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Summary

Nowadays, anti-infective treatments do not address the excessive activation of in-
flammatory pathways during infection and sepsis, and bacterial resistance prob-
lems are increasing. Hence, there is a substantial unmet need for novel therapies
that go beyond mere classical antibacterial effects, and which also modulate pro-
and anti-inflammatory pathways during infections. Host defense peptides might
be possible candidates for the development of novel treatment strategies, as they
facilitate clearance of pathogens and modulate various immune responses. The
host defense peptides from the C-terminus of human thrombin (TCPs) consti-
tute a novel class of immunomodulatory peptides, generated in humans during
infection and inflammation. Previous investigations have shown that TCPs in-
hibit pro-inflammatory immune responses in vitro and in vivo, but their mode
of action remained unknown.

In paper I, we show that the TCP GKY25 binds to LPS, thereby prevent-
ing TLR4 dimerization at the surface of monocytes and macrophages, and the
subsequent activation of the NF-κB/AP-1 mediated signal transduction path-
ways and the release of pro-inflammatory cytokines. Furthermore, we found
that GKY25 blocks TLR4- and TLR2- induced NF-κB/AP-1 activation in re-
sponse to several other microbial-derived agonists, including lipoteichoic acid,
peptidoglycan, and zymosan. Whereas the first publication explains the effect of
GKY25 on cell activation by purified bacterial components, the peptide’s effect
on whole bacteria and their interaction with immune cells remained unclear.
In paper II we show the presence of TCPs in chronic and acute wound flu-
ids. Moreover, we found that GKY25 binds to Gram-negative bacteria in the
extra- and intracellular environment and reduces pro-inflammatory immune re-
sponse of monocytes/macrophages while preserving their important phagocytic
function. In conclusion, the first two publications demonstrate a multifunc-
tional C-terminal thrombin-derived host defense peptide (GKY25), which re-
duces pro-inflammatory responses during LPS stimulation and Gram-negative
bacterial infection by interacting with endotoxins, bacteria, and inflammatory
cells. During the investigations of the modes of action of TCPs, it was observed
that the GKY25 is internalized in monocytes and macrophages. However, the
exact uptake mechanism remained unknown.
In an ongoing manuscript (paper III) the results reveal that TCPs of 2-3 kDa
are differently internalized by clathrin-dependent and -independent endocytosis
pathways in monocytes and macrophages, depending on the type of cells and the
length of the peptide, as well as the presence of LPS and bacteria. Internalized
GKY25 was transported to late endosomes and lysosomes, where it remained
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detectable for up to 10 h.
Finally, paper IV describes a C-terminal thrombin fragment of about 11 kDa,
which forms amorphous aggregates in the presence of LPS and Gram-negative
bacteria. These larger TCPs facilitate bacterial scavenging, killing and increase
phagocytic clearance of E. coli BioParticles in RAW264.7 cells by binding to
LPS and Gram-negative bacteria. Furthermore, electron and confocal micro-
scopy analysis showed that these TCPs are present in wound fluids and form
aggregates in the presence of E. coli and LPS.
Taken together, herein we show that the multifunctional TCPs plays a physiolo-
gical role during infection and inflammation, and have therapeutic potentials by
modulating multiple interactions involving bacteria, endotoxins, and inflammat-
ory cell responses.
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Zusammenfassung

Antimikrobielle Peptide spielen eine wichtige Rolle im angeborenen Immunsys-
tem. Sie besitzen die Fähigkeit eindringende Pathogene direkt zu töten und
verschiedene Immunantworten zu modulieren. Darüber hinaus steigt die An-
zahl der Antibiotikaresistenzen, außerdem behandeln antibakterielle Therapien
nicht die übermäßige Immunantwort während einer Infektion und Sepsis. Aus
diesem Grund besteht ein dringender Bedarf für die Entwicklung neuer Behand-
lungsmethoden, die über die klassischen antibakteriellen Wirkungen hinausge-
hen und auch die pro- und anti-entzündlichen Immunreaktionen während einer
Entzündung beeinflussen. Antimikrobielle Peptide vom C-Terminus des Gerin-
nungsproteins Thrombin (TCPs) bilden eine neue und bisher nicht bekannte
Klasse von immunmodulatorischen Peptiden, die beim Menschen während einer
Infektion und Entzündung freigesetzt werden und Behandlungspotential gegen
Infektion und septischen Schock besitzen.
In der ersten Veröffentlichung zeigen wir, dass das prototypische antimikrobielle
Peptid vom C-Terminus des Thrombins (GKY25) an Lipopolysacchariden von
Gram-negativen Bakterien bindet. Diese Interaktion verhindert eine Dimerisie-
rung des Toll-like Rezeptors 4 (TLR) an der Oberfläche von Monozyten und Ma-
krophagen und hemmt anschließend die Aktivierung der NF-κB/AP-1 Signalkas-
kade und die damit verbundende Freisetzung von pro-inflammatorischen Zytoki-
nen. Darüber hinaus konnte die Aktivierung der TLR4- und TLR2-induzierten
NF-κB/AP-1 Signalkaskade durch andere mikrobielle Agonisten von GKY25
blockiert werden. Die Ergebnisse in der zweiten Veröffentlichung zeigen die An-
wesenheit von TCPs in chronischen und akuten Wundflüssigkeiten. Deswei-
teren zeigen wir, dass GKY25 an Gram-negative Bakterien in der extrazel-
lulären und intrazellulären Umgebung binden und die pro-entzündliche Im-
munantwort in Monozyten und Macrophagen reduzieren, aber gleichzeitig ihre
phagozytische Leistung beibehalten. Zusammenfassend zeigen die ersten bei-
den Veröffentlichungen ein multifunktionelles antimikrobielles Peptid vom C-
Terminus des Thrombins, dass die pro-entzündiche Immunantwort während ei-
ner Lipopolysaccharid und Gram-negativen bakteriellen Infektion reduziert und
dabei mit Endotoxinen, Bakterien und Immunzellen interagiert.
Im dritten Projekt verdeutlichen wir, dass TCPs über die Clathrin-abhängige
und die Clathrin-unabhängige Endozytose von Monozyten und Makrophagen
aufgenommen werden. Zusätzlich ist der Endozytoseweg abhängig von der Art
der Zellen und der Länge des Peptides sowie der Anwesenheit von Lipopolysac-
chariden oder Bakterien. Das internalisierte antimikrobielle Peptid GKY25 wird
nach der Aufnahme zu späten Endosomen und Lysosomen transportiert und ist
bis zu 10 Stunden im Zellinneren nachweisbar, ohne einen Abbau in kleinere
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Fragmente aufzuweisen.
Schließlich wird im vierten Projekt ein C-terminales Thrombinfragment von
etwa 11 kDa beschrieben, das in Anwesenheit von Lipopolysacchariden und
Gram-negativen Bakterien amorphe Aggregate bildet. Durch die Interaktion
des größeren TCPs mit Lipopolysacchriden und Gram-negativen Bakterien wird
das Einfangen und die Tötung von Bakterien erleichtert. Des Weiteren wer-
den vermehrt Escherichia coli BioParticles von RAW264.7 Zellen phagozytiert.
Elektronen- und Konfokal-mikroskopische Analysen zeigen, dass TCPs in Wund-
flüssigkeiten vorhanden sind und Aggregate in Gegenwart von Escherichia coli
und Lipopolysacchariden bilden. Zusammenfassend wird im letzten Projekt de-
monstriert, dass Thrombin in der Anwesenheit von Lipopolysacchariden und
Bakterien amyloide Strukturen bildet.

