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Novel endogenous antimicrobial peptides

ABSTRACT

Antimicrobial peptides serve as a first line of defence against invading
microorganisms and are an essential part of our fast innate immune system. They
are ancient molecules found in all classes of life. Antimicrobial peptides rapidly kill a
broad spectrum of microbes and are immunomodulatory, ie. having additional
actions influencing inflammation and other innate immune responses. Results
presented in this thesis demonstrate that proteases of common human pathogens
degrade and inactivate the antimicrobial peptide LL-37, probably a strategy for
bacteria to circumvent the action of antimicrobial peptides. Likewise, heavily
sulphated glycosaminoglycans like dermatan sulphate and heparin were shown to
bind to and inactivate LIL-37. Furthermore, we demonstrate that structural
characteristics associated with heparin affinity (cationicity and amphipathicity) may
confer antimicrobial properties to any given peptide. Heparin-binding consensus
sequences were proven to be active against Gram-positive bacteria, Gram-negative
bacteria and the fungus Candida albicans. Similar results were obtained with synthetic
peptides derived from heparin-binding sequences within endogenous proteins. In
addition, novel antimicrobial activity and heparin-binding capacity were discovered
for the anaphylatoxin C3a, generated during activation of the complement system,
and the inactive derivative of C3a (C3agesarg), as well as shorter synthetic peptides
from the molecule. Novel antimicrobial activity was also shown for the
heparin-binding and cell-binding domain 5 of high molecular weight kininogen, a
substrate in the intrinsic pathway of coagulation. Interestingly, the peptide HKH20
(His*7”-His*8) from this domain was active in high salt, and highly resistant to
degradation by various bacterial proteases. The understanding that heparin binding
is a property of many antimicrobial peptides may represent a powerful tool in the
discovery of novel endogenous antimicrobial peptides from complex biological

mixtures.
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ABBREVIATIONS

AMP antimicrobial peptide

BK bradykinin

BPI bactericidal/permeability-increasing protein
C3,4,5 complement factor 3 - 5

CAMP cathelicidin antimicrobial peptide
CRAMP cathelin-related antimicrobial peptide
CS chondroitin sulphate

D3,5 domain 3, 5

DS dermatan sulphate

ECM extracellular matrix

EGF epidermal growth factor

EGFR epidermal growth factor receptor

FIC fractional inhibitory concentration
FPRL1 formyl peptide receptor-like 1

GAG glycosaminoglycan

HBP heparin-binding protein

hBD-1,2,3,4 human B-defensin 1 - 4

hCAP-18 human cationic antimicrobial protein-18
HD-5,6 human defensin 5, 6 (x-defensins)

HDP host defence peptide

HMWK high molecular weight kininogen
HNP-1, 2, 3,4 human neutrophil peptide 1 - 4 (x-defensins)
HRG histidine-rich glycoprotein

LBP lipopolysaccharide binding protein

LPS lipopolysaccharide

LTA lipoteichoic acid

MAC membrane attack complex
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MASP
MBL
MEC
MHC
MIC
PAMPs
PDGF
PMN
PRRs
D5
SDS-PAGE
SLPI
TGF
TLR

mannose binding lectin-associated serine protease
mannose binding lectin

minimal effective concentration

major histocompatibility complex

minimal inhibitory concentration

pathogen associated molecular patterns
platelet-derived growth factor
polymorphonuclear leukocytes (neutrophils)
pattern recognition receptor

recombinant domain 5

sodium dodecyl sulphate polyacrylamide gel electrophoresis
secretory leukoprotease inhibitor

transforming growth factor

toll-like receptor
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PREFACE

My Personal Aspect of Life Science

During my Masters, I studied antibiotic resistance in a common human pathogen, Streptococcus
pyogenes. 1 noticed that resistance against conventional antibiotics was easily developed. Without
treatment these bacteria may canse Severe infections in the host like strep throat, scarlet fever and
acute rheumatic fever. Invasive infections may result in streptococcal toxic shock syndrome. Since
antibiotic resistance among a wide range of bacteria is increasing at an alarming rate, society

urgently needs to find new ways to combat these microbes.

During a project, I came across the interesting and fascinating field of antimicrobial peptides. These
ancient peptides, found in all classes of life, are known to be important agents in the first line of defence
against invading bacteria. What is their mode of action? May antimicrobial peptides be a solution in
the efforts to find new approaches to fight pathogenic bacteria and fungi? Is it possible to design drugs
based on the principles of these peptides?

