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Abstract

The rapid emergence of antibiotic-resistant microbes worldwide and the urgent need
of new antimicrobial agents have stimulated interest in antimicrobial peptides
(AMPs) as new therapeutics for treatment of infectious diseases. AMPs are present
in all living species and constitute an important part of the innate immune system in
multicellular organisms, including humans. AMPs display a remarkably broad spec-
trum of antimicrobial activity covering both Gram-positive and Gram-negative bac-
teria, including many antibiotic-resistant strains, as well as fungi, viruses, and
protozoa. Further, in contrast to many conventional antibiotics, AMPs rapidly kill
bacteria instead of just inhibiting bacterial growth. In addition, AMPs act as modula-
tors of the innate immune system and, importantly, bacteria seem less efficient in
developing resistance towards AMPs than towards conventional antibiotics. Together
these properties make AMPs highly attractive as a new class of antimicrobials, with
clinical potential also extending to diseases where inflammation is part of the pathol-
ogy.

The aim of this thesis was to study novel AMPs with respect to their mechanism
of action (MOA), antimicrobial spectrum, propensity to select for resistance, and in
vivo efficacy and safety. To achieve this, we used a number of in vitro and in vivo
assays, together generating a comprehensive preclinical evaluation of the peptides.
The hypothesis was that the AMPs in this thesis have potential to be developed as
therapeutic agents for several infectious and inflammatory conditions, including
treatment of skin and soft tissue infections and prevention of postsurgical adhesion
formation.

The results showed that all AMPs tested (i.e. PXL03, PXL150, HLR1r, and five
variants of CEN1 HC-Br) had broad antimicrobial spectra in vitro with varying sen-
sitivity to salt and serum. Furthermore, PXL150 caused a rapid permeabilization of
bacterial membrane in vitro, indicating that this is at least one part of the MOA of
this peptide. Under selection pressure in vitro, bacteria did not develop resistance to
the peptides tested, i.e. PXL150 and CEN1 HC. Interestingly, all peptides showed
anti-inflammatory activity by inhibiting the secretion of proinflammatory mediators
from stimulated human cell lines. In addition, PXL01, PXL150, and HLR1r demon-
strated fibrinolytic ability in vitro by suppressing the release of plasminogen activa-
tor inhibitor-1 (PAI-1). In ex vivo and in vivo skin/wound infection models, the
peptides reduced the number of viable bacteria and yeast cells. Further, PXLO1 de-
creased postsurgical adhesion formation in vivo. Notably, nonclinical safety studies
showed that PXL.150 was safe and well tolerated.



In conclusion, several of the peptides evaluated in this thesis demonstrated a
promising preclinical efficacy and safety profile motivating further development as
drug candidates for local treatment of infectious and inflammatory conditions.
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Sammanfattning pa svenska

Bakterier som har utvecklat motstandskraft, resistens, mot antibiotika utgor ett stort
och vixande globalt problem. Fler och fler infektioner blir allt mer svarbehandlade
da tillgingliga antibiotika blir mer och mer verkningslosa. Detta leder till ldngre
sjukhusvistelser, hogre medicinkostnader och okad dodlighet. Det dr dirfor extremt
viktigt att det utvecklas nya likemedel som ir effektiva, bade mot antibiotikakénsliga
och mot antibiotikaresistenta bakterier. En grupp substanser som undersoks for detta
dndamal #r antimikrobiella peptider (AMPs). AMPs finns i alla levande arter, allt
ifran encelliga bakterier till ménniska, och utgor hos oss ménniskor en viktig del av
vart immunforsvar mot infektionsframkallande mikroorganismer. AMPs har formaga
att déda manga olika typer av bakterier, dven antibiotikaresistenta stammar. De dr
dven effektiva mot svampar, virus och encelliga organismer, sa kallade protozoer.
Utover detta har AMPs formaga att dven reglera aktiviteten av kroppens egna im-
munceller. Av stor vikt &r att trots att AMPs har funnits i flera miljoner ar har dnnu
ingen storre resistensutveckling uppstatt och det verkar som bakterier har svarare att
utveckla resistens mot AMPs jamfort med vanliga antibiotika.

Mailet med den hir avhandlingen var att studera viktiga egenskaper hos nagra ut-
valda nya AMPs for att se om de skulle kunna vara lampliga att utveckla till nya 14-
kemedel. For detta dndamal anvinde vi ett flertal experimentella metoder som
tillsammans skulle generera en omfattande utvérdering av peptiderna. Resultaten
visade att alla testade AMPs (PXL03, PXL150, HLR1r och fem varianter av
CEN1 HC-Br) hade brett antimikrobiellt spektrum, d.v.s. de hade forméaga att doda
manga olika typer av bakterier (och #dven jdstsvamp), med varierande kinslighet for
salt och serum i testmediet. Da bakterier odlades i ndrvaro av laga koncentrationer av
CEN1 HC and PXL150, utvecklades under forsoket ingen resistens hos bakterierna
mot peptiderna. I tester pa celler fran minniska, uppvisade alla testade peptider en
inflammationsddmpande effekt. Vidare visade resultaten att dessa AMPs kunde doda
bakterier och jastsvampar i olika typer av infekterade sar i djurmodeller. T en annan
djurmodell visades att PXLO1 kunde minska den &drrbildning som orsakar samman-
vixningar av vivnader efter bukoperationer. Slutligen kunde sikerhetsstudier pa djur
inte pavisa nagon skadlig effekt av behandling med PXL150.

Sammanfattningsvis uppvisade flera av de testade peptiderna goda forutséttningar
for att kunna utvecklas vidare till effektiva och sikra likemedel for behandling av
infektioner och inflammationer hos ménniska.
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1. Introduction

Living organisms are constantly exposed to potentially harmful microorganisms via
contact, ingestion, and inhalation [1]. The ability of the organism to protect itself
from infection via its host defense mechanisms is crucial for its survival. In multicel-
lular organisms, the first line of defense against pathogens is provided by the innate
immunity [2], where antimicrobial peptides (AMPs) play an important role [3].
However, the presence of AMPs is not only limited to higher organisms, in fact,
AMPs are found in all living species, from prokaryotes to humans [4]. Antimicrobial
proteins and peptides were isolated from tissues and body fluids already during the
first half of the 20™ century; however, it was not until the 1980s that the research
field of AMPs really started to expand [5, 6] owing to the discoveries of insect ce-
cropins by Hans Boman [7], amphibian magainins by Michael Zasloff [8], and hu-
man defensins by Robert Lehrer [9]. Since then, more than 2000 AMPs have been
discovered [5]. Due to the rapidly increasing antimicrobial resistance among micro-
organisms and the urgent need for new antibiotics, AMPs have recently received
increasing attention as candidates for new therapeutics against infectious diseases
[10, 11].