xi
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1 Introduction

The human skin is continuously interacting with different microorganisms, and
it undergoes several injuries during a lifetime. Bacterial colonization and infec-
tion of a wound may lead to delayed healing and increases the risk for deeper
infections, which in the worst case can lead to sepsis [1]. Wound healing is
a complex and dynamic process characterized by sequential phases involving
initial hemostasis, followed by inflammation, proliferation, and remodeling [2].
During wound healing, there is a constant interaction between residing microor-
ganisms and our host immune system [3]. Phagocytic cells, like monocytes and
macrophages, play an essential role in wound healing. These cells have various
functions in host defense, including the release of pro-inflammatory cytokines
and reactive oxygen species (ROS), to clear the infection at the site of injury
[4, 5]. Additionally, macrophages remove apoptotic cells and promote cell prolif-
eration of endothelial cells and fibroblasts through the release of growth factors
and cytokines [6]. Besides the immune cells, the coagulation system also plays
a fundamental role in host defense. The central role of coagulation system is to
stop bleeding after wounding. However, the coagulation system also protects the
host from invading pathogens, by trapping them, and regulates inflammation [7].
One central player of the coagulation system is the serine protease thrombin.
Upon activation during tissue injury, it can form a clot through the cleavage
of fibrinogen to fibrin [8]. Furthermore, thrombin is also a source of host de-
fense peptides [9]. Host defense peptides may exert multifunctional properties
including bacterial killing, modulation of pro- and anti-inflammatory immune
responses, promotion of the differentiation of macrophages and modulation of
wound repair [10, 11, 12, 13].
In general, the main function of these inflammatory responses is to restore
homeostasis during infection and tissue injury. However, a dysfunctional im-
mune system may lead to a high release of cytokines and destructive inflammat-
ory mediators, which can cause tissue damage and in the worst case organ failure,
and sepsis [11]. For this reason, the reduction of pro-inflammatory responses is
an essential mechanism to reduce tissue damage during infection [14, 15].
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2 The immune system

Throughout life, a human body is exposed to different kinds of microbial patho-
gens that may cause life-threatening infections. In order to survive, the human
body has developed various defense mechanism, to protect itself against invad-
ing pathogens [16]. The first line of defense is a physical barrier consisting
of the epidermis and the mucosal epithelium of the respiratory, gastrointest-
inal, and reproductive tracts. In addition, commensal microbes, present on the
epidermis, in the gut and other mucosal membranes, compete with invading
pathogens for nutrients and location. A further line of defense is built by the
acidic environment of the skin surface, the production of antimicrobial peptides
from keratinocytes and the release of body fluids like sweat, saliva, and tears
containing amongst others, the antibacterial enzyme lysozymes and salt [16, 17].
However, in some cases pathogens manage to overcome this physical and chem-
ical barrier to enter the host. These invading pathogens are recognized by the
immune system, which activates various complex immune responses. The im-
mune system is traditionally divided into two parts, the innate immunity and
adaptive immunity, which interact with each other during immune responses.

2.1 Innate Immunity

The innate immune system is an ancient defense mechanism in comparison to
the adaptive immune system. It is part of almost all multicellular organisms
(metazoans), and most organisms on this planet survive on an innate immune
system alone [18]. Vertebrates are the only ones that have developed an adaptive
immunity [19]. The main function of the innate immune system is the detection
of invading pathogens and the induction of mechanism to eliminate potential
infectious threats [16]. Furthermore, the innate immune system is not only act-
ive against pathogens, but it also recognizes endogenous molecules released by
stressed cells, undergoing necrosis, and damaged tissue. These molecules are
known as damage-associated molecular patterns (DAMPs), such as the high
mobility group box-1 (HMGB1), heat shock proteins (HSPs), desoxyribonucleic
acid (DNA), and adenosine triphosphate (ATP). Both DAMPs and pathogens
can be recognized by specific receptors, which is explained in more detail in
chapter 3 ‘Recognition of pathogens’ [20, 21]. The innate immune system in-
cludes different immune cells, like phagocytes, (neutrophils, macrophages, and
dendritic cells) mast cells, eosinophils, natural killer (NK) cells, and natural
killer T cells, as well as endothelial cells, epithelial cells, and fibroblasts [22].
Furthermore, the complement system and the coagulation system are part of in-
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nate immunity and promote the clearance of invading pathogens [23]. Moreover,
the innate immune system is able to activate the adaptive immune responses.

2.2 Adaptive Immunity

Adaptive immune responses are highly specific and facilitate long-term protec-
tion by developing a memory effect against specific pathogens. However, this
immune response needs time to be efficiently active. Adaptive immunity in-
volves B cells and T cells, which recognizes specific antigens, present on the
surface of macrophages, dendritic cells, and mast cells, as well as antibodies and
cytokines. Macrophages and dendritic cells internalize self and non-self proteins,
which are degraded into peptides. The peptides are loaded onto the major histo-
compatibility complex class II (MHC class II) molecules, which are transported
to the cell surface for antigen presentation [19]. In order to activate näıve T
cells at the lymph node site, these antigen presenting cells also need to express
CD80 and CD86 on the cell surface, to ensure that T cells are only activated in
the presence of pathogens together with the costimulatory mediators CD80 and
CD86 [24]. Activated T cells can either produce cytokines, to activate further
effector cells, or actively attack infected host cells. B cells are essential for the
humoral immune response by producing highly specific antibodies that bind to
the surface of pathogens and facilitate their elimination by phagocytes. Besides
antibody production, B cells generate immunological memory, present antigens,
and regulate the production of different cytokines [25].