In 2002, 1 got the opportunity to start my PhD-studies in the Artur Schmidtchen group at the section
of dermatology, Lund University. About the same time his research was entering the world of
antimicrobial peptides and 1 felt fortunate to start working with the group at such an early stage in
this field of research. The main question we wanted to answer was — Why do most wounds stay free
Jrom all surrounding bacteria and heal, whereas some wounds, especially among elderly people and

diabetes patients become exctensively colonized with several types of bacteria and are not able to heal?

Bacterial proteases common in chronic wounds were found to degrade the AMP, 1.1-37 (paper I).
In the same study we also realized that 1.1-37 is bound to and inactivated by disaccharides life
heparin and dermatan sulphate. My PhD-research then continued to focus on using the heparin-
binding capacity of AMPs to find novel ones. We discovered that many ANMPs may be produced
via degradations of different plasma proteins during normal wound healing (paper 11, 117), with
probably a key role in keeping the acute wonnd clean and free from microbes. Importantly, we also

Sfound that potent AMPs are made during activation of the complement system (paper 111).

_15-
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The 11% of July 2005 my danghter, Isa, was borne. I went on parental leave thinking that this
will be a nice break from my PhD-studies. Isa was a gorgeons and happy child and we had a
wonderful time together. When she was four months of age the most terrible thing came into our
lives. Isa was diagnosed with infant acute lymphatic lenkaemia. Our entire world was completely
destroyed. Ten months of treatments and hospital care ended when Isa died on the 16" of September
2006. My busband and I went from the greatest happiness to the deepest of sorrows in a moment.
Importantly, Isa tanght me some essential things about life that I will always bear with me; the
importance of a positive attitude to life, a bearable philosophy, and the importance of believing in the

beanty and joy of tomorrow to be able to live fully today.

Nowadays, 1 often think about this in connection with medical science. In onr western society medical
science has sometimes become more of a religion. Clinical doctors keep trying to decide about life and
death, even if they almost never succeed in this. It is important to see that unexpected situations appear
all the time, both positive and negative ones. Personally, I do not think that it is beneficial for anybody
to portray the worst scenario in a clinical situation and to let children and families feel terrible about
things that may never occur? In real life, we all have to deal with the things that actually occur anyway,

50 what is the point of taking the worst thing, including sorrows and anxiety, out in advance.

As researchers, we must all remember that we do not have all the answers. Why not, in concert with
medical science, use the most powerful tool we all have - the strength of our positive thoughts and
Jeelings? I think it must be easier for everybody involved to give people strength, hope, and fighting
spirit, rather than doing the opposite. Is it not inbibitive for research to believe that we bave the only
solution to a problem, especially if we do not completely understand the background of it? It is very
important to do research and to try to find answers, but also to be humble to the fact that the
answer might be of an entirely different kind than we bave first imagined. I am completely sure that
we will get even better clinical results if we allow onrselves to believe in the strength of the individnal

and support those who want to and have decided to feel good and to be well.

jzzz;nvnn'Aéié?baﬁéééz;ééék/
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INTRODUCTION

Background

Rapid defence mechanisms are essential to prevent invasion and colonization by
pathogens in response to a disrupted barrier, such as a mucosal layer or the skin.
This defence is promoted by cooperations between the fast innate and the slower
adaptive immune systems. The recognition of microbes by innate immunity is
mainly due to binding of pathogen-associated molecular patterns (PAMPs), such as
polysaccharides and peptidoglycans, by Toll-like receptors (TLRs) on either plasma
cells or epithelial cells. This sensing is followed by an efficient killing of
microorganisms by recruitment of inflammatory leukocytes or local synthesis of
bactericidal substances by epithelial cells. In either scenario, the response includes
mobilization and/or production of antimicrobial peptides (AMPs). As part of innate
immunity, AMPs contribute to an important first line of defence against invading

microorganisms. They provide a rapid and non-specific response.

AMPs produced by bacteria are called bacteriocins and are classified into two
groups, based on the inclusion or exclusion of an unusual amino acid called
lanthionine. The bacteria Lactococcus lactis produce a lantibiotic called, nisin, to
combat other surrounding microbes. Nisin was actually one of the first AMPs to be
recognized!. Nisin is extremely potent in action against different Gram-positive
bacteria with minimal inhibitory concentrations (MICs) at only nanomolar amounts.
Without any significant development of resistance, nisin has been commonly used

for over 50 years as a food preservative.