1.1. The innate immune system

1.1.1. Innate versus adaptive immunity

The human immune response is divided into innate and adaptive immunity. The in-
nate immune system is the host’s first line of defense against infections and is found
in all multicellular organisms, unlike the adaptive immune system which is only
found in vertebrates [2]. Thus, most organisms have to rely solely on innate immuni-
ty for survival against infections, which emphasizes its importance [12]. The adap-
tive immunity is very sophisticated due to its ability to remember previous
encountered pathogens and destroy them when they attack again. However, the adap-
tive immunity is slow, requiring several days of clonal expansion of B and T lym-
phocytes after first exposure to a pathogen before an effective response is achieved
[1, 12]. Notably, one single bacterium with a doubling time of 50 minutes can pro-
duce 5 x 10° bacteria, i.e. a full-blown infection, within 24 hours [4]. This is too fast
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for the adaptive immunity and therefore, during the first critical hours/days after ex-
posure to a new pathogen, the body instead depends on the innate immunity to pre-
vent infection [1]. The innate immunity is, in contrast to the adaptive immune
system, rapid (effective within minutes), not antigen-specific, and does not rely on
memory [2, 4, 12].

Epithelial surfaces first encounter the infectious organisms and provide both
physical and chemical barriers to invasion by several mechanisms, such as tight junc-
tions, mucus, cilia, low pH, and antimicrobial secretions [1, 12]. In addition, epithe-
lial cells also function as immune cells by producing signaling molecules [13]. When
the epithelial barrier fails to prevent pathogens from entering the host, the (non-
epithelial) cells and the humoral (i.e. extracellular) components of the innate immun-
ity will help promoting pathogen clearance.

1.1.2. Cells of the innate immunity and pathogen recognition

The innate immunity is largely dependent upon several cell types, including mono-
cytes, macrophages, dendritic cells, neutrophils, eosinophils, mast cells, and natural
killer cells, as well as epithelial cells [12, 13]. These cells express pattern recognition
receptors (PRRs) which recognize pathogen-associated molecular patterns (PAMPs).
PAMPs are conserved microbial molecules shared by many microorganisms but ab-
sent in the host [1, 14]. Of the PRRs, the Toll-like receptors (TLRs) are the ones
most well described [2, 14]. Humans express ten TLRs and these receptors recognize
different ligands. For example, TLR2 recognizes the bacterial cell wall component
lipoteichoic acid (LTA), TLR3 recognizes viral double-stranded RNA, and TLR4,
together with associated proteins including membrane bound CD14, recognizes bac-
terial lipopolysaccharides (LPS) [2, 12, 15]. Recognition of a pathogen by PRRs on
primarily macrophages and neutrophils leads to engulfment of the pathogen and sub-
sequent killing by means of degradative enzymes, AMPs, and toxic reactive oxygen
species [1, 16]. Dendritic cells also phagocytose microbes and by presenting antigens
of the engulfed microbe to T lymphocytes, they initiate the adaptive immunity [16].
Activation of PRRs by PAMPs does not only lead to phagocytosis, but also stimu-
lates the immune cells to secrete a variety of signaling molecules that induce a local
inflammatory response at the site of infection [1].
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1.1.3. Inflammation

Pathogen recognition initiates an inflammatory response, clinically characterized by
redness, heat, swelling, and local pain. In this process, dilation and permeabilization
of blood vessels occur and the endothelial cells lining the blood vessels start to ex-
press cell adhesion molecules, that facilitate attachment and extravasation of leuko-
cytes, such as neutrophils and monocytes, from the blood to the site of infection [1].
The inflammatory response is mediated by numerous signaling molecules released
from PRR-activated immune cells. Although different TLRs recognize different lig-
ands, many of them use the nuclear factor-xB (NF-kB) signaling pathway. TLR-
activation thus leads to translocation of the transcription factor NF-«kB into the nu-
cleus where it activates transcription of several genes resulting in the expression and
release of inflammatory molecules, such as proinflammatory cytokines and chemo-
kines [1, 13]. Proinflammatory cytokines, e.g. tumor necrosis factor-a (TNF-a), in-
terleukin-1f (IL-1p), and interleukin-6 (IL-6), induce local expression of chemokines
and upregulate cell adhesion molecules on endothelial cells, thus stimulating further
leukocyte recruitment [13]. Examples of chemokines are interleukin-8 (IL-8) and
monocyte chemoattractant protein-1 (MCP-1), which act as chemoattractants for
neutrophils and monocytes, respectively [17]. Further, proinflammatory cytokines
stimulate immune cells to express proteins, such as tissue factor (TF), that trigger the
coagulation cascade to form fibrin clots in the local small vessels, thereby preventing
the pathogen from entering the bloodstream and spreading [18]. This effect could be
further enhanced by the release of plasminogen-activator inhibitor-1 (PAI-1) from
endothelial cells in response to proinflammatory cytokines, leading to inhibition of
fibrinolysis [18, 19]. Besides acting as a fibrinolysis inhibitor, PAI-1 is also a media-
tor of proinflammatory responses by other mechanisms, such as acting as an acute-
phase protein during inflammation, by promoting secretion of proinflammatory cyto-
kines from LPS-stimulated macrophages, and by acting as a chemoattractant [20-22].

1.1.4. Humoral components of the innate immunity

Besides the cellular components of the innate immunity, the humoral components are
also important for its function. The humoral components are extracellular molecules
whereof some have ability to recognize and bind PAMPs, such as mannose-binding
protein (that activates the complement cascade), LPS binding protein (LBP), and
soluble CD14, whereas other humoral components are capable of killing the mi-
crobes. To this latter group belong complement proteins and lysozyme, as well as the
antimicrobial protein lactoferrin and AMPs [16].
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1.2. Antimicrobial peptides (AMPs)

1.2.1. AMPs and their importance in innate immunity

While bacteria produce AMPs in order to kill other bacteria competing for the same
specific ecological niche [23], in higher organisms, AMPs contribute to innate im-
munity by playing several important roles [4, 23]. AMPs are able to kill an excep-
tionally wide range of pathogens, including both Gram-positive and Gram-negative
bacteria, and sometimes even fungi, viruses, and protozoa [4, 10, 24]. In addition to
this direct antimicrobial activity, many AMPs also have ability to modulate the in-
nate immune responses of the host. These dual activities of AMPs give them ability
to both promote pathogen clearance while also preventing excessive and potentially
harmful proinflammatory responses [25, 26]. To capture this broad function in innate
immunity, AMPs are often referred to as host defense peptides (HDPs) [26-28]. The
critical role of AMPs in innate immunity is supported by their widespread distribu-
tion and abundance in all multicellular organisms [10, 15]. Their importance is fur-
ther demonstrated by the increased infection susceptibility of mice genetically
modified to lack the gene coding for the mouse analogue of the human AMP LL-37
[29] and by the increased risk of infection affecting humans with conditions associat-
ed with reduced production of AMPs, such as atopic dermatitis [30].