2.3 Inflammation

Inflammation is a complex and protective host response which facilitates clearing
of infection and subsequent healing processes. The main inducers of inflamma-
tion are microbial infections and damaged tissue through injury. The classical
signs of inflammation, caused by microbial infection, are redness, swelling, heat,
pain, and loss of function [26].
In the initial steps of infection, microbes and microbial products are recognized
through pattern recognition receptors (PRR) on immune cells. The recognition
of microbes triggers inflammatory responses through the activation of various
mediators, such as vasoactive amines released from mast cells or vasoactive pep-
tides derived from the coagulation system, to facilitate vascular permeability
and vasodilation. The activation of the complement system and their fragments
(C3a, C4a, and C5a) initiate recruitment of monocyte and granulocytes and
degranulation of mast cell. In addition, the release of cytokines from macro-
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phages, mast cells, and other inflammatory cells, activate the endothelium and
leukocytes. Chemokines recruit further inflammatory cells, such as neutrophils,
monocytes, and dendritic cells, to the site of infection and tissue injury, to
eliminate pathogens and to facilitate tissue repair [27, 28].

2.4 Immune cells - Monocytes and Macrophages

Monocytes and macrophages are mononuclear, heterogeneous cell populations,
which are originally derived from common myeloid progenitors of the red bone
marrow (mesoderm). The human blood consists approximately of 4-10% of ma-
ture monocytes within the leukocyte cell population. These cells can differ in
size (5-20 µm), as well as nucleus morphology and degree of granularity [29].
Monocytes are mainly present in the peripheral blood, but the spleen and lung
contain storage of monocytes, which can be released when they are needed [30].
The monocyte population in humans can be divided into three different classes
based on the expression of CD14 and CD16. The inflammatory monocytes
CD14+CD16+ and CD14+CD16− express CC-chemokine receptor 2 (CCR2) and
eliminate pathogens and regulate the pro-inflammatory response at the site of
infection or inflammation [31]. In addition, the human CD14lowCD16+ express
CX3CR1 and role on the luminal endothelium, to patrol healthy tissue, and also
contribute to wound healing and phagocytosis of damaged cells [32, 33]. In mice,
monocytes are also divided into different subsets, based on the expression of the
receptors Ly6C, CX3CR1, and CCR2. The Ly6Chigh inflammatory monocyte
population expresses high levels of CCR2 and low levels of CX3R1, whereas the
patroling monocytes express high levels of CX3CR1 and low levels of Ly6C and
CCR2 [34].
Under steady state conditions, the inflammatory blood monocytes circulate
between the bone marrow and bloodstream. However, during infection pro-
inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and type 1
interferon (IFN), enhance the recruitment of monocytes from the bone marrow
to the site of infection [35]. In order to clear the infection, monocytes exert an-
timicrobial effects through the release of TNF-α and the inducible nitric oxide
synthase (iNOS), which leads to the production of nitric oxides (NO) to promote
bacterial killing in phagosomes [36]. Furthermore, monocytes may transport an-
tigens of pathogens to the lymph node to present the antigen for the activation
of specific T cells [37].
During inflammation, monocytes migrate from the bloodstream to the tissue
to differentiate into ‘inflammatory macrophages’. Under steady state condi-
tions, however, the main macrophage population is not monocyte-derived, but
consists of tissue-resident cells that have developed during embryogenesis from
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embryonic precursors, which are distributed in the tissue before birth and can
maintain their population by self-renewal [30, 37]. In general, a high diversity
of different macrophage populations exist and depending on the different ana-
tomical location in the tissue, macrophages fulfill their special functions [29].
Tissue-resident macrophages express various receptors to recognize pathogen-
associated molecular patterns (PAMPs) and DAMPs, including Toll-like recept-
ors (TLRs), NOD-like receptors (NLRs), retinoic acid-inducible (RIG)-I family
receptors (RLRs) and lectin receptors. Depending on the microenvironment,
tissue-resident macrophages express a unique phenotype of receptors for the
activation of initial immune responses [38]. Moreover, the two growth factors
macrophage colony-stimulating factor (M-CSF) and granulocyte macrophage
colony-stimulating factor (GM-CSF) are key players in the regulation of the
amount and function of macrophages. The growth factor M-CSF regulates dif-
ferentiation and proliferation of macrophages, as well as the survival and self-
renewal of tissue resident-macrophages, whereas GM-CSF activates monocytes-
derived macrophages during inflammation and tissue injury, to promote the
pro-inflammatory immune response [39]. Inflammatory monocytes and macro-
phages play an essential role in innate immunity by eliminating apoptotic cells,
cell debris and pathogens during inflammation, whereas the primary function
of tissue-resident macrophages is maintaining tissue homeostasis and resolving
inflammation [40].
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3 Recognition of pathogens

Immune cells such as macrophages and neutrophils play an essential role in
protecting the host against infection, by the recognition and elimination of in-
vading pathogens. Microbes are recognized by their very specific and conserved
molecular patterns on the cell surface termed PAMPs. PAMPs are important
for the survival of the microbe and are only produced by microbes and not by
the host cells. Each class of microorganisms contains specific structures on the
cell surface that can be recognized by host cells [41], for example the lipopoly-
saccharides (LPS) [42], lipoteichoic acid (LTA) [43], peptidoglycan (PGN) [44],
bacterial proteins like flagellin [45], bacterial DNA or viral RNA [46, 47] (Figure
1).

3.1 Pattern-recognition receptors

During inflammation, PAMPs are recognized by specific PRRs. These receptors
can be found as secreted receptors present in serum or as expressed receptors on
the cell surface or in the cytoplasm of immune cells, such as monocytes, mac-
rophages, and dendritic cells, but also of endothelial cells and fibroblasts [48].
Several different structural and functional proteins have been identified that are
involved in pattern recognition, including TLRs, C-type lectin receptors (CLRs)
and RLRs and NLRs [41, 49]. The TLRs belong to the membrane-bound recept-
ors and sense invading pathogens on the cell surface or intracellular in endosomes
or lysosomes (see section 3.2 ‘Toll-like receptors’) [48]. RLRs, NLPRs, and CLRs
are all located in the cytoplasm. RLRs recognize dsRNA from a virus, whereas
NLRs and CLRs sense different PAMPs and DAMPs [26]. Mannose-binding
lectins (MBL) are soluble receptors, activating the lectin-pathway of the com-
plement cascade by their interaction with bacterial polysaccharides [50]. The
main functions of PRRs are the induction of various immune responses, includ-
ing the release of cytokines, chemokines, antimicrobial peptides, and enzymes,
as well the uptake of pathogens [41].

