports a procoagulant phenotype in septic
mice

Formation of microvascular fibrin deposition in kidneys was
described in human sepsis [27] and was also observed in our
sepsis animal model [14]. The quantification of fibrin areas (>
5 um) on a scale from 0 to 3 (0: absent; 1: < 20 fibrin areas; 2:
20-50 fibrin areas and 3: more than 50 fibrin areas) revealed
that the mean score of 2.5 in kininogen-depleted animals
was significantly higher in comparison to control group (mean
score 1.5, Fig 4a—d).

The data indicate that kininogen-depleted animals become more
procoagulant in case of streptococcal infection. Clotting times mea-
sured in infected animals revealed a prolonged aPTT compared to
healthy control mice (Fig 4e). Also, there was no difference in aPTT
between control- and KNG1/2-ASO treated animals. This was in con-
trast to healthy kininogen depleted mice where no clotting after FXII
activation could be observed. PT was unchanged in all groups at this
time point (Fig 4f)

It has been recently shown that bradykinin inhibits tissue fac-
tor expression in vitro and in vivo [28]. Moreover, the content of
intravascular tissue factor was shown to be increased in our sep-
sis animal model [21]. We, therefore, measured plasma tissue fac-
tor activity in control- and KNG1/2-ASO-treated animals 24 h
after infection. Tissue factor was significantly higher in kinino-
gen-depleted mice after infection, compared to control mice
(Fig 4g). Thus, the shortening of aPTT in infected KNG1/2-ASO-
treated mice (see Fig 4e) is most likely attributable to increased
circulating tissue factor. Taken together, the absence of kininogen
leads to a higher content of intravascular tissue factor in septic
animals.
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Fig. 3. Bacterial spreading and proinflammatory response of Kininogen-depleted mice infected with S. pyogenes.

After ASO treatment (see methods) groups of mice were injected sc. with 1.5 — 2 x 10”7 CFU/mouse S. pyogenes AP1. 24 h after infection a) spleen, b) left kidney and c) blood
samples were homogenized and the number of CFU quantified. Data are presented as means of 10 mice per group and were obtained from 2 independent experiments. *p < 0.05; **
p < 0.001. p-H) Mice (n = 5/group) were injected sc. with 2 x 107 CFU/mouse S. pyogenes AP1. 24 h after infection animals were collected and EDTA plasma was analyzed for IFNy
(d), TNFa (e), IL18 (f), IL18 (g) and MCP1 (h), using a Multi-Plex immunoassay. One-way ANOVA *p < 0.05, **p < 0.01, ***p < 0.0002, ****p < 0.0001.
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Fig. 4. Procoagulant response of Kininogen - depleted mice infected with S. pyogenes.

a-c) Representative kidney tissue sections showing the medullary rays, from non-infected, control-, or KNG1/2-ASO treated animals. Sections were stained (MSB-Lendrum) and
fibrin depositions (red) were detected and scored (d) as described in Material and Methods. Bars represent 200 ;1m

e) aPTT and f) PT in plasma of ASO-treated and infected animals were measured using a coagulometer.

g) Groups of mice were injected sc. with 1.5 — 2 x 107 CFU/mouse S. pyogenes AP1. 24 h after infection plasma samples were collected and tissue factor activity determined. Data
are presented as means of 10—12 mice per group and were obtained from two independent experiments. *p < 0.05, **p < 0.01, ****p < 0.0001.

3.5. Role of kininogen in streptococcal-triggered fibrinolysis and clot
escape

To test whether kininogens, especially HK, plays a role in S. pyo-
genes induced fibrinolysis, we measured the content of p-dimer in
the supernatant from human plasma clots, which contained S. pyo-
genes bacteria. Fig. 5a depicts that p-dimer release was significantly
delayed due to HK depletion. The time until p-dimer could be
detected in supernatants of HK depleted plasma was twice as long
(60 min) as in normal plasma (30 min). To prove that delayed fibrino-
lysis was associated with diminished clot escape of the bacteria, sam-
ples from normal or HK-depleted plasma were clotted with thrombin
in the presence of S. pyogenes. Clots were covered with PBS contain-
ing 1% of the original plasma, incubated at 37 °C and viable S. pyo-
genes count assays from the supernatants were performed. 30 and
60 min after incubation bacteria could be detected in the supernatant
of both plasma clots, but the bacterial number was significantly lower
in samples of HK-depleted plasma (Fig 5b). Thus, the absence of HK
hindered S. pyogenes-induced fibrinolysis and bacteria clot escape in
human plasma.