1.2.2. Biosynthesis and expression

AMPs in nature are produced either by ribosomal translation of mRNA or by non-
ribosomal peptide synthesis [31]. Nonribosomally synthesized peptides are mainly
produced by bacteria, where the AMPs are assembled by large enzyme complexes
called peptide synthetases and the resulting AMPs contain drastically modified ami-
no acid residues [26, 31]. In contrast, ribosomally synthesized AMPs are genetically
encoded and produced by all species of life, bacteria included [31]. Compared to
peptides of nonribosomal origin that have been known for several decades and
whereof many are used as antibiotics (e.g. polymyxins and gramicidin S), the ribo-
somally synthesized AMPs started to become recognized for their role in innate im-
munity and for their clinical potential during the early 1990s [31, 32]. Thus, the
AMP research during the recent years has mostly focused on these genetically en-
coded peptides, which are also the focus of this thesis.

In mammals, AMPs are primarily found within granules of neutrophils, in secre-
tions from epithelial cells covering skin and mucosal surfaces, or as degradation
products of proteins [31, 33]. Expression of AMPs differs depending on the peptide,
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cell, and tissue, but in many cases AMPs are encoded in clusters in the genome and
co-expressed, resulting in multiple AMPs accumulating at a single site [34]. Notably,
AMPs are produced as inactive precursors, often in the form of a prepropeptide con-
sisting of a signal sequence, an anionic proregion, and the cationic peptide, requiring
proteolytic cleavage to become active [35]. Their regulation is therefore not only
dependent on their own expression but also on the abundance of appropriate proteas-
es [34]. In multicellular organisms, some AMPs are constitutively expressed, stored
at high concentrations as inactive precursors in granules and released locally at sites
of infection and inflammation, whereas the expression of others is induced in re-
sponse to PAMPs or cytokines [4, 34].

1.2.3. Characteristics and classification

Several databases exist trying to catalogue natural AMPs, today covering more than
2000 peptides [36]. Most of these AMPs share certain common features. They are
relatively short, commonly consisting of 10-50 amino acids, they display an overall
positive charge ranging from +2 to +11, and contain a substantial proportion (typical-
ly 50%) of hydrophobic residues. Importantly, upon interaction with a biological
membrane, AMPs adopt an amphipathic tertiary structure with one positively
charged face and one hydrophobic face [26, 37, 38].

Since AMPs have diverse amino acid sequences, classification based on sequence
similarities is difficult. Instead, AMPs are commonly classified based on their sec-
ondary structure upon interaction with a biological membrane or membrane mimetic
[3, 39]. Classically, most AMPs are divided into a-helical peptides, B-sheet peptides,
and peptides with extended/random coil structures [37, 39, 40], with the two former
groups most common in nature (Fig. 1).

W ;
LL-37

Indolicidin

Human B-defensin 1

Figure 1. Representative peptides of the major structural classes of antimicrobial peptides (AMPs); o-
helical peptides (LL-37), B-sheet peptides (human [-defensin 1), and extended/random coil peptides (in-
dolicidin). Adapted from Protein Data Bank in Europe [41] using PDB id codes 2k6o, 1kj5, and 1889,
respectively.
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Of all known secondary structures of natural AMPs, 30-50% are a-helical [37,
40]. These peptides are often unstructured in aqueous solution, but due to their ar-
rangement of hydrophobic residues in a regular pattern they adopt an amphipathic
helical structure in contact with a biological membrane [37, 38]. Although the ability
to form an amphipathic a-helix is critical for their antibacterial activity, a very high
propensity for helix formation has been shown to increase the risk for toxicity to host
cells [39, 40]. One of the most studied AMPs in this group is human LL-37 [37, 42],
which is produced as the 18-kDa inactive precursor human cathelicidin antimicrobial
protein (hCAP18) in neutrophils and epithelial cells [34]. Furthermore, human lac-
toferricin, derived from proteolytic cleavage of lactoferrin and used as a template for
some of the AMPs studied in this thesis, also belongs to this class [43].

Half of all known natural AMPs belong to the class of -sheet peptides [40].
These cysteine-containing peptides form [B-strands, which are stabilized by disul-
phide bonds and organized to create an amphipathic molecule [38, 44, 45]. Due to
their rigid structure, the B-sheet peptides are more ordered in aqueous solution and do
not undergo such a drastic conformational change as helical peptides do upon mem-
brane interaction [38]. The best studied -sheet peptides are the defensins, a large
group of AMPs which are produced as inactive precursors in neutrophils, macro-
phages, and epithelial cells [34, 37]. In mammals, more than 140 different defensins
have been identified and classified either as a-, -, or O-defensins [34].

A small portion of the natural AMPs belong to the class of extended/random coil
peptides [40]. These peptides do not form regular secondary structure elements and
they often contain a high content of arginine, proline, tryptophan, or histidine resi-
dues [39, 40]. Like other AMPs, many of extended peptides adopt amphipathic struc-
tures in the presence of a membrane [39]. One of the best studied peptides in this
group is indolicidin, which is produced by bovine leukocytes [45, 46].

1.2.4. Mechanisms of action (MOA): Direct antimicrobial effect

Many AMPs display direct and rapid microbial killing activities by causing disrup-
tion of the physical integrity of the microbial membrane and/or by translocating
across the membrane into the cytoplasm of microorganisms to act on intracellular
targets essential for the organism [26] (Fig. 2). It is widely accepted that membrane
interaction is a key factor for the direct antimicrobial activity of AMPs, both when
the membrane itself is the target as well as when intracellular targets must be reached
[25, 39, 47]. Tt is also recognized that the cationicity, hydrophobicity, and amphi-
pathicity of the AMPs are of importance for this action [3, 48].

20 INTRODUCTION



?) '\?’-) Unfolded AMPs

Conformational change at interaction

ﬁ“ n n m m ﬂ é with bacterial membrane

Barrel-stave model / / Toroidal- pore model

Translocation

msasm w
l

o €&

Membrane disruption Intracellular targets

Carpet model

Figure 2. Schematic illustration of the mechanisms of direct bacterial killing by antimicrobial peptides
(AMPs).

