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Abstract

Bacterial infections and sepsis are amongst the leading causes of death world-
wide. Sepsis is caused by an uncontrolled systemic host response towards an
invading pathogen. Due to the engagement of various systems including cell-
mediated responses, the coagulation and complement cascades, treatment of
sepsis remains challenging. This is reflected in mortality rates of about 50
% for patients with septic shock, despite improved health care and antibiotic
usage. Endogenous host defence peptides (HDPs) are essential components
of the innate defence against invading pathogens. They exert multiple biolo-
gical functions, and apart from their antimicrobial effects they may modulate
inflammation, coagulation, and chemotaxis. Due to increasing bacterial res-
istance and due to the complex nature of severe bacterial infections, HDPs are
today considered valuable candidates in the development of novel treatments

for infections.

In papers I-IIT the ability of HDPs, derived either from the C-terminus of
human thrombin (HVF18, GKY25) or human tissue factor pathway inhib-
itor 2 (EDC34), to modulate innate immune responses caused by bacteria
or lipopolysaccharide (LPS), were investigated. Thrombin-derived peptides
significantly blocked LPS-induced responses including tissue-factor driven co-
agulation n vitro and in vivo and thereby improved survival in experimental
animal models of LPS-induced shock and Pseudomonas aeruginosa sepsis
(Paper I). The data in Paper II demonstrate that the inhibition of these
pro-inflammatory responses by GKY25, is not solely dependent on extracel-
lular LPS-scavenging, but involves interactions with macrophages and mono-
cytes. The TFPI-2 peptide (EDC34) also significantly modulated the coagu-
lation cascade in vitro and in vivo and efficiently killed bacteria by enhancing
complement-mediated killing. The combination of these functions lead to
improved survival in experimental models of E. coli or Pseudomonas sepsis.
In conclusion, the discovered immunomodulatory properties of these HDPs
clearly indicate their potential for the development of new treatments for bac-

terial infections.
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Finally, a novel host defence role of the abundant plasma protein heparin
cofactor II (HCII) was discovered. HCII belongs to the class of serine pro-
teinase inhibitors (serpins) and specifically inhibits human thrombin. How-
ever, its precise physiological role remained enigmatic. Paper IV shows that
cleavage of HCII by human neutrophil elastase induces a conformational change
in the HCII molecule, thereby uncovering a previously unknown antibacterial
function of HCII.
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Zusammenfassung

Bakterielle Infektionen gehoren zu den héufigsten Todesursachen weltweit.
Sepsis ist definiert durch das Vorhandesein einer Infektion, sowie der Erfiil-
lung von 2 der 4 Kriterien eines systemischen Entziindungssyndroms. Die
durch die Bakterien ausgeloste Immunantwort umfasst die Aktivierung der
zelluldren Immmunitédt, der Gerinnerungs- und Komplementsysteme, sowie
die Produktion korpereigener antimikrobieller Peptide. Bei Sepsis mit zuséatz-
lichem Organausfall und kontinuierlich niedrigem Blutdruck spricht man von
septischem Schock. Im Fall eines septischen Schocks liegt die Sterblichkeits-
rate bei mehr als 50 %, trotz verbesserter medizinischer Versorung und Ben-
utzung von Antibiotika. Urséchlich dafiir sind zum einen die Komplexitat der
Krankheit, sowie das verhaufte Auftreten von antibiotikaresistenten Bakter-

ien.

Antimikrobielle Peptide (APs) sind ein essentieller Bestandteil des angeborenen
Immunsystems. Sie haben die Fahigkeit Bakterien direkt zu téten, und Reak-
tionen des Immunsystems zu beeinflussen. Diese Eigenschaften machen APs
zu einem wichtigen und interessanten Ausgangspunkt fiir die Entwicklung
neuer Medikamente zur Behandlung von schweren backteriellen Infektionen.
Antimikrobielle Peptide werden von Immun-zellen produziert oder durch das
enzymatische Zerschneiden von Proteinen freigesetzt. Die in dieser Arbeit
untersuchten APs enstehen durch das Zerschneiden des Gerinnungsproteins
Thrombin bzw. eines weiteren Proteins namens Tissue Factor Pathway Inhi-
bior 2 (TFPI-2).

Der Hauptschwerpunkt der Arbeiten I-11I lag auf der Charakterisierung dieser
neu entdeckten Peptide im Bezug auf ihre Fahigkeit, die durch Bakterien in-
duzierte Immunantwort zu modulieren. Die Daten der Arbeit I zeigen, dass
Thrombinpeptide die Zytokin-freisetzung aktivierter Immunzellen reduzieren.
Dariiber hinaus kénnen diese Peptide die Aktivierung der Gerinnungskaskade

minimieren und Bakterien direkt abtoten.

ix



Durch das Zusammenspiel der oben beschriebenen Eigenschaften konnten
Thrombinpeptide die Sterblichkeitstsrate in bakteriellen Infektionen im Tier-

modell drastisch senken.

Arbeit II beschéftigte sich mit der Frage, wie genau Thrombinpeptide die
Immunantwort von Monozyten und Macrophagen beeinflussen. Die Ergeb-
nisse zeigen, dass diese Peptide direkt an Bakterien und deren Bestandteile,
aber auch an die Immunzellen binden. Damit kénnen sie die Erkennung der
Bakterien durch die Immunzelle unterbinden und somit auch die Immunzel-

laktivierung.

Das in Arbeit IIT charakterisierte TFPI-2 Peptid EDC34 inhibierte die Akt-
ivierung des Gerinnungssytems. Dariiber hinaus stimulierte es die Abtétung
der Bakterien durch das Komplementsystem. Auch EDC34 konnte die Sterb-
lichkeitstsrate in Tiermodellen mit Escherichia coli bzw. Pseudomonas aeru-
ginosa induzierter Sepsis signifikant reduzieren.

Zusammenfassend konnten wir zeigen, dass beide Peptidgruppen signifikante
antibakterielle und antikoagulante Funktionen aufweisen und sie sich deshalb

fiir die Ent-wicklung neuer, Peptid-basierter Therapien eignen kénnten.

Die Experimente der Arbeit IV konzentrierten sich auf die Erforschung neuer
Eigenschaften des Proteins Heparin Cofactor II (HCII). HCII reguliert die
Aktivierung von Thrombin und trigt damit zur Modulierung der Gerinnung-
skaskade bei. Frithere Studien haben gezeigt, dass die Konzentration von
HCII im Blut, wahrend bakterieller Infektionen abnimmt, allerdings war eine
Funktion von HCII in Infektionen bisher noch nicht bekannt. Die Daten in
dieser Studie demonstrieren eine bislang nicht bekannte antibakterielle Aktiv-
itidt des Proteins, die erst nach Abschneiden, bestimmter Proteinteile aktiviert
wird. Mit Hilfe von Experimenten im Tiermodell und der Analyse von Patien-
tenproben konnten wir bestatigen, dass HCII tatséchlich an der Bekdmpfung

bakterieller Infektionen beteiligt ist.
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1 INTRODUCTION

1 Introduction

Throughout our lifetime our body continuously interacts with different kinds
of microbes, including commensal bacteria colonising our skin and mucosal
surfaces, but also pathogens. In most cases invading pathogens will be effect-
ively eradicated by our immune system, thereby preventing an infection.

However, infectious diseases remain a major health care problem and cause of
death worldwide [1]. Sepsis is the 11th leading cause of death in the United
States [2] with estimated 751.000 cases of severe sepsis annually [3]. In an
European study 24,7 % of the patients admitted to intensive care units (ICU)
had sepsis [4]. Within the same study it was stated that 27 % of patients with
sepsis and more than 50 % of patients with septic shock are dying in the ICU
[4]. Reported mortality rates for severe sepsis and septic shock range from
22 % to above 50 % depending on disease severity, age, underlying diseases,
access to care, genetic factors or cause of infection [4, 5, 6]. Interestingly,
it has been shown that an infection caused by the Gram-negative bacterium
Pseudomonas aeruginosa is related to an increased risk of mortality in pa-

tients with sepsis [4].