These findings were supported by plasma clot-lysis assays
using bacterial streptokinase or the host plasminogen activators
uPA and tPA as fibrinolysis activators (Fig 5c). Clot lysis time in
HK-depleted plasma was significantly longer, regardless of what

fibrinolysis activator was used. Intriguingly, complementation of
HK-depleted plasma with purified HK could not reverse prolonga-
tion of clot lysis, on the contrary, the clot lysis time was even
more prolonged after the addition of HK (Fig 5c¢). Plasmin activity
after activation with streptokinase was similar in both plasma
types, but was reduced in HK-depleted plasma after complemen-
tation with purified HK (Fig 5d). Moreover, and similar to the
plasma clot experiments, the clot lysis time of a pure fibrin clot
was prolonged when HK was added (Fig 5e). The data implicate
that purified HK, added to HK depleted plasma or a fibrinogen
solution, disturbs clot lysis, and thus, a sole depletion of HK was
not responsible for prolonged clot lysis time in plasma or fibrin
clots.

Similar to the kininogen depleted mouse plasma, human HK-
depleted plasma had reduced content of PK (to around 65% see Fig 5f,
g), and a slightly reduced PKa/FXIla activity compared to normal
plasma (Fig 5h). As we showed recently, PK supports streptococcal
fibrinolysis and clot escape [14]. One can assume that the combina-
tion of both HK deficiency and reduced PK activity in HK-depleted
plasma was responsible for prolonged clot lysis time. We also investi-
gated the structure of human and mouse plasma clots by scanning
electron microscopy. Clots derived from kininogen-depleted plasma
displayed similar porosity and thickness of fibrin strands compared
to normal plasma (Fig 6a, b).
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Fig. 5. Effect of HK depletion on fibrinolysis induced by streptokinase or S. pyogenes bacteria in human plasma.

a) Growing S. pyogenes (2 x 10% CFU/ml) were mixed with normal or HK-depleted plasma, and thrombin was used to form a stable clot. The plasma clot was overlaid with PBS
and p-dimer concentration in the supernatant was measured after different time points, using an ELISA.

b) Growing S. pyogenes (2 x 10® CFU/ml) were mixed with normal or HK-depleted plasma, and thrombin was used to form a stable clot. The plasma clot was overlaid with PBS
and the supernatant was plated after 30 and 60 min to determine CFU of escaped bacteria.

¢) A clot was induced in normal, HK-depleted plasma, or HK-depleted plasma complemented with HK (50 wg/ml) by PT reagent and time until clot lysis was measured after
addition of streptokinase, uPA or tPA.

d) Plasmin activity was determined in normal, HK-depleted or HK-depleted plasma complemented with HK (50 p«g/ml), after the addition of streptokinase.
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Fig. 6. Scanning electron microscopy of plasma clots.
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a) Human or (b) mouse plasma clots were induced by PT reagent, fixed and analyzed by scanning electron microscopy. Bars represent 2 ;zm or 500 nm, respectively.

3.6. Kininogen content in plasma of septic patients

Plasma samples collected from 23 patients with sepsis, severe
sepsis or septic shock, one, two and three days after admission to the
ICU [19] were analyzed for kininogen content. Fig. 7a shows that kini-
nogen levels were significantly reduced in all septic patients, com-
pared to healthy controls. The amount of total kininogen was lowest
on the first day after admission to the ICU, but increased significantly
from day to day in survivors (Fig. 7b). Also, in non-survivors kinino-
gen increased significantly after 2 days, however, after 3 days kinino-
gen did not continue to rise significant (Fig. 7c). Notably, a low
kininogen content correlated significantly with a higher APACHE II
score in all patients (Fig. 7d). These data support our findings that
kininogen is a positive acute phase protein in sepsis, and indicate
that low kininogen concentrations correspond to more severe disease
and a higher risk of death.