1.2.4.1. Membrane target

AMPs need to interact with biological membranes to execute their action, and elec-
trostatic forces between the cationic peptides and the negatively charged bacterial
surface are critical determinants for this interaction [25, 38, 49, 50]. Bacteria are
commonly divided into two families, Gram-positive, and Gram-negative, based on
their differences in cell envelope structures (Fig. 3). In Gram-positive bacteria, the
cytoplasmic membrane is surrounded by a thick peptidoglycan layer, whereas the
cytoplasmic membrane in Gram-negative bacteria is surrounded by a thin pepti-
doglycan layer as well as an outer membrane [51].

The cytoplasmic membranes of both Gram-positive and Gram-negative bacteria
are rich in the phospholipids phosphatidylglycerol, cardiolipin, and phosphatidylser-
ine, which have negatively charged head groups, highly attractive for positively
charged AMPs [38, 50]. The presence of teichoic acids (including membrane an-
chored LTA) in the cell wall of Gram-positive bacteria and LPS in the outer mem-
brane of Gram-negative bacteria provide additional electronegative charge to the
bacterial surfaces [34, 50].
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Gram negative

W Phospholipid membrane :g:: Proteoglycan
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[ — Y Periplasmic space

Figure 3. Simplified illustration of the cell envelopes of Gram-positive and Gram-negative bacteria. LTA,
lipoteichoic acid; LPS, lipopolysaccharides.

Fundamental differences exist between bacterial and mammalian cell membranes,
protecting mammalian cells against AMPs and enable selective action of AMPs [38].
In contrast to bacteria, the mammalian cell membrane is rich in the zwitterionic
phospholipids phosphatidylethanolamine, phosphatidylcholine, and sphingomyelin,
providing the membrane with neutral net charge [38, 50]. There is also an asymmet-
ric distribution of phospholipids in mammalian cell membranes, with the zwitterionic
phospholipids being present in the outer leaflet, while phospholipids with negatively
charged head groups, when present, are localized in the inner leaflet facing the cyto-
plasm [10, 34, 38]. Therefore, interactions between AMPs and the mammalian cell
membrane occur mainly via hydrophobic interactions, which are relatively weak
compared to the electrostatic interactions between AMPs and bacterial membranes
(Fig. 4). Further, mammalian cell membranes, unlike those of microbes, have a high
content of cholesterol [34, 38]. The cholesterol content is proposed to reduce the
activity of AMPs towards mammalian cells, either via stabilization of the phospho-
lipid bilayer or via interactions between cholesterol and the peptides [10]. In addi-
tion, there is a difference between bacterial and mammalian cells in the
transmembrane potential, i.e. the difference in electric charge between the internal
and external environment of the cell. Bacteria typically have an inside-negative
transmembrane potential between —130 mV and —150 mV, whereas the transmem-
brane potential of mammalian cells is between —90 mV and —110 mV [38, 50, 52].
This stronger negative membrane potential in bacteria compared to mammalian cells
may also contribute to the selectivity of AMPs between bacterial versus mammalian
cells [38].
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Figure 4. Membrane interaction of antimicrobial peptides (AMPs) with bacteria and mammalian cells,
and the basis of selectivity. Adapted with permission from Macmillan Publishers Ltd: Nature [10], copy-
right 2002.

Similar to bacteria, fungal cells also have a higher content of negatively charged
phospholipids (phosphatidylinositol and diphosphatidylglycerol) in comparison to
mammalian cells, thereby providing a membrane more attractive for cationic AMPs
[53]. However, similar to the cholesterol in mammalian cell membranes, fungal
membranes contain ergosterol. Moreover, the fungal cytoplasmic membrane is sur-
rounded by a cell wall consisting of chitins, glucans, mannans, and glycoproteins,
which potentially could constitute a barrier towards AMPs [53, 54].

1.2.4.2. Membrane-disruptive mechanisms

In order to reach the inner cytoplasmic membrane of Gram-negative bacteria, AMPs
have to translocate through the outer membrane. This outer membrane constitutes a
permeability barrier for many macromolecules, partly due to the divalent cations
Ca®* and Mg”* that bind to the phosphate groups of the inner core of LPS and thereby
provide stabilization of the outer leaflet [55]. AMPs are proposed to be translocated
through the outer membrane via so called self-promoted uptake [31, 49, 56]. This
model suggests that due to greater affinity for LPS, AMPs displace the stabilizing
divalent cations and bind to the LPS. By being bulky, the AMPs cause transient
cracks and permeabilize the outer membrane, thereby permitting passage of the pep-
tide itself across the membrane.

In contact with the cytoplasmic membrane, the AMPs form an amphipathic sec-
ondary structure (if not already present) [50]. The charged domains of the peptides
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allow for interaction with the hydrophilic head groups of the phospholipids, while
the hydrophobic domains of the peptides interact with the hydrophobic core of the
lipid bilayer, thereby driving the AMP deeper into the membrane [50]. Although the
cationic, hydrophobic, and amphipathic properties of AMPs are essential for this
interaction and the subsequent antimicrobial effect, a very high positive net charge,
an excessive hydrophobicity, or a highly segregated amphipathicity lead to decreased
antimicrobial activity and/or make the AMPs more toxic towards mammalian cells
[38, 57-59].

Several models have been proposed describing the next events occurring at the
bacterial cytoplasmic membrane that ultimately lead to membrane permeabilization
and disruption [39]. In the three classical models described below (also see Fig. 2),
peptides are proposed to bind to the lipid bilayer in a parallel fashion and as more
peptides accumulate at the membrane, a threshold concentration is eventually
reached when the peptides begin to insert into the bilayer [6, 38, 39, 60, 61]. In the
barrel-stave model, the peptides insert perpendicularly into the bilayer and subse-
quent recruitment of additional peptides results in formation of a peptide-lined
transmembrane pore. In this pore, the peptides are aligned with the hydrophobic side
facing the lipid core of the membrane and the hydrophilic regions facing the interior
region of the pore [6, 60]. In contrast, according to the toroidal-pore model, insertion
of peptides forces the phospholipid to bend continuously from one leaflet to the oth-
er, resulting in a pore lined by both peptides and the head groups of the phospholip-
ids. Finally, in the carpet model, accumulation of peptides on the membrane surface
causes tension in the bilayer that ultimately leads to disruption of the membrane and
formation of micelles [6, 60].

Membrane permeabilization by AMPs is suggested to initially lead to leakage of
ions and metabolites, depolarization of the transmembrane potential with subsequent
membrane dysfunction (e.g. impaired osmotic regulation and inhibition of respira-
tion), and ultimately membrane rupture and lysis of microbial cells [6, 38, 62]. Since
many AMPs kill the target bacteria very fast, it is difficult to monitor and character-
ize the exact stages of killing [31]. Notably, membrane permeabilization does not
always lead to microbial killing per se and sometimes AMPs kill microbial cells
without lysis [34, 38, 60, 63].