Sepsis is a complex and dynamic disease characterised by an uncontrolled sys-
temic immune response of the host towards invading pathogens or their toxins
[7, 8]. This immune response comprises the recognition of the pathogen by
immune cells, which release inflammatory mediators, host defence peptides
and proteins, as well as the systemic activation of the complement and coagu-
lation cascades [7]. Even though health care procedures have improved, the
incidence of severe sepsis is rising and mortality remains high [3, 6]. Attempts
to improve the outcome by using alternative treatments, which target specific
pro-inflammatory pathways or molecules were not successful in clinical trials
[9, 10]. Therefore it is of importance to investigate novel treatment possibil-

ities, and host defence peptides and proteins might be excellent candidates.

The main aim of this work was to investigate the functions of novel endo-

genous host defence peptides, derived from human thrombin and tissue factor
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pathway inhibitor-2 in the context of innate immune response modulation and
treatment of bacterial infections, caused by Gram-negative bacteria and their
main endotoxin lipopolysaccharide. Furthermore the role of heparin cofactor

IT, an abundant plasma serine proteinase inhibitor, was investigated.



1 INTRODUCTION

1.1 The immune system - an overview

To effectively prevent invasion and colonisation of pathogenic microbes, the
human body harbours an arsenal of defence strategies including external bar-
riers as parts of the immune system. In an initial step, the invading pathogen
has to bypass physical barriers such as the skin and the mucosal surfaces,
but has also to overcome chemical barriers formed by antimicrobial peptides
present in the skin and other mucosal linings [11]. Another barrier is provided
by the ionicity and pH of body fluids, such as sweat and saliva creating a hos-
tile environment. Moreover commensal microorganisms compete for nutrients
and space with the invading pathogen [11]. However, pathogenic microbes de-
veloped mechanism to overcome these barriers and are able to enter the host.
Upon invasion bacteria are sensed by the immune system which initiates a
complex system of immune responses.

The immune system is divided into two interlinked parts, the innate and ad-
aptive or acquired immunity. While the innate immune defence is based on
germ line encoded receptors recognising distinct patterns, the adaptive system
generates receptors somatically by clonal selection [12]. The innate defence
system consists of different blood cells including professional phagocytes, en-
dothelial and epithelial cells, antimicrobial peptides as well as the complement
and coagulation systems, and is immediately activated to attack and eradic-
ate invading microbes. This activation is also necessary in order to trigger the
slower, but more specific adaptive system that provides a long-term protection
by creating a memory for specific pathogens [13].

The main components of the adaptive system are T- and B-cells. T-cell ac-
tivation is dependent on antigens, presented by antigen-presenting cells (e.g.
dendritic cells) with the help of the major histocompatibility complex (MHC)
and co-stimulatory signals mediated by CD80 or CD86 at the surface of the
antigen-presenting cell. The upregulation of co-stimulatory molecules is con-
trolled by the innate system. Recognition of a microbe or microbial toxin
induces the expression of these co-stimulatory molecules. Activated T-cells
then either directly attack damaged or infected host cells or secrete signalling
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molecules that lead to the activation of other effector cells. B-cells are im-
portant for the humoral defence, a non-cell based response mediated by im-
munoglobulins, proteins or peptides found in body fluids. B-cells produce
and release specific antibodies which bind to microbes and their products
facilitating phagocytosis and elimination of the harmful microbe. Innate im-
mune responses are not only induced by pathogens, but also by damaged or
modified cells releasing damage-associated molecular patterns (DAMPs) [14].
These danger signals are also recognised by pattern recognition receptors on
innate immune cells leading to activation of these and also to activation of
professional antigen-presenting cells [15].

All processes involved in clearing bacterial infections, are tightly regulated
in order to prevent systemic inflammation and activation of the plasma cas-
cades, responses which significantly contribute to the fatal outcome in severe
infections such as sepsis [16].

1.2 Inflammation as response to infection

Inflammation can be understood as a complex host response initiated in or-
der to eliminate invading pathogens, but also to ensure healing and repair of
injured tissue [17, 18]. The inflammatory response caused by microbes can be
summarised in the following steps: recognition of infection, recruitment and
delivery of blood components such as complement and coagulation factors
as well as immune cells including monocytes and neutrophils to the site of
infection, elimination of the microbe and finally restoration of homoeostasis
[19]. An acute inflammatory response is initiated either by direct recognition
of bacteria and bacterial patterns (exogenous inducers), or indirectly through
sensing signals released through cell death or tissue damage caused by bacteria
(endogenous inducer) [18]. The recognition of invading microbes by pattern
recognition receptors, triggers signalling cascades leading to the release of vari-
ous inflammatory mediators including cytokines, chemokines, reactive oxygen
species, but also proteases or antimicrobial peptides which are important for

killing and clearance of pathogens by phagocytosis.
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2 Recognition of bacteria

The recognition of extreme heterogeneous microbes is based on highly con-
served structures present within the microorganisms, but not the host [12, 20].
These pathogen-associated molecular patterns (PAMPs) are usually invariant,
essential structures allowing recognition of an entire class of microbes. For
example the Lipid-A portion of lipopolysaccharide (LPS), a main component
of the cell wall of all Gram-negative bacteria, presents the invariant pattern
recognised independently of the distinct subspecies. Other examples are lipo-
teichoic acid (LTA), peptidoglycan (PGN) or bacterial proteins like flagellin,
but also bacterial DNA or double stranded RNA are recognised [21, 22, 23].

2.1 Pattern-recognition receptors

The sensing perception of pathogen-associated molecular patterns is mediated
by specific pattern recognition receptors (PRRs) expressed by cells of the im-
mune system (e.g. macrophages, monocytes, neutrophils). In general PRRs
are found at cell surfaces, in intracellular compartments, but also secreted into
the blood stream or other bodily fluids. Several different structural types of
PRRs have been identified. This includes the Toll-like receptors (TLRs), the
RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs) as well as NOD
(nucleotide-binding domain)-like receptors (NLRs) and macrophage scavenger
receptors (MSR) [17, 24, 25]. Their principal functions are opsonisation and
phagocytosis, activation of inflammation facilitating production of various an-
timicrobials such as antimicrobial peptides or reactive oxygen species, but also

activation of the coagulation and the complement system [26].

Based on their function, PRRs can be divided into 3 classes [12]:
e secreted receptors
e endocytic receptors

e signalling receptors
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An example for secreted receptors is the mannose-binding lectin (MBL), which
upon binding to bacterial carbohydrates, activates the lectin-pathway of the
complement cascade (see also section 3.2 The complement system) [27] res-
ulting in cleavage of complement component C3 and the formation of the
antimicrobial anaphylatoxin C3a [28]. Moreover, the contact system (see sec-
tion 3.1 The coagulation system) as part of innate immunity [29, 30] is an
another example for secreted pattern-recognition receptors. Recognition of
bacteria or bacterial components (e.g. LPS) by direct binding to coagulation
factors [31, 32] initiates a cascade resulting in the formation of antimicro-
bial fragments [29]. The already mentioned macrophage scavenger receptors
(MSRs) are an example of endocytic receptors localised at cell surfaces. MSRs
bind e.g. lipopolysaccharide thereby facilitating the uptake and clearance of
bacteria. This process is interlinked with the TLRs which belong to the sig-
nalling receptors [25, 33].

2.2 Toll-like receptors

The Toll-like receptors are probably the most studied pattern recognition re-
ceptors. They are named in analogy to the Toll-receptors discovered in the
fruit fly Drosophila melanogaster [34]. They directly link microbial recogni-
tion to the initiation of inflammatory responses e.g. via NF-xB, production
of antimicrobial peptides and the control of the adaptive immune system [26].
In humans 10 TLRs (TLR1-10) have been identified and 12 in mice (TLR1-9
and 11-13) [23]. Each human TLR recognises different molecular patterns as
summarised in Figure 1 [35]. TLRs are type 1 transmembrane glycoproteins
consisting of multiple external horse-shoe shaped leucine rich repeats (LRRs)
responsible for pattern recognition and a single intracellular signalling domain
homolog to the interleukin-1 receptor (IL-1R) called Toll/IL-1 receptor (TIR)
domain [23, 36, 37, 38]. Most of the TLRs form dimer structures upon binding
of the respective PAMP. Some TLRs such as TLR4 form homodimers while
others such as TLR2 form heterodimers [36].
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Furthermore TLRs are expressed at different cell locations (Figure 1), depend-
ently on whether they detecting cell wall components or proteins, or sensing
nucleic acids. The latter group has an endosomal localisation [37].
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Figure 1: Human Toll-like receptors. Schematic representation of human Toll-like
receptors showing adapters, cellular location, and examples of signalling pathways
and ligands.