3.2 Toll-like receptors

Originally, the Toll receptor was discovered being responsible for the dorsal-
ventral patterning in embryos of the fruit fly Drosophila melanogaster [51]. Later
on, it was shown that TLRs are involved in the inflammatory response by activ-
ating nuclear factor ‘kappa-light-chain-enhancer’ of activated B cells (NF-κB)
and activator protein 1 (AP-1) pathways [52]. To date, there are ten different
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TLRs found in humans (Figure 1) and 12 in mice and they are one of the most
studied pattern recognition receptors. [53]. Toll-like receptors are type I integ-
ral membrane glycoproteins consisting of the extracellular leucine-rich repeat
(LRR) protein and the Toll/IL-1R (TIR) domain [54]. The LRR consists of
an evolutionary conserved motif ‘LxxLxLxxN’, which is structurally shaped like
an arc or horseshoe and is sensing PAMPs [55]. The intracellular TIR domain
recruits and interacts with various adaptor molecules to activate downstream
signaling pathways [54]. However, each TLR is specialized in recognition of
specific PAMPs [56, 57] (Figure 1). In detail, TLR4 recognizes LPS of Gram-
negative bacteria and is located on the cell membrane and in endosomes [56, 57].
Furthermore, TLR5 senses flagellin and TLR2, which forms heterodimers with
TLR1 or TLR6 or TLR10, recognizes peptidoglycan, triacylated lipopeptides
or diacylated lipopeptides at the cell surface [57, 58, 59]. TLR3 recognizes
retroviral double-stranded RNA (dsRNA), TLR7-TLR8 viral single-stranded
RNA (ssRNA) and imidazoquinolines, whereas TLR9 senses bacterial cytidine-
phosphateguanosine (CpG) and viral DNA motifs. These last four TLRs are
localized in endosomes [53, 56].

3.3 Toll-like receptor signaling

The interaction of the TLRs with a specific microbial pattern, leads to the
recruitment of TIR domain-containing adapters, like myeloid differentiation
factor protein 88 (MyD88), TIR domain-containing adaptor inducing interferon-
β (TRIF), TIR domain-containing adaptor protein (TIRAP)/MyD88-adaptor-
like (MAL) and TRIF-related adaptor molecule (TRAM) [60]. TLR signaling
pathways can be divided into MyD88-dependent and TRIF-dependent pathways.
All TLR signaling, except TLR3, are conducted through MyD88-dependent
pathways [56] (Figure 1). However, TLR4 is the only TLR that is interacting
with all four TIR domain-containing adaptors by activating both the MyD88-
dependent and the TRIF-dependent pathways [61]. Activation of the MyD88
dependent pathways induces the recruitment of IL-1 receptor-associated kinases
IRAK4, IRAK1, and IRAK2 which interact with tumor necrosis factor receptor-
associated factor-1 (TRAF6). TRAF6 activates TAK1-binding protein (TAB2
and TAB3) together with the associate transforming growth factor-β-activated
kinase (TAK1). Those lead to the activation of different mitogen-activated pro-
tein kinase kinase (MKK) and the inhibitor of NF-κB (IKK), as well as the
mitogen-activated protein kinases (MAPKs) p38 and c-Jun N-terminal kinase
(JNK). Further, the MAPKs p38 and JNK, and IKKα/IKKβ induce the ac-
tivation of the transcription factors NF-κB, cyclic AMP-responsive element-
binding protein (CREB) and AP-1, which finally leads to the expression of
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pro-inflammatory cytokines, such as IL-6, IL-12p40, and TNF-α [53, 61].
The recruitment of TRAM and TRIF initiates the activation of the TRIF de-
pendent pathway also known as the MyD88-independent pathway, which is as-
sociated with TRAF6 and TRAF3. The signaling cascade via TRAF6 leads to
the induction of MAPKs, NF-κB and pro-inflammatory cytokines as described
for the MyD88-dependent pathways. In contrast, the activation of TRAF3 in-
volves the regulation of interferon-regulatory factors (IRF3, IRF7) followed by
the translocation of type I IFN genes and the expression of IFN-α and IFN-β,
as well as the anti-inflammatory cytokine IL-10 [53, 56, 57].

3.4 LPS recognition by TLR4

TLR4 recognizes various DAMPs (HMGB1 and HSPs) and PAMPs, of which
LPS is the most prominent interactor and inducer of intracellular pro-inflammatory
signaling [62]. LPS are mainly released from the outer cell wall of Gram-
negative bacteria and bind at first to soluble LPS-binding proteins (LBP) [63,
64]. LBP is a shuttle protein, which facilitates the transfer of LPS to the glyc-
osylphosphatidylinositol (GPI)-linked protein CD14, which is found as soluble
and membrane-bound protein, and promotes the transfers of LPS to TLR4/MD2-
receptor complexes [65, 66]. The soluble protein MD-2 binds to LPS and is
directly associated with TLR4 and induces the dimerization of the TLR4. Sub-
sequently, the TIR domain recruits the intracellular adaptor molecules MyD88,
TIRAP, TRIF, and TRAM, and activates either the MyD88-dependent or the
MyD88-independent pathways [67]. These two pathways induce the activation
of different MAP kinases, NF-κB/AP-1, IRF3 and IRF7, followed by the final
production and release of pro-inflammatory cytokines, chemokines, and inter-
ferons [57].
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4 Host defense peptides

Host defense peptides (HDPs) are short peptides (usually between 12 and 50
amino acids) which are positively charged and amphipathic molecules. Ori-
ginally, HDPs were known as antimicrobial peptides (AMPs) due to the ob-
servation, that AMPs exhibit broad antimicrobial properties against bacteria,
fungi, viruses and parasites in vitro [10, 68]. However, recent studies have
shown that the antimicrobial properties of most HDPs were compromised under
physiological conditions, such as the presence of NaCl or plasma, whereas their
immunomodulatory actions remained preserved [69, 70]. For this reason, the
terms HDPs or cationic host defense peptides (CHDPs) are more often used
than AMP nowadays.
HDPs are produced in all multicellular organisms, including plants, insects, and
vertebrates, in order to maintain homeostasis and to protect the host from micro-
bial infection. Particularly, invertebrates such as insects, octopus, and starfish
rely on host defense peptides to fight against invading pathogens [71].
HDPs can be broadly categorized into different groups according to their sec-
ondary structure: the α-helical and the β-sheet peptides, which are stabilized
by disulfide bridges [72]. The most studied example of α-helical HDPs is the
cathelicidin family, including the only human HDP LL37. In addition, the fam-
ily of TCPs including GKY25, HVF18, and FYT21, belong to the α-helical HDP
group [9, 73, 74]. The α-defensins and β-defensins are the best characterized
HDP that belong to the class of β-sheets containing peptides.

Cathelicidins: Cathelicidins consist of a signal peptide region at the N-terminus,
a highly conserved cathelin-like pro-domain and a variable C-terminus, that en-
codes for HDPs, which can be released through proteolytic cleavage. hCAP18
is the only cathelicidin precursor in humans, which releases the HDP LL37 [75].
LL37 is mainly produced during infection and inflammation from immune cells,
for example, neutrophils, monocytes, mast cells, and epithelial cells. Moreover,
high concentrations of LL37 are released in the local environment from degranu-
lating neutrophils during infection and inflammation and fulfill various immun-
omodulatory functions [10].