1.2.4.3. Intracellular mechanisms

Besides leading to membrane dysfunction and disruption, membrane permeabiliza-
tion is important for translocation of certain AMPs into the cytoplasm. Inside the
microbial cell, the AMPs bind to different intracellular targets thereby affecting key
cellular processes, including DNA/RNA synthesis, protein synthesis, protein folding,
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enzymatic activity, and cell wall synthesis [6, 38, 39, 44]. Notably, it is suggested
that cell death caused by AMPs could be a result of several and complementary ac-
tions and targets, referred to as multi-hit mechanism. This strategy may help to in-
crease their efficiency and to evade resistance development [38, 39, 64, 65]. It is also
likely that the MOA of individual peptides varies depending on parameters such as
peptide concentration, target bacterial species, as well as tissue localization and
growth phase of the bacteria [38, 47].

1.2.4.4. Activity on fungus, virus, and protozoa

The MOA of antifungal peptides is far from being fully characterized. As mentioned
above, the cytoplasmic membrane of fungal cells is more negatively charged than the
membrane of mammalian cells, possibly allowing for selectivity of AMPs for fungal
cells [53]. In addition, the negatively charged mannosylated glycoproteins in the
fungal cell wall have shown to be important to the interaction with cationic peptides
[66]. Besides non-specific membrane permeabilization, several other mechanisms
have been proposed [67]. Some peptides, e.g. B-defensins, have shown to exert their
effect by specific interactions to proteins on the fungal surface [68]. In addition, in-
ternal targets have been suggested for several peptides [67]. In particular, the mito-
chondrial membrane is interesting due to structural and functional similarities
between the bacterial cell membrane and the mitochondrial membrane [44]. For ex-
ample, histatin-5 has been demonstrated to internalize into Candida albicans and
target the mitochondrion [69].

Antiviral peptides can exert their action using several mechanisms [48]. Some
AMPs, e.g. indolicidin, have demonstrated a disruptive mechanism on the viral enve-
lopes [70]. Other peptides have ability to bind glycoproteins on the viral surface,
thereby preventing the virus from binding to heparan sulphate receptors on host cells
and entering the cells [71]. Moreover, some AMPs can inhibit viral gene expression
in host cells via other mechanisms than competitively inhibit viral binding [72].

Regarding the action of AMPs on protozoan parasites, the mechanisms have been
described to include disruption of the cytoplasmic membranes, which are more ani-
onic in their nature compared to mammalian cells, as well as interfering with key
processes in the parasite metabolism [73].

1.2.5. Mechanism of action (MOA): Immunomodulatory activities

Many AMPs have shown ability to profoundly modulate the innate immune response
[25] (Fig. 5). The broad range of immunomodulatory activities exerted by AMPs
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include stimulation of chemotaxis, modulation of immune cell differentiation includ-
ing dendritic cell maturation and hence initiation of adaptive immunity, together con-
tributing to the bacterial clearance of the host. The immunomodulatory activities
further include suppression of TLR- and/or cytokine-mediated production of proin-
flammatory cytokines and anti-endotoxin activity, together preventing excessive and
harmful proinflammatory responses, including sepsis [25, 34, 74-77]. In addition,
other immunomodulatory activities have been described, including ability to promote
wound healing and angiogenesis [25, 34].

1.2.5.1. Chemotactic activity

Upon release at sites of infection and inflammation, AMPs are able to recruit im-
mune cells to the site either directly by acting as chemotactic agents or indirectly by
inducing secretion of chemokines by immune cells [34, 78]. For example, human
defensins and LL-37 display direct chemotactic activity on immune cells, e.g. mono-
cytes, neutrophils, and lymphocytes. This is suggested to occur via the so called al-
ternate ligand model, in which the AMPs bind directly to specific cell surface
receptors, in this case the G-protein coupled receptors chemokine receptor 6 (CCR6)
and formyl peptide receptor-like 1 (FPRL-1), on the immune cells and thereby induc-
ing receptor signaling [34, 79]. In addition, these AMPs induce secretion of chemo-
kines, such as IL-8 and MCP-1, from e.g. epithelial cells, tentatively also via receptor
dependent mechanisms [34, 80, 81].
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Figure 5. Schematic illustration of the mechanisms of immunomodulatory activities of antimicrobial pep-
tides (AMPs). Besides phagocytosis, pathogen recognition via pathogen recognition receptors (PRRs)
such as Toll-like receptors (TLRs) by innate immune cells, leads to release of proinflammatory cytokines
and chemokines, inducing an inflammatory response and stimulating recruitment of additional immune
cells to the site of infection, respectively. In addition, pathogen insult leads to differentiation of immune
cells including maturation of dendritic cells and hence initiation of adaptive immunity. AMPs indirectly
promote pathogen clearance by stimulating chemotaxis and immune cell differentiation, while also pre-
venting harmful inflammation and sepsis by suppressing the release of proinflammatory cytokines and by
scavenging bacterial endotoxins, such as lipopolysaccharides (LPS).

1.2.5.2. Suppression of proinflammatory cytokine production

Several AMPs have shown ability to suppress the TLR-induced production of proin-
flammatory cytokines. For example, bovine lactoferricin has been reported to inhibit
the secretion of TNF-a from LPS-stimulated cell line monocytes [82]. In addition,
LL-37 has been shown to suppress the LTA and LPS-induced release of TNF-a, IL-
1B, IL-6, and IL-8 from primary monocytes [74]. One suggested mechanism for this
anti-inflammatory effect of AMPs is via the membrane disruption model, in which
the AMPs locally modify the part of the membrane that contains the receptor (e.g.
TLR4) and thereby indirectly alter its activation state and function [34]. Another
proposed mechanism is via multiple points of intervention directly interfering with
the TLR to NF-kB signalling pathway, although the exact details of this mechanism
remain to be elucidated [74]. In addition, AMPs have ability to directly bind and neu-
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tralize LPS, i.e. prevent LPS from binding the TLR4 receptor complex and triggering
inflammation [34, 83].

1.2.5.3. Promotion of wound healing

AMPs are suggested to promote wound healing via several activities [25, 34], includ-
ing stimulation of endothelial cell proliferation and angiogenesis [84], stimulation of
keratinocyte migration [80], and prevention of fibroblast collagen expression leading
to an anti-fibrotic effect [85]. Some of these activities are suggested to occur via the
trans-activation model, in which the AMPs cause release of a membrane-bound
growth factor (e.g. epidermal growth factor), which could then bind to its receptor
[34].