2.3 Toll-like receptor signalling

Upon interaction with bacterial patterns an immune response is initiated by
dimerisation of the TLRs. This leads to the recruitment of the following
TIR domain containing-cytoplasmic proteins: MyD-88 (myeloid differenti-
ation factor protein 88), TIRAP (TIR domain-containing adaptor protein)
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or MAL (MyD88-adaptor-like), TRIF (TIR domain-containing adaptor in-
ducing interferon-f) and TRAM (TRIF-related adaptor molecule) [20]. The
specificity for individual TLRs is realised through receptor-dependent recruit-
ment of various TIR domain-containing adaptors (see Figure 1) [39]. All
TLRs, except TLR3, signal via the the MyD88-dependent pathway leading to
the production of pro-inflammatory cytokines. TLR1/2, TLR2/6 and TLR4
signalling further involves a combination of the MyD88 and TIRAP/MAL
adapters. Moreover, TLR4 and TLR3 trigger responses using a MyD88-
independent pathway which includes recruitment of the TRIF (TLR3) or
TRIF and TRAM adaptors (TLR4). This pathway is mainly involved in
the production of type-1 interferons [23, 39].

Upon assembly of the TIR domain-containing adaptor molecules, MyD88
recruits IL-1 receptor-associated kinase 4 (IRAK4) which binds to the N-
terminal death domain of the protein. Phosphorylation of IRAK4 initiates
the phosphorylation of IRAK1 which binds to TRAF6 (tumour necrosis factor
receptor-associated factor 6) initiating further phosphorylation and ubiquit-
ination of several cytosolic signal proteins including TAK1 (TGF-S-activated
kinase 1) and MKK6 (mitogen-activated protein kinase 6). This then activates
the transcription factors NF-xB, AP-1 and MAP kinases which then finally
induce the expression of pro-inflammatory cytokines such as TNF-a or IL-6.
TRAF6 is also important for signalling via the MyD88-independent pathway
which leads to activation of IRF3 or IRF7 inducing the expression of interferon
-a or S [20, 26, 39].

2.3.1 Recognition of LPS by TLR4

TLR4 recognises multiple pathogen-associated molecular patterns (PAMPs)
as well as damage-associated molecular pattern (DAMPs)(e.g. mannan from
yeast, virus envelope proteins, HMGB-1)[35], but it is mostly known and
studied as the main recognition receptor for lipopolysaccharides (LPS) [40].
In order to sense LPS, three additional proteins are required; the LPS-binding
protein (LPB) [41], CD14 and the myeloid differentiation factor-2 (MD-2)[42].
At first LPS is bound by LPB in plasma or at the cell membrane, which sub-
sequently catalyses the transfer of LPS to CD14 [43]. CD14, a glycosylphos-
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phatidylinositol (GPI)-linked protein, present as soluble or membrane bound
form, further transfers LPS to the TLR4/MD-2 receptor complex. MD-2 is
essential for the recognition and cell signalling induced by LPS [42]. Upon
binding of LPS to MD-2, which is associated with TLR4, the formation of a
homodimer initiates the signalling cascade by transducing the signal to the
intracellular TIR domain leading to recruitment of adapter molecules, the ac-
tivation of NF-kB and MAP kinases [44], and finally to the production of
cytokines, chemokines, interferons, co-stimulatory molecules or reactive oxy-

gen species as part of the inflammatory response.

3 Bacterial killing and clearance

Upon recognition of invading pathogens, eradication and clearance become
the main focus of the immune defence system. In this stage the coagulation
and complement cascades, as well as antimicrobial peptides, proteins and
professional phagocytes work in synergy with each other.

3.1 The coagulation system

The coagulation system is an evolutionary highly conserved cascade of re-
actions based on the rapid and sequential activation of serine proteinases.
Coagulation cascades similar to the human system have been identified in
various species including Drosophila or the horseshoe crab [45]. The main
function of the system is to rapidly form a stable fibrin clot which prevents
blood loss, but also the entry and spreading of invading microbes by trap-
ping them inside the clot. Moreover, the coagulation system is involved in
the regulation of inflammation [46] and complement cascades via interactions
with proteinase-activated receptors (PAR-receptors) [47] or proteins of the
complement cascade [48]. Coagulation factors are a source of antimicrobial
peptides with the potential to kill invading microbes directly, within a wound
environment [29, 49, 50]. Thus, coagulation is an important part of innate

immunity aiding in recognition and killing of invading microbes.
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The coagulation process can be separated into primary haemostasis involving
activation of platelets which form an initial cellular plug and secondary hae-
mostasis, based on the activation of the proteolytic cascade [45]. The initiation
of the proteolytic cascade is triggered at negatively charged surfaces such as
bacterial membranes (contact activation) [31], but also upon exposure of tis-
sue factor, expressed at the cell surface of endothelial cells or monocytes after
stimulation by bacteria or bacterial products (TF-pathway) [51].

Both pathways lead to the activation of factor X (FX) to FXa which trans-
forms prothrombin to thrombin. Thrombin is the central serine proteinase
converting soluble fibrinogen to insoluble fibrin. Activated factor XIII (FXIII)
is required to stabilise the clot by cross-linking the generated fibrin fibers [52].
This last part of the cascade is referred to as the common pathway. In order
to avoid uncontrolled and systemic coagulation, a common complication of
severe infections, the initiation of coagulation is tightly regulated by factors
that include Kunitz-type protease inhibitors like TFPI-1 or serine proteinase
inhibitors (serpins) such as antithrombin IIT or heparin cofactor II as well as

protein C (see Figure 2 for overview) [53].

3.1.1 The contact system

The contact system or intrinsic pathway of coagulation is comprised of three
serine proteinases: factor XII (FXII), factor XI (FXI), plasma kallikrein (PK)
and the non-enzymatic cofactor, high-molecular weight kininogen (HK) [31].
Under normal conditions these factors are present in blood as zymogens or
bound to endothelial cells, platelets or neutrophils [31]. The assembly and
activation of coagulation factors takes place at various cell surfaces and on
negatively charged non-physiological surfaces e.g. kaolin or glass, but more
importantly at bacterial surfaces [31], bacterial membrane components such
as LPS [32] as well as at extracellular DNA present in neutrophil extracellular
traps (NETs) [54]. The activation of the cascade at physiological surfaces is
still not fully understood, but the activation at non-physiolocial surfaces is
well described. Initially, FXII is activated by an auto-catalytic reaction res-
ulting in the formation of FXIIa. FXIIa further facilitates the conversion of

PK and FXI into their proteolytically active forms.
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Figure 2: Schematic and simplified representation of the human coagulation system.
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FXIa further activates the coagulation cascade leading to activation of FX and
thrombin and ultimately clot formation, whereas activated plasma kallikrein
cleaves HK. This cleavage leads to the release of bradykinin (BK), a potent
pro-inflammatory molecule, mediating an increase of vascular permeability,
the generation of nitric oxide (NO) and other inflammatory mediators [31, 55].
Therefore BK plays an important role in the pathogenesis of severe infections.
Despite BK, antimicrobial peptides (AMPs) are generated by cleavage of do-
mains D3 and D5 of HK [29, 56]. Interestingly, not only host cell produced
enzymes such as neutrophil-derived elastase, but also bacterial-derived en-
zymes like Pseudomonas aeruginosa elastase can generate these antimicrobial
fragments [56]. In summary, the contact system has several roles during bac-
terial infections comprising sensing and entrapment of bacteria, promoting

inflammation and finally direct bacterial killing.