Defensins: Defensins are HDPs consisting of 30-45 amino acid, including six
cysteines that form three disulfide bridges between each other, which are rich in
arginine and aromatic amino acid residues [76]. The defensins are grouped in α-
defensins and β-defensins, which are expressed in humans, and θ-defensins, that
are only present in nonhuman primates like macaques and baboons [72, 77]. α-
Defensins are also known as human neutrophil peptides (HNPs) and are secreted
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as a pro-protein (proHNPs) from different cell types, like neutrophils, peripheral
blood mononuclear cells, bone marrow, spleen and thymus [78]. The β-defensins
are also expressed as pro-proteins, mainly in epithelial cells, and are converted
to the active form by proteolytical cleavage. Additionally, immune cells like
monocytes, macrophages, and dendritic cells release β-defensins [79]. The main
structural difference between α-defensins and β-defensins is the organization of
the disulfide bridges between the cysteines [80].

4.1 Modes of action of HDPs

HDPs are multifunctional molecules of the innate immune system that may facil-
itate bacterial killing and modulate various immune responses during infection
and inflammation [81, 82, 83]. This section will briefly focus on the immun-
omodulatory functions of HDPs.
HDPs, like LL-37, can modulate the release of pro-inflammatory cytokines, like
TNF-α, IL-6, and IL-12p70, during TLR stimulation with LPS, through the dir-
ect binding to LPS and thereby neutralizing LPS induced TLR4 dimerization
or directly influencing the NF-κB pathway [11, 84, 85]. Moreover, under cer-
tain circumstances the HDP LL-37 can enhance the release of anti-inflammatory
cytokine, like IL-10 and thereby balancing the pro- and anti-inflammatory im-
mune responses during infection [86]. In order to clear an infection, HDPs such
as HNP-1, IDR-1, and IDR-1002 are able to recruit immune cells directly, by
operating as a chemoattractant, or indirectly by promoting the expression of
specific chemokines in monocytes, macrophages, epithelial, cells or mast cells
[87, 88, 89, 90]. Next, to the recruitment of neutrophils, monocytes, and mac-
rophages, HDPs may also be able to enhance phagocytosis of bacteria in these
phagocytic cells [91, 92]. Furthermore, HDPs may enhance bacterial killing in-
tracellular by facilitating an increased production of ROS and NO [91].
Bacterial infection and other inflammatory stimuli trigger the formation of
neutrophil-derived extracellular traps (NETs) or mast cell-derived extracellu-
lar traps (MCETs), which are a network containing antimicrobial molecules
and DNA. In this network, HDPs may also enhance bacterial killing in the ex-
tracellular environment, as is shown for LL-37 and HNP [93].
HDPs form a link between the innate and adaptive immune system. They may
influence adaptive immunity indirectly, by promoting the differentiation of hu-
man monocytes into dendritic cells and by generating an enhanced T helper
cell response [94]. HDPs also affect B and T cells directly, by modulating the
production of immunoglobulin (Ig)G and M in B cells, and the corresponding
cytokine production in T cells [95, 96].
At the site of injury, various HDPs are expressed by keratinocytes, endothelial
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cell, and immune cells, and promote wound healing. HDPs may induce cell mi-
gration of for example keratinocytes, cell proliferation, re-epithelialization, and
may modulate angiogenesis, which supports closure and healing of the wound
[97].

4.2 Thrombin and its derived C-terminal host defense peptides

The coagulation cascade plays a central role in host defense during tissue injury
and infection. Through the activation of various proteins in the coagulation cas-
cade, the serine protease prothrombin gets proteolytically cleaved into thrombin,
which is mainly known for converting soluble fibrinogen into an insoluble fib-
rin clot [98, 99]. This clot formation stops bleeding, traps microbes to protect
the host from invading pathogens and activates inflammatory immune responses
[8]. Besides functioning as a pro-coagulant, thrombin can also act as anticoagu-
lant via the activation of the thrombin activatable fibrinolysis inhibitor (TAFI)
[100]. Thrombin also interacts with almost all cells. This interaction is mediated
through protease-activated receptors (PARs), which are localized on endothelial
cells, monocytes, fibroblasts, T-lymphocytes, smooth muscle cells, neurons and
various other cell types, but not erythrocytes [101]. Cell activation through
the PARs initiates various processes which promote wound healing after tissue
injury [102]. Examples of this are that thrombin activates chemokine produc-
tion via the PARs to recruit inflammatory cells to the site of injury and that it
enhances angiogenesis locally, by activating cell migration, endothelial cell and
smooth muscle cell proliferation and vascular tube formation [101, 103].

Previously our lab showed that proteolytic cleavage of thrombin by neutrophil
elastase forms thrombin-derived C-terminal peptides (TCPs). In agreement,
various low molecular weight TCPs in the range of 2-15 kDa have been identified
in wound fluids, including HVF18 (HVFRLKKWIQKVIDQFGE) and the 11
kDa TCP [9]. Moreover, it was shown that the metalloproteinase elastase from
P. aeruginosa cleaves the TCP FYT21 (FYTHVFRLKKWIQKVIDQFGE) [74]
from thrombin, and the same peptide was also generated in the presence of the
metalloproteinase aureolysin from S. aureus [104], together indicating that bac-
teria can mimic the formation of these smaller TCPs.
Initial studies showed that the prototypic peptide GKY25 (GKYGFYTHV-
FRLKKWIQKVIDQFGE) has antimicrobial activity in vitro against the Gram-
negative bacteria E. coli, and P. aeruginosa, the Gram-positive bacteria S.
aureus, and the fungus Candida albicans, through bacterial membrane lysis
[9, 105]. Furthermore, it was shown that GKY25 exerted the strongest immun-

12



omodulatory effect during the stimulation of macrophages with LPS, LTA and
zymosan as compared to other N- and C-terminally truncated peptides [105]. In
a mouse model of P. aeruginosa-induced sepsis and LPS-induced shock, GKY25
significantly increased the survival of the mice by reducing pro-inflammatory
immune responses while showing only a moderate reduction on the amount of
bacteria in kidney, spleen, and liver [9, 14, 105]. In addition, GKY25 reduced
the excessive activation of the clotting cascade during LPS-induced inflamma-
tion, by inhibiting contact activation and modulating LPS-induced tissue factor
mediated coagulation. GKY25 also reduced pulmonary leakage and fibrin de-
position in the lungs of mice during P. aeruginosa-induced sepsis [9, 14, 105].
Together, these observations highlight the important immunomodulatory and
anti-coagulative function of GKY25 in vivo during LPS-induced shock and P.
aeruginosa sepsis.
From a structural viewpoint, GKY25 is able to form an amphipathic helical con-
formation in the presence of LPS or negatively charged liposomes [9, 106]. Fur-
thermore, GKY25 contains a helix-stabilizing N-cap motif and an interspersed
hydrophobic residue, which enables this helix formation [107]. In comparison,
the 12 amino acid internal fragment of GKY25 (VFRLKKWIQKVI) is also bind-
ing to LPS but does not have anti-endotoxic effects [105]. This together might
indicate that the length of the peptide influences helix formation and that a
combination of the binding to LPS/lipid A and the resulting helix conformation
is mediating anti-endotoxic effects [106].