As early as the mid fifties, Hirsch?3? presented evidence for bactericidal substances in
extracts from phagocytic granules of rabbit polymorphonuclear leukocytes (PMN).
Seven years later, this finding was correlated with the discovery of Zeya and
Spitznagel, who identified antimicrobial activity in cationic proteins from rabbit

neutrophilic lysosomes*6. However, these peptides were not successfully purified
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until 19847, In 1975, bactericidal/permeability-increasing protein was identified and
purified from rabbit granulocytes® and the same year it was shown that a number of
different cationic proteins are responsible for the oxygen independent, heat stabile
killing of bacteria in human polymorphonuclear leukocytes®. Some of these cationic

peptides were eventually isolated, characterized, and named defensins!?.

The AMP group was however first properly described in the silk moth, Hyalophora
cecropia, in the early seventies by Hans G. Boman and associates. The immune
system of this insect was investigated by injecting bacteria in the cecropia pupae and
isolating the hemolymph. After several years of hard work, the primary structures of
the first two AMPs were reported, cecropin A an B!. This field of research
expanded further with Michael Zasloff’s discovery and isolation of two potent

AMPs (magainins) from the skin of the African clawed frog Xenopus laevis'.

Today we know that all multicellular organisms, thus far investigated, express a
blend of AMPs which are distributed at biological boundaries likely to be exposed to
the surrounding microflora'3-16. In higher animals AMPs are produced both locally
in epithelial cells, and systemically carried in granules of myeloid cells. They are both

inducibly and constitutively expressed, depending on the site of expression!”.

Skin Epithelium

The skin accounts for approximately 16% of the total weight of the human body
and is thereby our largest organ. It presents a physical, chemical, as well as an
immunological barrier to infection, and displays a substantial innate immune
capacity, including AMPs and antimicrobial proteins!s. Other important functions
include gas exchange, nutrient absorption, water conservation, regulation of body

temperature, and synthesis of vitamin D',
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Anatomy

Two different layers of the skin are defined and they are collectively called the cutis.
The outer layer is epithelial and of ectodermal embryonic origin, called the
epidermis. The epidermis is attached to and supported by connective tissue in the
mesenchymal dermis, of mesodermal origin. Beneath the dermis is the subcutis or

hypodermis. This region is rich in adipose tissue (fat) as an energy reservoir.

The skin is often exposed to harmful assaults like ultraviolet radiation from the sun,
scratches, and wounds. It is therefore important for the epidermis to be able to
constantly undergo renewal to replace old cells and repair tissue damage. This
renewal is dependent on keratinocyte stem cells found in the lower epidermis and is

performed by the process of homeostasis.

The Epidermis

The thickness of the epidermis averages 0.1 mm, with only 0.02 mm on the face and
up to 1 - 5 mm on the soles of the feet. Despite the thin nature of the epidermis it is

composed of many layers of cells and it is subdivided into five strata (figure 1).

The keratinocyte is the predominant cell type within the epidermis. These cells
gradually move from the basal layer towards the surface of the skin. During the
migration, the cells change shape, composition, and become filled with keratins, the
major structural proteins of skin, hair, and nails. The terminal differentiation, called
keratinization, takes place at the granular layer and the cells transform into flat horny
skin cells called corneocytes, where the cytoplasm of the cells have disappeared and
the nuclei have been digested. The Stratum corneum corneocytes are dead cells that
provide an impenetrable physical barrier that protects the underlying viable layers.
This barrier is continuously replenished as inner layers migrate outwards, and dead

cells are sloughed off from the skin surface!.
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Lipids of glucosyl ceramides, cholesterol, cholesterol esters, and long-chain fatty
acids are released by lamellar bodies (keratinosomes) of keratinocytes in S#atum
granulosum into the intercellular space as the Stratum corneum is formed. The lipids
form multiple layers between the corneocytes. This lipid “mortar” is important for
the barrier function of the skin, and the fatty acids contained may be necessary for
the acidic pH (4 to 5.5) at the surface of the skin'®?!. The lamellar bodies have also
been described to release the AMP human B-defensin-2 (hBD-2) into the

intercorneocyte space??.

1{'
oy

1: Stratum corneum: the horny layer
2: Stratum lucidum: the clear layer
3: Stratum grannlosum: the granular layer

4: Stratum spinosum: the prickle cell layer

5: Stratum basale: the basal layer

—» Basal lamina: basal membrane

Figure 1. Schematic drawing of the layered epidermis of human skin.

Other important cell types within the epidermis are the pigment producing
melanocytes, the dendritic immune cells of the skin and mucosa, (Langerhans cells),
and the basal Merkel cells. Melanin is the pigment of skin and hair produced by
melanosomes in the melanocytes. Melanosomes are transferred to dividing
keratinocytes at the basal layer and melanin serves to protect the nuclei from

damaging UV-radiation. The Langerhans cells are important mediators in adaptive
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immunity and are found in all layers of epidermis. In response to infection local
Langerhans” cells will take up and process microbial antigens to become functional
antigen-presenting cells!®. Merkel cells are oval cells found in the S#atum basale.
Their precise function is still unclear, but they are associated with the sense of touch

and with sensory nerve endings.