3.1.2 Tissue factor pathway

The extrinsic or tissue factor pathway of coagulation is the primary initiator
of coagulation in wvivo. Tissue factor (TF) is a membrane-bound glycopro-
tein constitutively expressed by extravascular cells e.g. fibroblasts or sub-
endothelial cells which are not in contact with blood [57, 58]. Upon tissue
injury TF is exposed to blood and interacts with factor VII (FVII) promot-
ing the activation of FVII to FVIIa which then activates factor IX (FIX),
FX and finally thrombin, leading to the formation of a fibrin clot [59, 60].
Moreover, blood circulating monocytes express tissue factor at their surface
upon stimulation with bacterial components such as LPS, LTA, PGN or M1
as well as in response to cytokines, especially IL-6 [61, 62, 63, 51]. Further-
more, monocytes can release TF-coated microparticles [64]. TF is the central
mediator of systemic inflammation-induced coagulation. Failures in regulat-
ing this system have severe consequences. One such coagulopathy, caused by
bacterial infections, is disseminated intravascular coagulation (DIC). DIC is
characterised by the systemic formation of intravascular thrombi, resulting
in reduced platelet counts and reduced levels of coagulation factors. These
parameters are directly connected to an increasing risk of organ failure and
death [65, 66]. Therefore, the activity of the TF/FVIIa complex and FXa is

12
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normally regulated by tissue factor pathway inhibitor-1 (TFPI-1) [67, 68, 69].
Interestingly, TFPI-1 can be cleaved by neutrophil elastase resulting in the
release of antimicrobial peptides from its C-terminus [50].

Furthermore, there is a positive feedback loop connecting coagulation and
inflammation. Inflammation is catalysed by the activation of proteinase-
activated receptors (PARs). PARs belong to the class of G protein-coupled
receptors and 4 types (PAR1-4) have been identified, at the surface or various
cell types including endothelial cells, mononuclear cells, platelets or fibroblasts
[70]. PAR 1, 2 and 4 can be activated by thrombin and PAR 2 via FXa or the
TF /VIla complex leading to increased inflammation due to augmented release
of cytokines and growth factors [70, 47]. These mechanisms further emphasise
the pivotal role of coagulation within the inflammatory network triggered by

infiltrating bacteria.

3.1.3 Fibrinolysis

The main function of the fibrinolytic system is to balance the formation and
degradation of fibrin. During bacterial infections and DIC an impaired fib-
rinolysis is observed [66]. The most important protease of the fibrinolytic
system is plasmin. Plasmin is generated from its precursor plasminogen upon
activation by tissue plasminogen activator (tPA) or the urokinase-like plas-
minogen activator (uPA). The main substrate for plasmin is fibrin. Fib-
rin regulates its own cleavage through binding to plasminogen or tPA and
thereby enhancing plasmin formation. This mechanisms can be regulated by
the thrombin-activatable fibrinolysis inhibitor (TAFI). Further plasminogen
is inhibited by the plasminogen activated inhibitor-1 (PAI-1) and plasmin is
blocked by a2-plasmin inhibitor and a-2 macroglobulin [71].

13
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3.2 The complement system

The complements system is a highly preserved, complex proteolytic cascade
and plays a crucial role in innate defence against bacteria, but also in the
adaptive immune system. The main complement functions are: recognition
of pathogens, opsonization, killing and clearance of pathogens and cellular
debris or apoptotic cells and activation and recruitment of leukocytes [72, 73].
Furthermore, complement factors also modulate the coagulation system and
inflammatory responses, by interacting with coagulation proteins and cells
[74]. Upon initiation of the system, a sequence of complement factors cleav-
age occurs. Cleavage of the complement components C3, 4 or 5 results in small
(designated a) and bigger (designated b) fragments with different biological
functions. The small fragments are released and can bind to their specific
receptors at cell surfaces of multiple cells e.g. monocytes, macrophages, neut-
rophils, T-cells or dendritic cells, and thereby mediating inflammation and
cell recruitment [74]. The larger moieties like C5b and C3b, directly bind to

microbes promoting killing and phagocytosis through opsonization (Figure 3).
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Figure 3: The human complement. Schematic summary of the human complement
system illustrating, initiation, central cascades and functions.

14



3 BACTERIAL KILLING AND CLEARANCE

3.2.1 Complement activation

There are three main pathways that lead to initiation of the complement cas-

cade: the lectin, the classical and the alternative pathway.

Lectin pathway: The lectin pathway of complement serves as pattern recog-
nition receptor. Mannose-binding lectins (MBL) or ficolins recognise specific
oligosaccharide moieties (e.g. mannose or N-acetyl-glucosamine) at the bac-
terial membrane, based on their steric and spatial organisation. However
MBLs do not recognise carbohydrates commonly found at mammalian cell
surfaces such as galactose or sialic acid [75]. Correspondingly, it is not sur-
prising that recognition of different Gram-negative bacteria by MBL depends
on the structure of their LPS [75]. Subsequently, upon bacterial recognition
MBL-associated serine proteinases (MASPs) are activated.

These MASPs cleave complement components C4 and C2 to form the C3 con-
vertase complex consisting of C4bC2a. Alternatively, MASPs directly cleave

C3 which can activate the alternative complement pathway [27].

Classical pathway: This pathway is primarily initiated by forming an antibody-
mediated immune complex. The complement component Clq is the recogni-
tion subunit of this complex and binds to a variety of targets including IgM
or IgG-bearing immune complexes. Upon recognition by Clq a sequence of
cleavage of complement factors (e.g. C2 and C4) by the serine proteinases Cls
leads to formation the C3 convertase, C5 convertase and the terminal MAC
complex (for review see [76, 77]). Despite antibody-dependent activation, it
was also shown that other molecules like for example the C-reactive protein
(CRP) or LPS can activate the classical pathway in an antibody-independent
process [78, 79, 80].

Alternative pathway: This pathway is spontaneously activated at the surface
of invading pathogens or apoptotic cells. Cell surface bound C3b interacts
with the plasma protein factor B resulting in cleavage and activation of factor
B by the serine proteinase factor D. Whereas the resulting fragment Ba is

15
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released into the plasma, Bb remains in complex with C3b and forms another
C3 convertase (C3bBb) complex. This C3 convertase also cleaves C3 into C3a
and C3b, forming the alternative C5 convertase (C3bBb3b), thereby amp-
lifying complement cascades induced via the classical or the lectin pathway
[74, 81].

In summary, all three pathways lead to the formation of the C3 convertase
complex resulting in cleavage of the third complement component (C3) into
C3a and C3b and further in the formation of a C5 convertase complex result-
ing in fragmentation of the fifth complement component (C5) into Cha and
C5b. Additionally, to the already mentioned activation pathways, thrombin
can directly cleave C3 or C5 and thereby also activate the system [48, 82].
Finally, in the lytic or termination pathway, the lipophilic membrane-attack
complex (MAC) will be assembled at the pathogen surface. Pore formation
by the MAC finally leads to cell death (summery figure 3). In addition, it was
discovered that the C-terminal regions of the released anaphylatoxins C3a and
C4a, but not Cba are also directly antimicrobial [28, 83]. The importance of
an intact complement system is illustrated by various studies showing a dir-
ect link between complement deficiency and increased susceptibility for cer-
tain bacterial infections e.g. meningitis caused by Streptococcus pneumoniae
or Neisseria meningitidis [84, 85| or post burn infections with Pseudomonas

aeruginosa [86].

3.2.2 Complement evasion by bacteria

Although the complement system is highly efficient in killing and clearing in-
vading microbes, bacteria have developed mechanisms to avoid or hijack the
system. They use various strategies to counteract the complement system
which can be summarised as follows: recruitment or mimicry of complement
regulators, modulation/inhibition of complement components by direct inter-
action or enzymatic cleavage, prevention of lysis by the MAC through their
specific cell wall structure (e.g. thick peptidoglycan layer of Gram-positive
bacteria) or production of capsules which protect them from lysis (as reviewed

by [87]). Pseudomonas aeruginosa strains are able to evade complement me-
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diated killing by degradation of complement factors. C3 can be cleaved by
Pseudomonas elastase [88, 89] or as recently discovered the Pseudomonas al-
kaline protease (AprA) cleaves complement component C2 thereby inhibiting
activation of the classical and lectin pathway as well as the formation of the
C3 convertase and killing by the MAC [90].