Since previous investigations have shown that TCPs reduce the pro-inflammatory
response during bacterial infection in vivo and increase the survival of mice in
an LPS-induced shock or P. aruginosa induced sepsis model, the overall aim
of this work was to investigate the detailed modes of action of TCPs, underly-
ing the reduced cytokine response in monocytes and macrophages during LPS
induced inflammation and bacterial infection.
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5 Endocytosis

Cells communicate with each other and their environment through the interac-
tion of ligands with signaling receptors on the cell membrane. Endocytosis plays
an essential role in the regulation of signal transduction, cell migration, uptake
of nutrients, and uptake (phagocytosis) of pathogens and removal of apoptotic
cells [108, 109]. Endocytosis is described as the internalization of extracellular
molecules and transmembrane proteins into the interior of eukaryotic cells. The
vesicle trafficking of endocytosis can be divided into two central pathways, the
clathrin-dependent and the clathrin-independent endocytosis (CIE) [110, 111].

5.1 Clathrin-dependent endocytosis

The clathrin-mediated endocytosis (CME) pathway is the most studied and best-
characterized uptake mechanism among the different endocytosis pathways. It
controls the internalization of nutrients, pathogens and growth factors, regu-
lates antigen presentation and the recycling of receptors [112, 113]. The CME
is induced through the interaction of the cargo with transmembrane proteins on
the outer leaflet of the cell membrane and the recruitment of specific adapter
molecules [114]. The adapter molecules, for example, the adapter protein 2
(AP2), AP180, clathrin assembly lymphoid myeloid leukemia protein (CALM)
and epsins, bind to the inner leaflet of the plasma membrane and the cargo
[115, 116, 117, 118]. This promotes the recruitment of clathrin and other scaf-
folding proteins, to interact with the clathrin adapter molecules, and mediates
the formation of clathrin-coated pits [119]. The constriction of the clathrin-
coated vesicles is facilitated by polymerization of actin filaments at the neck
of the vesicle. Finally, the GTPase dynamin mediates recruitment of the Bin,
amphiphysin and Rvs (BAR domain) proteins for vesicle scission into the intra-
cellular environment [120]. In the cytoplasma, chaperones, protein kinases, and
lipid phosphatases uncoat the vesicle and fuse it together with early endosomes
[111]. Early endosomes, also known as sorting endosomes, determine the route
of the specific cargo [121]. Early endosomes can mature to late endosomes and
fuse together with lysosomes, leading to degradation of the cargo (Figure 2).
Instead of degradation, the internalized molecules can also be delivered to the
trans-Golgi network or get recycled by endosomal carriers that transport the
cargo back to the cell membrane [122].
CME controls different functions: it may influence the activation of the sig-
naling pathways, regulation of cell growth, expression of proteins on the cell
membrane, cellular homeostasis, cell differentiation, and signal transmission by
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synaptic vesicle recycling [119]. One example during immune responses is that
the TLR4-MD2 complex binds LPS and is internalized into endosomes by the
CME pathway, leading to the activation of the NF-κB signaling pathways and
the subsequent release of cytokines, such as TNF-α, IL-10 and IFN-β [123].

5.2 Clathrin-independent endocytosis

Several different endocytosis pathways have been identified, that are independ-
ent of clathrin and adapter molecules for cargo internalization. The clathrin-
independent endocytosis pathways are until today not fully understood, but
includes a broad range of different endocytotic pathways, which are difficult to
categorize [124]. Moreover, the same endocytic cargo can be internalized by
different endocytosis pathways in different cell types or, in the same cell type,
the uptake mechanisms change under different conditions [125].
Among the CIE pathways, the caveolin-dependent endocytosis is the most in-
vestigated pathway. Caveolae are cave-like invaginations of the cell membrane,
which are enriched in sphingolipids, cholesterol, and the cholesterol-binding pro-
teins caveolin 1-3, which are connected with the four different cavin proteins
[126, 127]. Caveolae are formed through oligomerization of the integral mem-
brane protein caveolin and they are stabilized by the cytoplasmic cavin proteins.
In the end, the Eps-15 homology domain-containing protein 2 (EDH2) and the
GTPase dynamin regulate the caveolae budding from the cell membrane [128].
After reaching the cytoplasm, caveolae can fuse together with early endosomes,
mature to late endosomes and fuse together with lysosomes, or they are recycled
from early endosomes to the cell membrane [129, 130] (Figure 2). Besides en-
docytosis, caveolae are involved in various biological processes, including the
regulation of lipids, signal transduction and transcytosis [131]. Recent investig-
ations indicate that caveolae mainly function in mechanotransduction, especially
in adipocytes, muscle and endothelial cells [132, 133]. However, until today no
receptor, ligand or pathogen was identified that is specifically internalized in
cells through caveolae [127].
Besides caveolin-dependent endocytosis, various clathrin- and caveolin- inde-
pendent pathways exist for the internalization of different cargos. For example,
the GTPase RhoA endocytosis route is a dynamin-dependent pathway that in-
ternalizes cytokine receptors with bound ligands via small non-coated invagina-
tions [134]. Another uptake mechanism is the ADP-ribosylation factor 6 (ARF6)
associated pathway, which is dependent on cholesterol but not on clathrin and
dynamin [135]. The vessicle scission during the dynamin-independent endocytic
processes are mainly driven by the polymerization of actin, and the cargos are
sorted by early endosomes either for recycling or degradation [136].
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Figure 2: Endocytosis pathways. Schematic overview of the different endocytosis mechanisms, showing phagocytosis,
macropinocytosis, clathrin-dependent endocytosis, caveolin-dependent endocytosis and clathrin- and caveolin-independent
endocytosis pathways (adapted from Mayor and Pagano 2007, [125]).