1.3. AMPs as pharmaceutical agents

AMPs possess features that make them highly interesting to be developed as new
anti-infectious agents. These properties include a rapid killing activity on a wide
spectrum of microorganisms, including drug-resistant strains, with potentially low
risk for resistance development, in combination with immunomodulatory effects [24,
26]. Notably, the ability to affect the host’s immune responses gives AMPs potential
to be used in indications beyond treatment of infections, e.g. to promote wound heal-
ing, as cancer treatment, and as vaccine adjuvants [86]. To date, only nonribosomally
synthesized peptides, such as polymyxins and gramicidin S, are approved for clinical
use for treatment of infections [24, 28, 62]. In addition, the ribosomally synthesized
lantibiotic nisin, produced by certain bacterial strains of e.g. Lactococcus lactis [87],
has been used as a food preservative for decades [88].

There are numerous AMPs derived from genetically encoded peptides currently
under clinical development as anti-infectious and immunomodulatory agents [28]. A
few of these have been evaluated in phase III clinical trials, including the magainin-
analogue pexiganan as topical treatment of infected diabetic foot ulcers [89], the in-
dolicidin-analogue omiganan as topical treatment for prevention of catheter-
associated infections and treatment of rosacea, and the protegrin-analogue iseganan
for local prevention of oral mucositis [90]. Pexiganan and omiganan, but not ise-
ganan, demonstrated efficacy in these trials, but have not yet been approved by the
Food and Drug Administration (FDA) due to non-superiority to existing therapy
(pexiganan) or failure to meet the primary therapeutic endpoint (omiganan) [26, 28,
62]. The decline in the approval of new anti-infectious agents, in combination with
the alarming rise in resistance toward conventional antibiotics, have resulted in re-
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cent initiatives by the FDA and the European Medicines Agency (EMA) to facilitate
the development of novel anti-infectious agents, including a more flexible clinical
trial design e.g. without superiority requirement, as well as additional years of mar-
ket exclusivity [91]. However, besides the regulatory hurdles, the major obstacles in
developing AMPs as therapeutic agents have been their susceptibility to proteolytic
degradation, their potential risk for toxicity, and high cost of manufacturing peptides
[24, 26, 28, 62].

Besides direct administration of AMPs, there are several attempts ongoing to use
agents to increase the body’s endogenous production of AMPs in order to boost the
innate immune system and thereby combat infections. As one example, vitamin D3
has shown to directly induce expression of several AMPs [92, 93] and vitamin D
supplements are now evaluated in several clinical trials for their potential as treat-
ment of infectious diseases [94].

1.3.1. AMPs versus conventional antibiotics

1.3.1.1. Different targets and mechanisms

As mentioned above, AMPs exert their antimicrobial effect via direct mechanisms,
including membrane disruption/dysfunction and/or interference with intracellular
targets, as well as via indirect mechanisms by modulating the immune response of
the host. In contrast, conventional antibiotics act via one target only, interfering with
cell-wall biosynthesis (e.g. B-lactam-containing penicillins and cephalosporins), bac-
terial protein synthesis (e.g. aminoglycosides, tetracyclines, mupirocin, and fusidic
acid), or nuclear acid replication and repair (e.g. rifampicin and fluoroquinolones)
[95, 96]. The antibiotic action is categorized as either bacteriostatic or bactericidal
depending on whether it only prevents bacterial growth or causes death of bacteria,
respectively [95, 97]. However, bactericidal ability is not always an intrinsic property
of the drug but can depend on target strain and/or concentration of the drug [95, 97].
Using the standard in vitro assays minimum inhibitory concentration (MIC) and min-
imum bactericidal concentration (MBC), the lowest concentration of an antimicrobial
agent that inhibits visible growth of a microorganism [98] and the lowest concentra-
tion that kills the microbes [99], are determined, respectively. An antibacterial agent
is usually regarded as bactericidal if the MBC is less than or equal to 4 x MIC [99].
In contrast to many conventional antibiotics, the action of AMPs is generally bacteri-
cidal, with MIC and MBC values often coinciding [24, 100]. Further, compared to
conventional bactericidal antibiotics, AMPs kill bacteria more rapidly, sometimes
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causing a > 99.9% reduction of viable bacteria within just a few minutes [63, 101-
103]. There are many advantages of bactericidal activity as compared to bacteriostat-
ic, such as rapid elimination of bacteria, lower risk of resistance development, and
decreased infection recurrence [97]. However, in certain clinical situations the use of
conventional bactericidal antibiotics should be avoided due to the risk of potentially
harmful inflammation caused by high release of bacterial products (e.g. LPS) from
lysed bacteria [97].

1.3.1.2. Differences in spectrum of activity

Antibiotics are classified as either broad-spectrum or narrow-spectrum depending on
whether they are active against many different types of bacteria or just against a se-
lected group of bacteria. Broad-spectrum antibiotics are used, for example, as an
initial treatment of serious infections when the causative organisms are yet unknown
and the treatment cannot be delayed [104]. However, the use of broad-spectrum anti-
biotics is more associated with resistance development compared to narrow-spectrum
antibiotics [95]. In addition, broad-spectrum antibiotics will not discriminate be-
tween pathological and beneficial bacteria and treatment could therefore result in
worsened and/or prolonged infections due to opportunistic pathogens (e.g.
C. albicans, Clostridium difficile, and Pseudomonas aeruginosa) being able to grow
when unhindered by a weakened normal microflora [62].

As mentioned above, many AMPs have a remarkable broad spectrum of activity
covering both Gram-positive and Gram-negative bacteria, and sometimes even fungi,
viruses, and protozoa [4, 10, 24]. The broad-spectrum property is especially attrac-
tive in that several pathogens could be potentially eliminated using only one treat-
ment with combined antibacterial, antiviral, or antifungal activity [47]. Most
importantly, AMPs are not affected by resistance mechanisms towards conventional
antibiotics, i.e. they can be equally active against drug- and multidrug-resistant bac-
teria as against sensitive strains [24, 100, 105]. Further, due to the restricted permea-
bility of conventional antibiotics through the outer membrane of Gram-negative
bacteria in combination with effective intrinsic resistance mechanisms, such as active
antibiotic efflux and production of periplasmic -lactamase, Gram-negative bacteria
are more insensitive to antibiotics, which also makes it more difficult to develop new
antibiotics against these bacteria [63]. In contrast, due to the usage of self-promoted
uptake, AMPs often work well against Gram-negative bacteria [63]. This is of great
importance since infections caused by multidrug-resistant Gram-negative bacteria
have become a severe problem for healthcare, with many infections being virtually
untreatable and with a very limited number of new drug candidates in clinical pipe-
line [106, 107].
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1.3.2. Challenges for developing AMPs as pharmaceuticals