3.3 Host defence peptides and proteins

Host defence peptides

Host defence peptides (HDPs) are short (< 60 amino acids), mostly gene
encoded, cationic, amphipathic molecules with heterogeneous structures and
multiple modes of action in regard to bacterial killing, but also immunomodu-
lation. These important components of innate immunity were discovered and
caught interest due to their rapid and broad antimicrobial activity (antibiotic-
like) and were therefore termed antimicrobial peptides (AMPs). But due to
emerging evidence that these peptides exert various biological functions in-
cluding chemotaxis, modulation of immune responses and coagulation apart
from bacterial killing the term host defence peptides is often used today [91].
Antimicrobial peptides are produced by various organisms including bacteria,
fungi, insects, plants, amphibia, fish or mammals, and form a first line of non-
specific defence, against invading pathogens [92]. According to their amino
acid composition, charge and structure, they can be classified into the follow-

ing groups:
e cationic a-helical peptides (e.g. LL-37 [93], GKY25 [49])

e peptides with S-sheet structures stabilised by disulfide bridges (e.g. de-
fensins [94])

e peptides with an over presentation of one or more amino acid (e.g.
histatin [95])

e anionic peptides (e.g. dermicidin [96])

In humans, the most reviewed and prominent host defence peptides are de-

fensins, cathelecidins and histatins. These peptides are expressed/stored as
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precursors and will be processed and released upon various stimuli [92, 97].
Moreover, work by Schmidtchen and others demonstrated that the group of
human endogenous peptides generated by cleavage from other proteins belong-
ing for example to the complement or coagulation cascade are also important
in innate defence against pathogens [28, 50, 49, 56, 98]. A main character-
istic of these peptides is the heparin-binding region, which can be used to
screen for these novel endogenous peptides [99]. In the following section only
the two major classes of expressed human host defence peptides and peptides

generated by cleavage will be discussed.

3.3.1 Defensins

Defensins are a highly abundant class of HDPs, expressed in cells and tissues
closely linked to host defence against bacterial infections. High concentrations
of defensins are present in granules of neutrophils and Paneth cells [94, 100].
Further, human defensins have been found in monocytes, macrophages, dend-
ritic cells, keratinocytes and various epithelial cells [101, 102, 94, 103]. Mature
defensins are short peptides (ranging from 18-45 amino acids), containing six
cysteines which form three intramolecular disulfide bonds, have a cationic
net-charge and lack glycosyl or acyl-side chain modifications. Defensins are
synthesised as prepropeptides consisting of a signal peptide, an anionic pro-
segment and a cationic C-terminus. Depending on their number of amino
acids and structure, defensins are divided into three subclasses: a-defensins,
[-defensins and 6-defensins. The latter class of cyclic defensins are produced
in rhesus macaques (Macaca mulatta) and baboons (Papio anubis), but not
in humans, due to a stop codon within the signal peptide [104]. The human
a-defensins and [-defensins share an overall triple-stranded S-sheet conform-
ation, but are different in their disulfide bridge pattern and spatial distance

between their cysteine residues [94, 100].

a-Defensins: Six human a-defensins have been discovered. Four of these
are produced in the azurophil granules of neutrophils, therefore also termed
human neutrophil peptides (HNP 1-4) [105, 106]. More recently they were

also discovered in monocytes and natural killer cells (NK cells) [100]. The
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other two (HD5 and 6) were discovered in Paneth and multiple epithelial cells
[101, 103]. a-Defensins consist of 29-34 amino acids with the disulfide pat-
tern aligned between cysteines 1-6, 2-4, and cysteines 3-4 [107]. Functionally,
they play a role in inflammation, wound repair and bacterial killing, probably

within the phagolysosome in which they are highly concentrated [108, 109].

B-Defensins: Compared to a-defensins, these peptides consist of 36-42 amino
acids and the cysteine motifs are stabilized by disulfide bridging between
cysteines 1-5, 2-4 and cytsteines 3-6 [108]. Moreover, they possess a longer N-
terminal region. Four /-defensins (hBD 1-4) have been discovered in human
epithelial-tissues including skin and the respiratory tract as well as leukocytes,
where they are either constitutively expressed (e.g. hBD1) or induced by vari-
ous inflammatory stimuli like LPS, TNF-« or bacteria [100, 110]. 8-Defensins
possess antimicrobial properties in wvitro, but whether this is true for the in
vivo situations needs to be further investigated [110]. The immunomodulatory
properties of S-defensins are more defined. It has been shown that 8-defensins
can interact with cell surface receptors on for example leukocytes or keratino-
cytes, thereby inducing pro-inflammatory mediators such as IL-6 or MCP-1
[110, 111]. However it was also shown that for example hBD3 can block LPS-
induced cytokine responses in vitro and in vivo [112]. Other possible functions

are in wound healing, fertility and cancer (for review see [110]).

3.3.2 Cathelicidins

Cathelicidins are the second important group of antimicrobial peptides pro-
duced by mammals. Similarly to defensins they are expressed as prepropeptides.
All precursors consist of a highly conserved preproregion containing the signal
peptide at the N-terminus, a conserved pro-region in the middle and a highly
variable C-terminus which contains the antimicrobial sequence [113]. The
name of this group of peptides was termed by Zanetti et al. and is based on
the similarity of the pro-sequence with cathelin [113], a Cathepsin L inhibitor
isolated from porcine neutrophils [114]. The only human member is the human
cationic antimicrobial protein (hCAP-18, 18kDa) [115]. hCAP-18 is stored in

the specific granules of neutrophiles [116] and expressed in subpopulations
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of lymphocytes and monocytes [117], various epithelial cells [118, 119, 120],
but also in seminal plasma [118], by keratinocytes during inflammation [121],
mesenchymal stem cells [122] as well as cancer cells [123]. The mature an-
timicrobial peptide LL-37 is released from the C-terminus of hCAP-18 upon
extracellular cleavage with neutrophil-derived proteinase 3 [124]. Another
hCAP-18-derived antimicrobial peptide ALL-38 is released by cleavage with

gastricsin, a prostatate-derived protease [125].

LL-37: The cationic, a-helical peptide LL-37 exerts a broad range of different
functions, including antimicrobial activity against Gram-negative and Gram-
positive bacteria, fungi, as well as viruses. LL-37 can bind LPS and inhibit
LPS-induced responses of various cells including monocytes/macrophages and
neutrophils in vitro and in vivo, function as a chemoattractant for e.g. mono-
cytes and neutrophils, but is also involved in wound healing, angiogenesis and
cancer (for review see [126, 127, 128]). Considering data showing, that the
antibacterial effect of LL-37 can be blocked by high concentrations of NaCl,
glycosaminoglycans (GAGs) (present in wound fluids) [129], DNA [130] or in
presence of saliva [131], the in vivo relevance of the described broad antimi-
crobial effects exerted by LL-37 in vitro might be questionable. Finally, due
to the broad spectrum of biological functions, especially in response to infec-
tion, LL-37 serves as template for the generation and development of novel

synthetic peptide antibiotics for the treatment of severe infections [132, 133].

3.3.3 Proteolytically generated HDPs

During an infection, not only the described HDPs are released, but also other
molecules including proteases like elastase (host or bacterial-derived) which
can cleave for example complement and coagulation factors, in their sur-
rounding and thereby releasing antimicrobial peptides, of which some will
be briefly described in the following section. Interestingly, fragments con-
taining heparin-binding sequences, were demonstrated to exert antimicrobial
activities [99, 134].
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Complement-derived HDPs: During activation of the complement the ana-
phylatoxins C3a, C3a-derived peptides and C4a are generated. These peptides
possess antimicrobial activity against various bacteria and fungi and have im-

munomodulatory functions 28, 83, 135].