5.3 Phagocytosis

Phagocytosis plays a key role in the innate and adaptive immune responses to
pathogens, in which phagocytic cells engulf and kill pathogens. This process
was described the first time by Elias Metchnikoff in 1891 [137].
At the site of infection, bacteria, fungi or parasites are recognized by PRRs
present on the cell surface of amongst others neutrophils, macrophages, and
dendritic cells. Furthermore, pathogens can be recognized by opsonins such as
IgG or components of the complement cascade (C3b, C1q), which enhance the
interaction with the receptors on phagocytes [138]. The binding of the pathogens
with receptors induces an actin-dependent remodeling of the cell membrane and
the cytoskeleton by forming a phagocytic vesicle, which leads to the engulfment
of the pathogen. After a dynamin-dependent phagosome scission, the phago-
some matures by fusion with endosomes and lysosome to a phagolysosome. In
phagolysosomes, degradation of the pathogen through antimicrobial and degrad-
ing agents occurs, for example, antimicrobial peptides, different proteases, ROS,
NO, and reactive nitrogen species (RNS) [139, 140] (Figure 2). The phagocytosis
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of pathogens induces the release of pro-inflammatory cytokines, which recruits
additional inflammatory cells to clear the infection. However, some pathogens
have developed different strategies to evade their internalization and degrad-
ation in phagosomes. One strategy to avoid the recognition of pathogens by
phagocytic cells is a polysaccharide-based capsule that prevents pathogens, like
Pseudomonas aeruginosa, Neisseria meningitidis or Strepococcus spp., from the
binding of opsonins and internalization [141]. Another strategy that is used by
Staphylococcus aureus is the expression of specific surface proteins that inhibit
the binding to receptors [142].
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6 Present Investigations

6.1 Paper I

The thrombin-derived host defense peptide GKY25 inhibits endotoxin-
induced responses through interactions with lipopolysaccharide and
macrophages/monocytes

Background :

Monocytes and macrophages play a fundamental role during infection, by elimin-
ating invading microbes and releasing pro-inflammatory cytokines [143]. Mono-
cytes, and macrophages recognize pathogens via pattern recognition receptors
such as the toll-like receptors [48]. Binding of LPS to the TLR4/MD2 complex
leads to dimerization of TLR4 followed by the activation of the NF-κB/AP-1
signaling pathway and the release of pro-inflammatory cytokines [144].
Previous work has disclosed a new function of thrombin-derived C-terminal pep-
tides in host defense, which exert antimicrobial and immunosuppressive effects.
The multifunctional HDP GKY25 (GKYGFYTHVFRLKKWIQKVIDQFGE),
derived from the C terminus of human thrombin, exerts direct antimicrobial
activities as well as antiendotoxic effects in vitro and in vivo [9, 14, 105]. It was
shown that treatment with GKY25 in animal models of LPS-induced shock and
Pseudomonas aeruginosa sepsis increased the survival of mice, by modulation
of tissue factor-induced coagulation, but also by inhibition of pro-inflammatory
responses in combination with antimicrobial effects [9, 14]. Furthermore, it was
shown, that GKY25 is directly interacting with LPS, lipid A, and bacterial
surface [106]. However, the detailed mode of actions remained unknown.

Aim of Paper I :

• To characterize the immunomodulatory effects of GKY25 during LPS-
induced inflammation in monocytes and macrophages

Results and Conclusion:

Using monocytes and macrophages, the results show that interactions of GKY25
with LPS inhibits TLR4 dimerization, thereby preventing activation of NF-
κB/AP-1 signaling pathways and the subsequent release of pro-inflammatory
cytokines. Furthermore, the data demonstrate that GKY25 inhibits TLR4- and
TLR2- induced NF-κB/AP-1 activation induced by other microbial stimuli such
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as peptidoglycan, LTA, and zymosan as well. Flow cytometry analysis and con-
focal microscopy demonstrate a direct binding and internalization of GKY25
into monocytes and macrophages at 37◦C in vitro and in vivo. However, the
uptake was reduced at 4◦C and during cytochalasin B treatment, suggesting
that internalization of the peptide is dependent on membrane fluidity. Taken
together, the data demonstrate a multifunctional thrombin-derived host defense
peptide which reduces the pro-inflammatory cytokine response during LPS in-
flammation by interacting with endotoxins and inflammatory cells.

6.2 Paper II

Thrombin-derived host defense peptides modulate monocyte/macrophage
inflammatory responses to Gram-negative bacteria

Background :

Monocytes and macrophages play an important role in infection and wounding.
These phagocytic cells clear infections at the side of injury, by the engulfment
of pathogens, the release of pro-inflammatory cytokines and reactive oxygen.
Besides immune cells, host-defense peptides are also an essential part of innate
immunity. Previous investigations have shown multifunctional thrombin de-
rived host defense peptide GKY25 (GKYGFYTHVFRLKKWIQKVIDQFGE),
that exert immunomodulatory and antimicrobial effects. In paper I, we clarify
the mode of action GKY25 during LPS inflammation in monocytes and mac-
rophages. We found that GKY25 binds to LPS, which prevents LPS-induced
TLR4 dimerization on monocytes and macrophages, leading to inhibition of the
downstream activation of transcription factors NF-κB and AP-1 and subsequent
release of pro-inflammatory cytokines [145]. Furthermore, in vivo studies indic-
ated that treatment with GKY25 increased the survival of mice after Pseudo-
monas aeruginosa infection, by inhibiting cytokine release and decreasing fibrin
deposition and leakage in the lungs [9, 14]. However, as no antibacterial effect
was observed under these physiological conditions, we hypothesized that GKY25
might influence phagocytosis and the activation of monocytes and macrophages
during Gram-negative bacterial infection.

Aims of Paper II :

• To investigate the effect of GKY25 on bacterial uptake by and activation
of monocytes, and macrophages during Gram-negative infection
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Results and Conclusion:

The results revealed binding of C-terminal thrombin epitopes to Gram-positive
and Gram-negative bacteria in the extracellular and intracellular environment
of fibrin slough from a patient with a non-healing, infected wound. In agree-
ment, live imaging showed binding of GKY25 to E. coli Bioparticles extracel-
lularly, followed by phagocytosis by macrophages. However, GKY25 did not
act as opsonin or negatively influence phagocytosis. Nevertheless, GKY25 did
reduce NF-κB/AP-1 activation and the subsequent release of pro-inflammatory
cytokines in response to heat-killed and live Gram-negative bacteria. Taken to-
gether, GKY25 binds to Gram-negative bacteria and reduces pro-inflammatory
cytokine release by macrophages, while preserving their important phagocytic
function.