The Dermis

The dermis is divided into two functional layers, papillaty dermis and reticular
dermis. The papillary zone is found closest beneath the Basa/ lamina with a depth of
between 0.3-0.4 mm, depending on factors like age and anatomical location. The
papillary region contains a vascular network to serve the avascular epidermis with
nutrients and to regulate body temperature. In sensitive skin areas there are free
sensory nerve endings, such as Meissners corpuscles. In the papillary dermis the
collagen fibre bundles are thin and pootly organized?3. The reticular dermis, located
beneath the papillary region, is built up by dense connective tissue to give the skin
elasticity and strength. It contains well-organized fibre bundles of thick collagen, the
elastic protein elastin, and proteoglycans. These are all secreted by fibroblasts, the
most common cell type of the dermis. The reticular dermis also houses hair follicles,

sweat glands, and sebaceous glands?3.

Proteoglycans are heavily glycosylated glycoproteins with a cote protein and one or
more covalently attached glycosaminoglycan (GAG) chains. These GAG-chains are
long and linear carbohydrate polymers, with a negative charge under physiological
condition, due to sulphate and uronic acid side groups. Dermatan sulphate (DS),
previously called chondroitin sulphate-B (CS-B), and heparan sulphate (HS) are two
GAGs found in dermis proteoglycans. Heparin is a member of the heparan sulphate
family of complex sugars and is released from mast cells at sites of tissue injury. The
interesting findings that these GAGs bind and inactivate the cationic AMPs,

a-defensin (HNP-1)2* and LL-3725, were the starting point of the work for this thesis.
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A
0
COOH
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OH
B
(ooH o CHIOSOZ Figure 2. Chemical structures of single units
o of two glycosaminoglycans (GAGs) found in
{ - o the human dermis (A) Dermatan sulphate
c 050, NS0T DS) and (B) Heparan sulphate (HS). This
CH,050; compared with a single unit of (C) the heparin
COOH ° © molecule found in and released from mast
o ° O 0 cells.
050, NHSO,
Wound Healing

Wound healing is a complex and dynamic process whereby the body regenerates
itself and repair tissue damage. The process requires cooperation of a number of
different cell types, such as platelets, different leukocytes, and ultimately fibroblasts
and keratinocytes. Wound healing encompasses three overlapping phases including

inflammation, proliferation, and tissue remodelling.

Inflammatory Phase

Tissue injury causes disruption of blood vessels and blood constituents ate released
into the wounded area. Platelets aggregate to form the primary hemostatic plug. In
order to stop extensive blood loss, platelets stimulate activation of plasma
coagulation factors. Prothrombin is activated to thrombin which then converts
fibrinogen to fibrin to generate a stable clot of fibrin, fibronectin and the GAG
hyaluronic acid?. This clot serves as a provisional extracellular matrix (ECM). It
protects the wound and is the main structural support until collagen fibres ate

restored in the area.
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Aggregated thrombocytes are triggered to stimulate an inflammatory response. They
secrete potent chemoattractants for inflammatory cells, such as platelet-derived
growth factor (PDGF) and transforming growth factor-B (TGF-8)?, factors that

activates local fibroblasts and endothelial cells and vasoconstrictors2s,

The inflammatory phase is characterized by a massive degradation of injured ECM
components. Neutrophils clean the wound from bacteria, and macrophages
phagocytose matrix and cell debris, including consumed neutrophils. Monocytes and
macrophages are essential during repair, both in cleaning the wound from debris,
but also in the production of growth factors necessary for matrix formation and
angiogenesis (TGF-o, TGF-8 and intetleukin-1), making these cells important in the
transition between inflammation and tissue re-epithelialization during wound

healing?®. The absence of macrophages significantly impairs wound healing?.

Proliferative Phase

The proliferative phase is characterized by activation of local fibroblasts,

granulation, contraction, and epithelialization.

Growth factors, particularly PDGF and TGF-$1, together with ECM molecules
stimulate fibroblasts at the wound margin to express integrin receptors, to
proliferate and to migrate over the provisional ECM in the wounded area.
Fibroblasts begin to enter the wound area about two or three days after injury, and
this migration marks the start of the proliferative phase, even before the
inflammatory phase has ended. In three to five days, these cells will become the

predominant cell type in non-infected wounds.