Lactoferrin-derived HDPs: Lactoferrin (LF) is an iron-binding glycoprotein,
found in mammalian milk, saliva, bronchial mucus, seminal plasma and in the
specific granules of neutrophils. Lactoferrin-derived HDPs called lactoferri-
cins are released by pepsin, but also by bacterial and mammalian proteases
[136, 137].

Coagulation-derived HDPs: The cleavage of domain D3 of high molecular
weight kininogen (HK) by neutrophil elastase, releases fragments containing
the antimicrobial sequence NAT26 [29]. Moreover cleavage of domain D5 of
HK by neutrophil or Pseudomonas aeruginosa elastase releases antimicrobial
peptides [28]. Cleavage of tissue factor pathway inhibitor-1 and 2, regulators
of the TF pathway, also leads to the release of C-terminal peptides which
execute various HDP functions [50, 138]. The properties of the TFPI-2 derived
peptide EDC34, are described in paper III of the thesis. Moreover, cleavage
of thrombin by neutrophil elastase, revealed the release of HDPs from the C-
terminus (e.g. HVF18) in vitro and in vivo [49]. The functions of HVF18 and
the prototypic GKY25, especially the anti-endotoxin as well as anticoagulant
effects are discussed in papers I and II of the thesis. Finally, cleavage of
fibrinogen by thrombin and plasmin results in fibrinogen-derived peptides that
have host defence functions [139, 140, 141].

3.3.4 Mode of action of HDPs

HDPs execute multiple functions [93, 142]. There are several mechanisms de-
scribed showing how these peptides kill bacteria. Less data are provided for
the anti-inflammatory functions executed by various peptides. This section
will briefly describe the antimicrobial mechanisms and anti-endotoxin proper-

ties.
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Models of antimicrobial activity: HDPs can kill bacteria either by binding
to the membrane and thereby disturbing the structure, but also by targeting
intracellular processes essential for bacterial survival [143]. How a peptide is
acting depends on its amino acid sequence influencing hydrophobicity, charge
and structure, membrane lipid composition and also the peptide concentra-
tion. The selectivity of peptides for prokaryotic membranes, compared to euk-
aryotic membranes is essentially based on differences in the lipid composition.
Whereas bacterial membranes are composed of negatively charged phospol-
ipids creating an overall negatively charged surface, are eukaryotic membranes
composed of more neutral phospolipids and cholesterol. There are different
models proposed how these cationic, amphipatic peptides interact with bac-
terial membranes leading to pore formation and lysis of the bacterium. But for
all in common, is the initial step in which the peptides interact with the neg-

atively charged lipids, adopting an orientation parallel to the membrane [143)].

The aggregate model: This model suggests that the peptide interaction with
the membrane, results in the formation of informal channels with different
sizes and lifetime. In contrast to e.g. the toroidal model, peptides do not
adopt a particular orientation, but also span the membrane by forming ag-
gregates with micelles-like complexes of peptide and lipids. Further due to
the informal nature of the channel, the peptide might be able to translocate
through the bilayer as the aggregate collapses. This was shown for the horse-
shoe crab-derived peptide polyphemusin [144, 143].

The barrel-stave model: Upon aggregation at the membrane, multimeres of
helical peptides form a stable transmembrane pore which leads to leakage of
intracellular material and thereby to death of the cell. The peptides insert
themselves into the membrane bilayer in a way that the hydrophobic part
aligns with the lipid core and the hydrophilic part is directed inwards forming
the inner pore region [145, 146]. A well described example is alamethicin a
20-residue peptide isolated from the fungus Trichoderma wviride [147]. Also
dermicidin, a human peptide found in sweat was shown to kill bacteria by
forming barrel-stave like channels [148].
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The toroidal model: The toroidal or worm whole model, is similarly to the
barrel-stave model in respect of forming a transmembrane pore. A major dif-
ference is the structure of the pore formed. In this model the hydrophilic part
of the peptide monomers associates with the polar head group of the lipids
inducing the lipid monolayers to bend inwards, leading to a curvature strain
in the membrane. Therefore the polar head groups of the lipids as well as the
hydrophilic part of the peptides form a hydrophilic lining through the pore
[146, 149]. Magainin 2, a peptide found in the african clawed frog as well as
the human LL-37 have been shown to act via this model [149, 150].

The carpet model: The cationic peptides are spread out across the mem-
brane, and their hydrophilic parts interact with the polar head groups of the
lipids. This leads to changes in membrane fluidity, bilayer curvature and in-
tegrity. Upon reaching a certain critical concentration the membrane disrupts
in a detergent-like fashion, which might lead to micelle formation and leakage
[145, 146|. Interestingly, LL-37 was also shown to kill bacteria by this mech-
anism [151]. Another example is dermaseptin a frog-derived peptide [145].

Non-membrane mechanisms: There are peptides which are able to traverse
into the cell and inhibit nucleic acid synthesis, protein synthesis, enzyme func-
tions or cell wall synthesis, thereby killing the bacterium [146]. An example
is the human histatin 5, a cationic histidine-rich peptide. Histatin 5 binds to
a receptor at the cell surface and is actively taken up into the cell, where its
targeting mitochondria, inducing efflux of ATP and potassium ions [97] (for

review see [146]).

Immunomodulation: As already mentioned, most HDPs exert various biolo-
gical roles within the immune system. These functions include recruitment
of cells like monocytes, neutrophils and immature dendritic cells, inhibition
of pro-inflammatory responses, stimulation of cell proliferation, angiogenesis,
promotion of wound healing, but also modification of eukaryotic cell, gene and
protein expression as well as killing of cancer cells. [95, 152, 93].
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LPS-inhibition: LPS is a key initiator of septic shock by Gram-negative bac-
teria. Even though it is a well established property of various HDPs to in-
hibit LPS-induced cell responses it is not clarified how the inhibition works.
The most obvious scenario is scavenging of extracellular LPS by the peptide
through direct interactions. Various studies have proposed that peptide bind-
ing to LPS changes the aggregate structure of LPS [153, 154] which is necessary
to induce cell responses [155]. Furthermore, peptide binding to LPS, might
prevent LPS interactions with the LPS-binding protein (LBP), which shuttles
LPS to its receptor [154, 156]. Further, the interaction between LPS and
CD14 might be blocked leading also to the prevention of LPS signalling [154].
All these mechanisms aiming at extracellular quenching of LPS. Another pos-
sibility of preventing LPS-induced responses is by targeting molecules within
the TLR4 pathway. The relevance of this was shown for LL-37 and also (-
defensin 3. Both peptides inhibit LPS induced responses by targeting parts
of the NF-kB pathway [157, 158]. LL-37 binds to GAPDH which inhibits
MAP kinase signalling [159]. How and whether LPS-inhibition is performed
by thrombin-derived and TFPI-2-derived peptides is content of papers I-II1
of the thesis.

3.3.5 Host defence proteins

In addition to HDPs, proteins also have antimicrobial as well as immunomod-
ulatory properties, aiding in killing and clearance of invading pathogens. One
example is the heparin-binding histidin-rich glycoprotein (HRG) (for review
see [160]). HRG is antimicrobial, but has also antifungal properties in vitro
and in vivo [161, 162, 163]. Furthermore HRG binds, amongst various other
proteins, IgG and these complexes facilitating phagocytosis and clearance of
apoptotic and necrotic cells [164]. Another multitasking protein is activated
protein C (APC). APC is antithrombotic, but also anti-inflammatory and
profibrinolytic [71]. It is generated by the thrombin-thrombomodulin com-
plex from its precursor protein C, which is reduced in patients with sepsis
[166]. Studies showed reduced sepsis mortality in animals and initially in hu-
mans by treatment with APC [165, 166]. Interestingly, the inhibitor of protein
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C (PCI), which belongs to the class of serine proteins inhibitors (serpins), is
antimicrobial [167]. In line with this, are the findings in paper IV showing a
novel antimicrobial activity of the serpin heparin cofactor II, which otherwise

blocks thrombin activation.