6.3 Paper III

Differential internalization of thrombin-derived host defense peptides
into monocytes and macrophages

Background :

Endocytosis is the internalization of extracellular molecules into the cytoplasm
of eukaryotic cells. Endocytosis pathways are divided into two main groups: the
clathrin-dependent and clathrin-independent endocytosis pathways [110, 111].
In paper I and II we have shown that the thrombin-derived host defense peptide
GKY25 binds to and internalizes into monocytes and macrophages in a time-
and temperature- dependent manner. In addition, we found that the endocytosis
inhibitor cytochalasin B affects the internalization of GKY25 in macrophages
[145]. However, the exact uptake mechanism of GKY25 remained unknown.
In line with this, it was recently shown that the host defense peptide LL37,
as well as other cell-penetrating peptides, are internalized by both clathrin-
mediated and caveolin-mediated endocytosis pathways [146, 147, 148]. Based on
these observations, we hypothesized that thrombin-derived host defense peptides
may enter monocytes and macrophages via clathrin-dependent and -independent
endocytosis pathways.

Aims of Paper III :

• To investigate which endocytosis pathway is responsible for the internal-
ization of TCPs in monocytes and macrophages.

• To elucidate the intracellular localization of GKY25
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Results and Conclusion:

Using specific endocytosis inhibitors in cell cultures, together with confocal mi-
croscopy and flow cytometry analysis, the data revealed that clathrin-dependent
and clathrin-independent pathways are involved in the internalization of GKY25
in macrophages. Interestingly, the uptake of thrombin derived C-terminal pep-
tides in monocytes was mainly dynamin-dependent. Comparisons of the in-
ternalization pathways of the prototypic thrombin derived C-terminal peptide
GKY25, with the natural occurring thrombin derived C-terminal peptide HVF18,
and FYT21 indicated that the endocytosis pathways of thrombin-derived C-
terminal peptides are not only dependent on the type of cells but also on the
length of the peptide. Moreover, the route of uptake was also affected by the
presence of LPS or E. coli BioParticles. Internalized GKY25 was transpor-
ted to late endosomes and finally to lysosomes, where it remained detectable
for up to 10 h, without indicating degradation into smaller fragments. Taken
together, the data show, that thrombin-derived host defense peptides are differ-
ently internalized by clathrin-dependent and clathrin-independent endocytosis
pathways in monocytes and macrophages.

6.4 Paper IV

Aggregation of thrombin-derived C-terminal fragments as a previ-
ously undisclosed host defense mechanism

Background :

Paper I, II and III focus mainly on the function of the thrombin-derived C-
terminal peptides of about 2 kDa. In these publications, it was shown, that
the multifunctional thrombin-derived host defense peptide GKY25 reduces pro-
inflammatory cytokine responses during LPS inflammation and Gram-negative
bacterial infection in monocytes and macrophages. Furthermore, it was shown
that thrombin-derived C-terminal peptides are differently internalized by clathrin-
dependent and clathrin-independent endocytosis pathways in monocytes and
macrophages. However, the cleavage of thrombin by the neutrophil elastase,
besides the thrombin-derived C-terminal peptides of roughly 2 kDa, also a 11
kDa peptides. In this present investigation, we want to elucidate the function
of this 11 kDa thrombin-derived C-terminal peptide in wound fluids.

Aims of Paper IV :

• To characterize the biological role of the 11 kDa TCP in wound fluids
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Results and Conclusion:

The cleavage of thrombin by neutrophil elastase generates 11 kDa thrombin-
derived C-terminal peptides which form amorphous amyloid-like aggregates in
the presence of LPS or Gram-negative bacteria. In silico molecular modeling us-
ing atomic resolution and coarse-grained simulations, confirm our experimental
observations, altogether indicating increased aggregation through LPS-mediated
intermolecular contacts between clusters of the recombinant 96-aa thrombin-
derived C-terminal peptide (TCP) molecules. In addition to bacterial aggreg-
ate formation, TCPs facilitate bacterial killing and promote bacterial clearance
by enhancing phagocytosis of bacterial aggregates in macrophages. TCPs were
found in acute wound fluids, and incubation of acute wound fluids together with
LPS or E. coli results in aggregate formation. Moreover, electron microscopy
analysis showed colocalization of TCPs together with LPS in wound fluids, in-
dicating the presence of TCP-LPS aggregates under physiological conditions.
Taken together, these findings provide a novel link between the coagulation sys-
tem, innate immunity, LPS scavenging, and protein aggregation/amyloid form-
ation.
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7 Conclusion

In this work, the modes of action of TCPs during LPS stimulation and bacterial
infection of monocytes and macrophages have been investigated. In figure 3 the
results of recent investigations are schematically illustrated, showing that the
prototypic peptide GKY25 is binding to LPS and Gram-negative bacteria in
the extracellular environment. It inhibits TLR4 dimerization, thereby prevent-
ing the activation of various MAPKs, the transcription factors AP-1 and NF-κB,
and the subsequent production of pro-inflammatory cytokines including TNF-
α, IL-6, IL-8 IL-12p40 and IFN-γ. Moreover, the investigations show that the
HDP GKY25 is internalized through both clathrin-dependent and -independent
pathways in monocytes and macrophages and was localized in endosomes and
phagosomes, together with LPS and Gram-negative bacteria, as well in lyso-
somes. In addition, GKY25 was preserving the important phagocytic function
of macrophages.
Besides the TCPs of roughly 2 kDa, larger fragments of 11 kDa were also found
in wound fluids. These TCPs of 11 kDa form amorphous amyloid-like aggreg-
ates in the presence of LPS and Gram-negative bacteria. Furthermore, these
TCPs facilitate bacterial killing and promote bacterial clearance through en-
hanced phagocytosis by macrophages.
Taken together, herein we show that the multifunctional, immunomodulatory
TCPs plays a physiological role during infection and inflammation, have thera-
peutic potentials by modulating multiple interactions involving bacteria, endo-
toxins, and inflammatory cell responses.
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Figure 3: Mode of action of the prototypic thrombin derived host defense peptide GKY25. GKY25 is binding to
LPS and Gram-negative bacteria, thereby inhibiting the TLR4 dimerization, which prevents the activation of the MAPKs,
the transcription factors AP-1 and NF-κB, and the subsequent production of pro-inflammatory cytokines in monocytes
and macrophages. Furthermore, GKY25 was localized in endosomes, phagosomes, and lysosomes together with LPS and
Gram-negative bacteria.
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[138] R. S. Flannagan, V. Jaumouillé, and S. Grinstein, “The cell biology of pha-
gocytosis,” Annual Review of Pathology: Mechanisms of Disease, vol. 7,
no. 1, pp. 61–98, 2012.

37



[139] E. Groves, A. E. Dart, V. Covarelli, and E. Caron, “Molecular mechanisms
of phagocytic uptake in mammalian cells,” Cellular and Molecular Life
Sciences, vol. 65, no. 13, pp. 1957–1976, 2008.
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