4. Discussion

Whether kininogen plays a key role in severe infections or not is
possibly dependent on the infectious agent. A recent study by Ding
et al. investigated the importance of kininogen in a pneumosepsis
mouse model with Klebsiella pneumoniae. In contrast to the present
study, they show that depletion of HK in mice, either by ASOs or by
KNG1 gene knockout, did not influence bacterial growth in lungs or
dissemination to distant body sites. Moreover, HK depletion by ASOs
before pneumosepsis did not impact plasma cytokine and chemokine
levels or the extent of distant organ injury [26]. Besides the fact that
the site of infection is different between them and our sepsis model
(lung versus skin), K. pneumoniae are Gram-negative bacteria that,
neither in vivo nor in vitro, trigger the activation of the contact system
[29]. This in sharp contrast to the Gram-positive S. pyogenes that not
only adsorbs and induces cleavage of HK in vitro [30] but also, induces
cleavage of HK and prolonged aPTT in vivo, as shown in the present

study. HK binds PK in plasma [31], and the HK-PK complexes assem-
ble on the surface of the vascular endothelium, with HK serving as
the binding site and as the cofactor for PK activation, resulting in the
formation of PKa [32]. Thus, due to the depletion of kininogen by
ASOs, PK is reduced to 40%, which might be one reason for reduced
bacterial dissemination and plasma cytokine levels, as PK is a host
pathogenicity factor in S. pyogenes sepsis [14].

Intriguingly, the present study revealed more fibrin areas in the
kidneys of septic animals after the depletion of kininogens. However,
kininogen depletion had no effect on disseminated intravascular
coagulation (DIC) at 24 h post infection, as the PT, a clinical marker
that is elevated in DIC patients [33], was not prolonged in mouse.
One explanation for that could be reduced levels of bradykinin, the
cleavage product of kininogens. Bradykinin was shown to inhibit
expression of tissue factor induced by LPS in vitro, and to inhibit
thrombus formation in vivo, associated with lower tissue factor activ-
ity in plasma [28]. Our study supports these findings, as intravascular
tissue factor was significantly lower in septic mice with normal kini-
nogen levels, despite the fact that these animals had higher levels of
several cytokines (e.g. TNFe, IFNy, IL18, and MCP1), which were
shown to increase tissue factor expression in vitro [34]. These data
suggest that kininogen may play a key role to regulate tissue factor
expression in sepsis. Future studies will address this hypothesis.

Intravascular tissue factor is the main trigger for immunothrom-
bosis, an innate immune mechanism that generates a scaffold for the
recognition, containment and destruction of pathogens [35,36]. Thus,
a higher tissue factor production due to the course of streptococcal
sepsis [21,37] and the absence of kininogen in KNG1/2 ASO treated
mice might support bacterial containment and restrain bacterial dis-
semination in our model.

Additionally, bradykinin is locally released from HK by S. pyogenes
and one assumes that this boosts bacterial spreading due to potent
induction of vascular leakage [18]. This assumption was supported by
one of our recent studies, showing that S. pyogenes isolates from

e) A clot was generated with a solution containing purified fibrinogen, plasminogen (200 pg/ml), and kininogen (80 1g/ml) by the addition of thrombin. Streptokinase (100

Units) was added and time until clot lysis was determined in a coagulometer.

f) Western Blot analysis of human plasma with an antibody against kininogen or PK (anti-PK) (lane 1: normal plasma, lane 2: normal plasma activated with Dapptin reagent,

lane 3: HK-depleted plasma, lane 4: HK-depleted plasma activated with Dapptin).
g) Relative levels of PK quantified by densitometry from figure 5f.

h) Normal or HK-depleted plasma was activated with Dapptin and PKa/FXIla activity was measured with a chromogenic substrate (52303). *p < 0.05, **p < 0.01, ***p < 0.0002,

% p < 0.0001.
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invasive infections activate the contact system more potently than
strains isolated from noninvasive infections [38]. Thus, we suggest
that in the absence of kininogens the streptococcal dissemination in
our mouse model may be reduced due to several mechanisms 1)
lower levels of PK, which may impair bacterial escape from plasma
clots [14] 2) lower vascular leakage at the infectious site due to the
reduction of kininogen and 3) higher expression of intravascular tis-
sue factor due to the lower levels of kininogen, which reinforces
immunothrombosis.