1.3.2.1. Efficacy in physiological environment

One feature of many AMPs that causes much controversy and complicates the drug
development, is that the antimicrobial activity of the AMPs is highly sensitive to
environmental conditions. Many AMPs have pronounced antimicrobial effect in vitro
under low-ionic strength conditions, but under physiological concentrations of Na*
(150 mM) or divalent cations like Mg2+ and Ca”** (1-2 mM) in vitro, the activity of
the peptides is weaker or even fully lost [36, 108-112]. This salt sensitivity is sug-
gested to explain why endogenous [-defensins are unable to sufficiently kill
P. aeruginosa in the high-salt conditions in the lungs of cystic fibrosis patients [113],
although other explanations also exist. Loss of activity of AMPs in high-ionic
strength conditions is suggested to be mainly due to weakening of the electrostatic
forces between the cationic AMPs and negatively charged bacterial surfaces [114,
115]. However, this is probably not the only explanation since peptides with similar
net charge can vary in their salt sensitivity [114]. Other factors, besides low net
charge, suggested to contribute to salt sensitivity of AMPs are imperfect amphipathi-
city, structural instability, and absence of large clusters of charged residues [114,
115], and thus many studies have been focusing on improving the salt tolerability of
AMPs by implementing structure modifications affecting e.g. structural stability,
hydrophobicity, and amphipathicity [101, 114-116]. Interestingly, there are AMPs
that are naturally tolerant to high-ionic environments, such as plectasin, tachyplesins,
clavanins, and protegrins [115, 117-119].

Besides salt, AMPs often also have weaker antimicrobial activity in vitro in the
presence of serum [108, 111, 120]. This loss of activity in serum is explained by
AMPs binding to serum proteins [34], such as albumin and lipoproteins [121, 122],
which sequester the peptides from the bacterial cells and subsequently hinder their
activity [123, 124]. For example, LL-37 has been shown to bind apolipoprotein A-I
and B in plasma [122].

Notably, many AMPs with a weakened antimicrobial activity when evaluated in
vitro in the presence of physiologic salt concentrations and/or serum, have demon-
strated strong antimicrobial effect in relevant experimental animal models [113, 120,
125-128] (paper 11, III, and VI). Furthermore, it has been shown that naturally occur-
ring AMPs are often present in their natural environment at concentrations that do
not kill bacteria in vitro [34, 110]. Several possible explanations have been proposed
for this apparent inconsistency between in vitro and in vivo activities. It has been
suggested that natural AMPs exert a direct antimicrobial effect at specific locations
where AMPs are accumulated at high concentrations (e.g. in the phagosomes of in-
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nate immune cells, in close proximity to degranulating neutrophils, and in intestinal
crypts). In contrast, when present at lower concentrations, the antimicrobial mecha-
nism has been suggested to be primarily mediated through their immunomodulatory
activity, which is less affected by physiological salt concentrations [15, 78]. Fur-
thermore, co-expression of different antimicrobial proteins and peptides, e.g. lac-
toferrin and LL-37, at infection sites enables the AMPs to act synergistically to exert
optimal killing [34]. Importantly, it has been suggested that bacterial susceptibility to
AMPs is significantly higher in the mammalian ionic environment compared to in
the conditions commonly used in antimicrobial assays in vitro.This has been demon-
strated by culturing bacteria in media containing carbonate (e.g. in the form of Na-
HCOy3) at levels similar to human blood, followed by exposure to AMPs. In these
experiments, the bacterial gene expression was altered for more than 300 genes (of
which some are involved in virulence, stress response, and cell wall maintenance),
the thickness of the cell wall of Gram-positive bacteria decreased, and both Gram-
positive and Gram-negative bacteria became more susceptible to permeabilization by
cationic compounds. Most importantly, the susceptibility of the bacteria towards the
AMPs was retained even under high-ionic strength conditions [110].

The poor correlation of the in vitro antimicrobial effect of AMPs and their in vivo
efficacy highlights the importance to evaluate the antimicrobial action of AMPs in
different culture media, and to confirm the in vitro findings in in vivo models that
better replicate the clinical situation.

1.3.2.2. Resistance development

Bacteria have ability to rapidly develop resistance to conventional antibiotics. This is
explained by antibiotics acting on one single high-affinity target and therefore the
action of the antibiotic can be completely inhibited via a single resistance mechanism
[34]. In contrast, although microorganisms have been exposed to AMPs for millions
of years, any widespread resistance has not been reported and AMPs still continues
to provide protection against infections [28, 34, 129], thus it is proposed that bacteria
are less prone to develop high-level resistance to AMPs [34]. This is suggested to
relate to the MOA of AMPs that, in contrast to conventional antibiotics, involves
acting on multiple low-affinity, targets, which makes elimination of one such target
due to mutations less effective, and thus it is more difficult for bacteria to develop
mutants that are totally resistant to AMPs [24, 28, 34, 65]. In particular, given that
the main target of AMPs is the bacterial cell membrane, it is considered to be too
challenging for bacteria to acquire mutations altering the membrane and thereby
causing resistance to AMPs, while keeping the functional and structural integrity of
the membrane [34]. Nevertheless, there are many studies describing several coun-
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termeasures already developed by bacteria to resist the action of AMPs and these
intrinsic resistance mechanisms are described to be important for the ability of the
bacteria to colonize and infect the host [130-132]. The intrinsic mechanisms include
incorporation of positively charged molecules into the bacterial cell surface leading
to reduced electrostatic interaction with AMPs, protease production leading to AMP
degradation, increased activity of efflux pumps leading to active removal of AMPs,
as well as suppression of the host’s AMP production [65, 129, 130, 133].

There is relatively little information regarding the ability of microorganisms to
acquire resistance to AMPs by genetic alterations as a result of prolonged exposure
to therapy, as well as the mechanisms and risks of this acquired resistance [130,
132]. Studies of acquisition of resistance in vitro can be performed either by serial
passage of bacteria in medium containing AMPs in subinhibitory and progressively
increasing concentrations, or by direct selection on agar plates containing AMPs at
concentrations above MIC [132]. However, the results from such studies vary. In
some studies, low or no resistance was developed towards AMPs during several pas-
sages, while high levels of resistance were acquired towards conventional antibiotics
[103, 134] (paper II and III). In another study, high-level resistance to AMPs was
developed although a substantial number of serial passages were required [135]. In
contrast, in some studies, high levels of resistance to AMPs were developed very
rapidly [136-138]. The properties of the obtained mutants also differed between the
studies. Some mutants were irreversibly resistant [135] whereas others lost their re-
sistance when cultured in the absence of the AMP [134]. Furthermore, some muta-
tions were associated with fitness costs [139, 140], typically observed as a reduced
bacterial growth rate in the absence of the agent [141], whereas others had unaffected
growth rates [137]. Importantly, while some mutants showed no or little cross-
resistance to other AMPs [134, 137], a number of studies describe mutant strains
with considerable cross-resistance [138, 139].