3.4 Phagocytosis

Phagocytosis is an essential mechanism that is part of the innate and also
adaptive immunity. Phagocytosis is a complex receptor-mediated and actin-
dependent process, leading to engulfment, uptake and destruction of microbes
or particles [168]. Professional phagocytes like neutrophils, macrophages, and
dendritic cells posses a set of specialised phagocytic receptors, such as the
already described PRRs e.g. scavenging receptors. The destruction of intern-
alised microbes or particles takes place in a membrane-bound vacuole called
the phagosome. The phagosome matures by fusion with endosomes and lyso-
somes to the phagolysosome which is filled with antimicrobial and degrading
agents [169]. The uptake of microbes can be enhanced by opsonisation with
for example C3b,Clq or IgG. Phagocytosis of pathogens usually triggers the
release of pro-inflammatory cytokines, whereas phagocytosis of apoptotic cells
does not [168]. Even though phagocytosis is a highly effective mechanism to
eradicate invading pathogens, some bacteria have developed mechanisms to
prevent killing and or phagocytosis. These bacteria (e.g. Pseudomonas aer-
uginosa, Streptococcus sp.) either avoid phagocytosis by producing capsules
thereby preventing uptake or they are internalised, but harbour strategies for
intracellular survival as it has been shown for Mycobacterium tuberculosis and
Salmonella sp. [169].
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4 Severe bacterial infections

The innate immune defence comprises multiple mechanisms which in synergy
recognise, destroy and finally clear the system from invading pathogens, as
described above. Are these processes not properly controlled infections can
rapidly progress into life threatening sepsis, severe sepsis and finally septic
shock. Studies showing, that about 10 % of patients remitted to the emer-
gency department will develop severe sepsis or septic shock within the first 24
hours from presentation [170, 171]. Therefore, early diagnostic and adequate

treatment is important for survival of the patient [172, 173].

4.1 Definition of sepsis, severe sepsis and septic shock

Over the last 20 years international consortia agreed on definitions for the
systemic inflammatory response syndrome (SIRS), sepsis, severe sepsis and
septic shock to provide consensus for clinical trials and guidelines for sepsis
treatment [174, 173, 175] (Figure 4 ).

Systemic inflammatory response syndrome (SIRS) is the host response either
to an infection, or a response triggered upon trauma, burns or pancreatitis.
Patients are diagnosed with SIRS if they show at least two of the four min-
imum criteria: alterations in body temperature, changes in white blood cell

counts, an increased heart rate or hyperventilation.

Sepsis is characterised by a systemic inflammatory response syndrome (SIRS)

caused by an underlying infection.
Severe sepsis is defined as sepsis with disfunction of one or more organ.
Septic shock is defined by a state of acute circulatory failure characterised by

a persistently low mean arterial blood pressure, despite adequate fluid resus-

citation.
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Infection SIRS ) Sepsis )Severe Sepsis

Systemic Inflammatory SIRS Sepis with SeVe;:tf]ePSIS

Response Syndrome: with =1 organ failure persistont
infection !

= 2 of the criteria fulfilled: hypotension

1. Temp. >38°C or <36 °C
2. Heart rate > 90/min
3. Respiratory rate > 20/min

4. WBC > 12x10%1 or <dx10%1

Figure 4: Tllustration of the sepsis continuum.

4.2 Pathogenesis

Gram-positive and Gram-negative bacteria are the main inducers of sepsis,
but also fungi, viruses and parasites can cause the disease. Amongst the most
common bacteria to cause sepsis are the Gram-positive bacteria Staphylococcus
aureus and Streptococcus pneumonia and the Gram-negative E. coli bacteria
[176].

The most common infections sites are the lungs, followed by the abdomen, the
urinary tract, the skin and soft tissues [170, 177, 5]. During the initial state of
sepsis, recognition of invading microbes and danger signals triggers systemic
host responses including the release of cytokines (e.g. TNF-«), chemokines,
acute phase proteins or other danger-associated molecules (e.g. HMGB-1).
The excessive release of pro-inflammatory mediators, the so called cytokine
storm, mediates the progression from an initially beneficial response towards
a harmful one [7]. Invading bacteria and the presence of bacterial products in

the blood then systemically activate the coagulation and complement cascades

27



4 SEVERE BACTERIAL INFECTIONS

[178]. Tissue factor-induced coagulation is regarded as the primary initiator of
coagulation during sepsis [179]. Further anti-coagulant mechanisms involving
antithrombin IIT (ATII), tissue factor pathway inhibitor (TFPI) or protein
C are impaired as well as fibrinolysis. This results in a systemic procoagu-
lant state reflected by high plasma levels of prothrombin fragments (F1+2),
prothrombin-antithrombin complexes (TATc) and decreased numbers of plate-
lets. The consumption of coagulation factors results in prolonged prothrombin
clotting times (PT) and a prolongation of the activated partial thromboplastin
time [16].A consequence of uncontrolled inflammation-induced coagulation is
disseminated intravascular coagulation (DIC) which can cause organ dysfunc-
tion [66]. Thus, uncontrolled coagulation significantly contributes to organ
failure and death [180, 181]. An enhanced activation of endothelial cells res-
ults in increased vascular permeability, thereby augmenting neutrophil mi-
gration and vascular leakage. Recruited immune cells like neutrophils release
proteinases or other enzymes as well as reactive oxygen species (ROS) which
also contribute to tissue damage and organ failure. The cross-talk between
cell-mediated inflammation, coagulation and complement creates a positive
feedback loop further amplifying the pro-inflammatory response. Finally, the
sustained pro-inflammatory condition, leads to a state of immunosuppression
due to apoptosis of immune cells and the consumption of platelets, coagu-
lation factors and other mediators. Patients in this stage have an increased

susceptibility to secondary infections [7].

4.3 Treatment

Treatment of severe infections like sepsis to date, is based on mitigation
of the occurring symptoms and the source of infection by using antibiot-
ics, oxygen and fluid resuscitation [173]. Increasing insight into the patho-
physiology of sepsis and the problematic of increasing antibiotic resistance,
initiated the design and study of treatments aimed to block initiation of the
pro-inflammatory responses. These concepts aim to prevent bacterial recogni-
tion by TLRs [182], but also inflammatory mediators such as TNF-« [10]. So

far most of these strategies targeting one particular molecule failed in clinical
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trials [183], probably explained by the complex nature of the disease. Even
the FDA (Food and Drug Administration) approved anti-inflammatory, anti-
coagulant and profibrinolytic activated protein C (APC), finally failed to show
a significant reduction of mortality of sepsis patients at day 28 compared to
regular sepsis treatments in clinical trials [9], but targeting several systems
seems promising. Therefore, antimicrobial or host defence peptides gained
interest. Most of them, directly target and kill a broad spectrum of bacteria,
but posses also immunomodulatory functions. Recent experimental studies,
including paper I and III of this thesis, provide promising data which sug-
gest that treatment of sepsis by using endogenous or synthetic host defence
peptides might be an option [91, 184, 185].
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5 Present investigation

5.1 Paper |

Host defence peptides of thrombin modulate inflammation and co-
agulation in endotoxin-mediated shock and Pseudomonas aeruginosa

sepsis

Background: Systemic bacterial infections, causing sepsis and septic shock
remain challenging and a leading cause of death world wide [1]. Although
standard care procedures have improved, the mortality for sepsis and septic
shock remains high, and the incidence of sepsis is increasing [186, 6]. The
increase of antibiotic resistant bacteria and the current lack of other effect-
ive treatments, clearly illustrates the urgent need for the development of new
treatment strategies. Host defence peptides are an important component of
innate immunity facilitating eradication of invading microbes by being direct
antimicrobial, but also immunomodulatory [92, 95, 93]. In a previous study
by Papareddy et al. [49] it was shown that proteolysis of human thrombin
by neutrophil elastase leads to the release of thrombin C-terminal peptides
(TCPs) in vitro and in vivo. These peptides were antimicrobial against Gram-
positive and Gram-negative bacteria as well as fungi. Furthermore, the pro-
totypic thrombin C-terminal peptide (TCP), GKY25 was anti-inflammatory

and reduced bacterial levels in initial in vivo experiments [49].