Although KNG1 deficient mice were protected from thrombosis in
a Rose-Bengal arterial model [3] and in mouse models of acute ische-
mic stroke [39], an antithrombotic and profibrinolytic role for kinino-
gens has been earlier described (for a review see [40]). Colman et al.,
showed that Brown-Norway Katholiek rats — a strain with an
absence of plasma HK and LK — have a prothrombotic state [41]. HK
also has profibrinolytic functions, it modulates PK-dependent forma-
tion of urokinase plasminogen activator (uPA) and consequently gen-
eration of plasmin [42], a reaction dependent on the binding of PK to
HK domain 6 [43].

HK or cleaved HK also bind directly to plasminogen or vitronectin,
which could further amplify plasmin generation [40]. Our in vitro
assays demonstrated that bacterial induced fibrinolysis by streptoki-
nase was also impaired in the absence of HK and PK, as p-Dimer
release and bacterial escape from a plasma clot were significantly
delayed.

Moreover, patients lacking circulating HK are at increased risk for
thrombosis and a large prospective human study found recently that
higher concentrations of HK and PK were not associated with greater
risk for venous thromboembolism (VTE). On the contrary, HK
inversely correlated with VTE, supporting an antithrombotic role for
HK [44].

Contact system activation in septic patients is often impaired
by a reduction of all contact factors, and low levels of PK, FXII, and
HK during sepsis correlate with a fatal outcome of the disease (see
[1,3,6-8]). Previous studies of human sepsis have shown different
outcomes of infection on kininogen plasma levels, e.g. depletion
[45], no change [46], or increases [45,47,48]. The data from our
patient study reveal a significantly lower plasma levels of kinino-
gens in septic patients, compared to healthy controls, which
implies its consumption. At the same time, kininogen levels rose
significantly in septic patients who survived on day 2 and 3, how-
ever in non-survivors the increase of kininogen from day 2 to 3
was not significantly different. This supports the assumption that
kininogen is an acute phase protein and its expression is induced
in the liver upon infection [49]. We also detected higher expres-
sion of KNG1 and KNG2 mRNA in mouse liver upon invasive infec-
tion. There is a trend towards kininogen increase within 42 h of
infection in mice plasma, and higher amount of kininogen degra-
dation products suggests consumption that might be compensated
in this lethal sepsis model.
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Taken all together this is the first study investigating the func-
tional contribution of kininogens in host defense to streptococcal
sepsis in a clinically relevant rodent system, where activation of the
contact system occurs. The study supports the longstanding hypothe-
sis that kininogen, processed by the pathogen, enhance its spreading
[50] but not just through the induction of vascular leakage, but also
by its possibly influence on procoagulant mechanisms, by supporting
bacterial fibrinolysis, as well as by accompanied reduced circulating
levels of PK, an important factor promoting bacterial dissemination.

Research in context
Evidence before this study

Cleavage of kininogen due to contact system activation by Strepto-
coccus pyogenes in vitro leads to the release of proinflammatory bra-
dykinin and may support bacterial spreading by induction of vascular
leakage. It has not been investigated yet whether kininogen plays a
relevant role in streptococcal sepsis.

Added value of this study

Thought depletion of kininogen in mice reduced streptococcal
burdens and plasma cytokine and chemokine levels 24 h after infec-
tion, this was accompanied by fibrin deposition in kidney and higher
intravascular tissue factor levels. In line with that, low kininogen con-
centrations in septic patients correlate with higher APACHE II scores.
In vitro, kininogen depletion markedly decelerates fibrinolysis
induced by the S. pyogenes bacteria.

Implications of all the available evidence

Our findings show that kininogen support dissemination of S. pyo-
genes and inflammation during sepsis. On the other hand, and in con-
nection with our data from septic patients, a higher kininogen
content might decrease the risk for more severe disease and risk of
death.
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