Fibroblasts are responsible for ECM materials like collagen (type 1 and III),
fibronectin, and proteoglycans to be deposited in the area and thereby the
provisional matrix is gradually replaced by a collagenous ECM. Angiogenesis, which

provides the area with nutrients and oxygen, fibroblast proliferation, and the
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expression of the appropriate integrin receptors that bind fibronectin and fibrin, are

essential steps in the formation of granulation tissue (new stroma)26-2,

Wound contraction is a phenomenon in which the marginal skin is pulled toward
the wound. About a week after the injury, fibroblasts start to differentiate into
myofibroblasts and the wound begins to contract. Myofibroblasts are responsible
for contraction and they contain the same kind of actin as in smooth muscle cells.
Actin is linked across the cell membrane to fibronectin and collagen in the ECM.
When the actin in myofibroblasts contracts the wound edges are pulled together.
The contraction stage ends when myofibroblasts stop contracting and go into
apoptosis®. Without any new formation of tissue, the contraction process
dramatically decreases the size of the wound and speeds up the closure of the

wound resulting in a smaller scar than that by epithelialization alone?s.

During epithelialization, keratinocytes migrate across the wound to re-establish the
epidermis. Formation of actin filaments and pseudopodia makes keratinocytes able
to move from the basal membrane at the edge of the wound®. Keratinocytes and
fibroblasts secrete laminin and type IV collagen to restore the injured basal lamina.
The keratinocytes then change shape in the newly formed S#ratum basale and become

columnar and start to divide to establish a new epidermis?s.

Remodelling Phase

Tissue remodelling or scar maturation starts when collagen production is equal to
degradation. The balance is regulated by matrix metalloproteinases (MMPs), such as
collagenases, gelatinases, and stromelysins, which are responsible for the degradation
of ECM components?. During maturation, type III collagen is gradually replaced by
the stronger type 1, and disordered collagen fibres are organized and cross-linked to
increase the tensile strength of the wound. The ultimate strength of wounded skin
reaches about 80% of that of normal skin. The remodelling phase may last for a year

or more depending of the nature of the wound?'.
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Novel endogenous antimicrobial peptides

Immune Systems

An Overview

Immunity is the ability of the host to resist infection or disease. The vertebrate
immune system is divided into one innate and one adaptive part. Innate immunity is
the first and oldest defence of the body and refers to everything that is already
present. This includes physical barriers and epithelial cells, neutrophils and
macrophages as well as their effectors, the complement system, proteins with direct
antimicrobial effects, and AMPs. This immune system is fast and unspecific in
action. On the other hand, adaptive immunity or acquired immunity is slow; a
primary immune response takes up to seven days and a secondary response takes
about three days®. The adaptive immune response evolved ~450 million years ago,
in the period between the jawless and jawed fishes®. It is specific and inducible in
action and can discriminate between self and non-self. The adaptive immunity is
able to remember pathogens that the organism has come across earlier. It comprises
lymphocytes with the B-cell derived repertoire of antigen specific antibodies, and
activated B- and T-cells as immunological memory. During evolution, natural

selection has made adaptive immunity a common feature of all vertebrates.

In the early 20t century, there was much controversy between the two fields of
immunology, ‘cellular’ and ‘humoral’. The conflict was to some extent resolved and
the importance of both fields was emphasized in 1908, when the Nobel Prize in
Physiology and Medicine was shared between Metchnikoff ‘cellularist’, and Ehtlich,
‘humoralist’, for the cooperative interactions between innate and adaptive
immunity*. This cooperation is well illustrated in the ‘classical’ pathway of the
complement system were antigen-antibody complexes trigger activation of the
system, ultimately leading to microbial killing either by the membrane attack
complex (MAC) or by phagocytosis of C3b-opsonized bacteria. Another example
from the ‘classical’ pathway is our own finding that factor C3a and its inactive

derivative C3agesarg exert strong direct antimicrobial activity?s. Dendritic cells
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constitute yet another important link between the two immune systems. They
contribute to innate immunity by expressing TLRs and by their phagocytic activity,
and to adaptive immunity by presenting antigens to naive T-cells via the major

histocompatibility complex (MHC) class 113.

Innate Immunity

Innate immunity is a rapid and universal form of immunity; the majority of
organisms survive with only this type of defence system. The innate immune system
is ancient in origin and found in all studied multicellular organisms. Mechanisms of
innate immunity are dynamic during evolution, because microbes impose selective

pressures on the host resulting in survival of the fittest.

The starting point for research in innate immunity must be attri