Aims of paper I :

e To investigate the role of peptide interactions with LPS as determined

in vitro for the anti-inflammatory effects observed in vivo.

e To evaluate the importance of direct antimicrobial effects of TCPs for

the outcome in a mouse model of Pseudomonas aeruginosa sepsis.

e To investigate other peptide mediated responses explaining the beneficial
effects of TCPs in wivo.
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Results and conclusions: The thrombin C-terminal peptides GKY25 and
HVF18 abrogated LPS-induced pro-inflammatory responses in wvitro and in
vivo. Furthermore, experiments using a LPS-binding control peptide indic-
ated that the anti-inflammatory effects of GKY25 are not solely due to dir-
ect LPS-peptide interactions. Moreover, we discovered that these thrombin-
derived peptides significantly modulate LPS or bacteria-induced coagulation
responses. Modulation of contact activation and especially tissue factor-
mediated coagulation by GKY25 and HVF18 lead to normalisation of coagu-
lation parameters in vivo. Finally, the results from a mouse model of Pseudo-
monas aeruginosa sepsis, suggest that the improvement of animal status (de-
creased fibrin deposition and leakage in the lungs) and survival is mainly
dependent on the modulation of inflammation and coagulation by GKY25.
Taken together, thrombin-derived peptides simultaneously modulate bacterial
levels, pro-inflammatory responses, and coagulation and are therefore attract-

ive therapeutic candidates for the treatment of invasive infections and sepsis.

5.2 Paper Il

The thrombin-derived peptide GKY 25 modulates endotoxin-induced
responses through direct interactions with macrophage/monocyte

cell membranes

Background: Monocytes and macrophages are important modulators of the
inflammatory response induced by invading microbes [187]. They sense con-
served pathogen-derived molecular patterns, with the help of pattern recog-
nition receptors (PPRs). For example TLR4 recognises LPS, which is a main
cell wall component of Gram-negative bacteria [17, 24]. It has been shown
that cationic peptides like LL-37 can interfere in the recognition of LPS by
blocking the binding of LPS to the LPS-binding protein (LBP) [156], but also
by modulation of the TLR4 pathway [130, 158]. In paper I and other public-
ations [49] we showed that GKY25 interacts with bacteria and LPS, but the
detailed mode of action explaining the anti-inflammatory effects of GKY25

was not clarified.
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Aims of paper II:

e To characterise and clarify how GKY25 modulates LPS-induced re-

sponses of monocytes and macrophages.

Results and conclusions: GKY25 significantly reduced NF-x£B activation by
various stimuli including zymosan, LTA and LPS. The peptide also prevented
LPS-induced dimerization of the TLR4 receptor. Dimerization is important
for LPS recognition and subsequent production of cytokines. Further, FACS
studies using TAMRA-labelled GKY25 showed binding of GKY25 to mono-
cytes and macrophages, independent of the presence of heparin or LPS. Less
peptide-binding was observed at low temperatures, indicating an interaction
of GKY25 with the cell membrane. In summary, the data in this study show
that GKY25, apart from binding to lipopolysaccharide (LPS), directly inter-
acts with monocytes and macrophages in vitro, ex vivo and in vivo. The
data also suggest that the cell-binding property is important for the observed

reduction in NF-xB activation and cytokine release.

5.3 Paper Il

The TFPI-2 derived peptide EDC34 improves outcome of Gram-

negative sepsis

Background: Tissue factor pathway inhibitor 2 (TFPI-2) belongs to the class
of Kunitz-type serine proteinase inhibitors [188]. TFPI-2 is secreted by vari-
ous cells including fibroblasts and endothelial cells [189, 190]. TFPI-2 can be
cleaved by neutrophil elastase which leads to the release of C-terminal frag-
ments [138]. C-terminal fragments were detected in wound material at the
surface of bacteria indicating a role of TFPI-2 during wounding. EDC34, a
prototypic peptide, representing the released C-terminal part was binding to
bacteria as well as LPS. Furthermore EDC34 was antimicrobial against both

Gram-negative and Gram-positive bacteria [138].
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These properties make EDC34 an interesting novel candidate for the develop-

ment of new strategies against bacterial infections.

Aims of paper III:

e To characterise the antimicrobial properties in vitro and in vivo.
e To determine whether EDC34 possess anti-coagulant activities.

e To investigate potential anti-inflammatory properties based on the demon-

strated direct interactions with LPS.

Results and conclusions: EDC34 exerted direct bactericidal effects and boos-
ted activation of the classical complement pathway including formation of an-
timicrobial C3a. Moreover EDC34 significantly reduced contact activation at
negatively charged surfaces as well as at bacterial surfaces. This inhibition of
contact activation also prevented cleavage of high molecular weight kininogen
(HK) and the release of bradykinin, an important pro-inflammatory mediator.
In mouse models of severe E. coli and P. aeruginosa infection, treatment with
EDC34 reduced bacterial levels and modulated coagulation responses. In an-
other study, treatment of severe P. aeruginosa infection with a combination of
EDC34 and the antibiotic ceftazidime significantly improved survival. In con-
clusion, EDC34 boosts bacterial clearance and inhibits excessive coagulation,

but does not have direct anti-inflammatory properties.

5.4 Paper IV

Proteolytic activation transforms heparin cofactor II into a host de-

fence molecule

Background: Serine proteinase inhibitors (serpins) are the most abundant
proteinase inhibitors in humans, regulating various proteolytic pathways in-
cluding coagulation [191, 192, 193|. Heparin cofactor IT (HCII) belongs to the
class of serpins and specifically inhibits thrombin, probably within the extra-

vascular space, and the inhibition is enhanced in the presence of dermatan
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sulfate [68, 194]. Cleavage of HCII releases a chemotactic peptide from the N-
terminal tail [195]. Interestingly, an inherited deficiency in antithrombin III,
the other thrombin inhibitor is associated with thrombotic disorders, but hu-
mans or mice deficient in HCII do not present any evidence for thrombophilia
under normal conditions [193]. Moreover, reduced plasma levels of HCII are
primarily detected during infection. This lead to the hypothesis that HCII

has a role in host defence against infections.

Aims of paper IV

e Comparison of intact and neutrophil elastase cleaved HCII in respect to

interactions with bacteria.

Results and conclusions: Cleavage of heparin cofactor IT with human leuk-
ocyte elastase (HLE) results in a major fragment with a size of about 50
kDa. Furthermore electron microscopy studies, in combination with LPS and
bacterial binding assays, revealed that proteolytic cleavage of HCII induces a
conformational change, thereby uncovering endotoxin-binding and antimicro-
bial properties in the molecule. These properties were mapped to the heparin
binding helices A and D. Heparin cofactor II deficient mice showed increased
susceptibility to invasive infection by Pseudomonas aeruginosa compared to
wilde type animals. Wilde type animals challenged with bacteria or endotoxin
had decreased levels of HCII. Cleaved forms of HCII were also detected in hu-
man wound samples in association with bacteria. In summary, the data in

paper IV demonstrate a previously unknown role for HCII in host defence
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5.5 Summary

In this work, interactions of human host defence peptides and proteins with
the pro-inflammatory network, initiated during bacterial infections, have been
investigated. The discovered properties are summarised in figure 5. The
diagram illustrates that all three groups of host defence molecules directly
target bacteria, as well as the coagulation system. Thrombin-derived pep-
tides showed significant anti-inflammatory effects. The TFPI-2-derived pep-
tide EDC34 enhanced complement-mediated bacterial killing, but did not have
direct anti-inflammatory properties. In conclusion, host defence peptides of
human thrombin and tissue factor pathway inhibitor 2, are promising candid-
ates for the development of new therapies targeting severe bacterial infections.

HCII
|

Activation of Monocytes/
complement Macrophages

EDC34
(G )—]
HCII

Figure 5: Summary of discovered interactions of the TFPI-2-derived peptide EDC34,
thrombin C-terminal peptides (TCPs) and heparin cofactor II (HCII) with the
inflammatory network in sepsis. (PRR - pattern recognition receptor)

— Cytokines
D Pro-inflammatory
mediators

Activation of
coagulation
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