Currently, there are only a few studies reporting of the genetic identity of the ac-
quired mutations and the mechanisms of the resulting resistance [132]. As one ex-
ample, in a recent study Salmonella enterica, serially passaged in the presence of
AMPs, developed resistance mutations in genes connected with LPS modifications
and it was suggested that these mutations would confer resistance by e.g. reducing
negative charges in the membrane and thus leading to decreased AMP interaction
[140].

Based on these results, although perhaps to a lesser extent compared to conven-
tional antibiotics and not as rapid, it could not be excluded that clinical administra-
tion of AMPs might lead to selection for resistance towards AMPs. Even more
important is the concern that treatment with AMPs could potentially also select for
cross-resistance to our endogenous AMPs which could result in microorganisms that
are more capable of escaping our innate immunity [132, 142, 143]. Notably, there are

INTRODUCTION 33



studies reporting of acquired resistance to colistin (i.e. polymyxin E) among clinical
isolates of Acinetobacter baumannii and Klebsiella pneumoniae and even cross-
resistance to LL-37 has been reported [144, 145]. It is therefore of great importance
to thoroughly characterize the probability for resistance and cross-resistance devel-
opment to AMPs before any widespread clinical use [130, 135].

1.3.2.3. Invivo stability

One of the principal limitations for clinical application of AMPs is the low in vivo
stability [62]. Peptide drugs are generally characterized by low oral bioavailability
due to proteolytic degradation in the digestive tract and poor penetration of the intes-
tinal mucosa, which makes oral administration difficult [146]. Furthermore, systemic
administration of peptides by, e.g., intravenous injection, is limited by a short half-
life because of rapid degradation by proteolytic enzymes in blood plasma and rapid
removal from the circulation by renal and hepatic clearance [146]. Moreover, proteo-
lytic enzymes are especially abundant at sites of inflammation and infection [25],
and thus even topically administered AMPs are subjected to degradation by proteas-
es.

The lack of in vivo stability can be addressed by several means, including cycliza-
tion of the peptide sequence through disulphide bonds, exchanging the natural L-
amino acids for D-residues or unnatural amino acids, changing the peptide into a
peptide mimetic with a non-peptide backbone structure, or using protective formula-
tions [26-28, 62, 146]. In addition, end-tagging by short, hydrophobic amino acid
stretches has been shown to influence sensitivity of AMPs for proteolytic degrada-
tion [147] and blocking N- or C-terminal ends of the AMPs by modifications such as
N-acetylation, N-pyroglutamate, or C-amidation are frequently used to increase re-
sistance towards peptidases [148, 149].

1.3.2.4. Toxicity

Due to their complex MOA, potential risk for toxicity is another limitation of clinical
development of AMPs [26]. So far, most clinical trials have studied topical admin-
istration of AMPs and systemic toxicity issues thus remain mainly uncharacterized
[24, 25]. In addition, publications describing data from standardized nonclinical safe-
ty studies of AMPs, similar to paper V, are rare. Since AMPs are known to interact
with cell membranes, the ability of AMPs to cause hemolysis of erythrocytes has
often been used to study selectivity for bacterial versus host membranes, and thus
toxicity [25]. However, the predictive value of this model has been questioned since
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the AMPs rarely demonstrate a similar degree of cytotoxicity to erythrocytes in their
natural milieu in the blood as compared to when suspended in phosphate buffered
saline (PBS) [25, 147, 150]. Besides toxicity due to membrane interactions, potential
toxicity could also result from translocation and uptake of AMPs into host cells, an
issue that has not been fully characterized [25, 26]. However, compared to small
molecule drugs, AMPs are considered more advantageous from a safety perspective,
since the degradation products of AMPs are natural amino acids and since the pep-
tide accumulation in tissues is low due to their short half-life, thus together reducing
the risk of systemic toxicity and complications caused by metabolites [146].

One approach to address the risk of toxicity is to use formulations masking the
peptides [28], while another approach is to modulate properties of the AMPs, such as
hydrophobicity, helicity, and amphipathicity, making them less prone to act on
mammalian cells [24]. Finally, topical administration of antimicrobials reduces the
risk for systemic toxicity [151].

1.3.2.5. Costs of goods

One limiting issue for developing AMPs as pharmaceuticals is the high manufactur-
ing costs [26]. Compared to the relatively low production costs of some antibiotics
(e.g. 0.8 USD per gram for aminoglycosides), the costs for peptide synthesis is much
more expensive, ranging from 50 to 600 USD per gram [24, 26]. Solid phase peptide
synthesis (SPPS) is the standard method to produce peptides [152]. To reduce manu-
facturing costs, peptides could be made shorter and other manufacturing alternatives
could be exploited, such as solution-phase or recombinant production using bacteri-
al-, fungal-, or mammalian expression systems [24, 26, 27, 62]. In addition, for indi-
cations where the immunomodulatory effect rather than the direct antimicrobial
effect of the AMPs is most important, lower doses of the peptide may be required
and, similarly, local administration may require lower doses compared to systemic
administration [26], which would then reduce the overall treatment costs.

1.4. Sources of the AMPs in this thesis

In this thesis, we have studied AMPs derived from two distinct sources; the human
protein lactoferrin and centrocin extracted from the green sea urchin Strongylocen-
trotus droebachiensis.
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1.4.1. Lactoferrin and lactoferrin-derived peptides

Lactoferrin is an iron-binding glycoprotein found in exocrine secretions, including
tears, saliva, gastric fluids, and, in particular, milk, as well as in secondary granules
of neutrophils [153]. Lactoferrin acts as a key element in the innate immunity of
mammals, protecting the host against infection and excessive inflammation [154,
155]. Lactoferrin exerts a direct antimicrobial function by limiting the proliferation
of microorganisms and/or by killing them [154]. This antimicrobial property relates
to the ability of lactoferrin to, like AMPs, destabilize membranes as well as to its
ability to sequester iron essential for bacterial growth [154, 156]. In addition, lac-
toferrin has immunomodulatory and anti-inflammatory properties exemplified by its
ability to suppress LPS- and cytokine-induced production of proinflammatory cyto-
kines [75] and its ability to down regulate over-production of toxic reactive oxygen
species during inflammation [157]. Several mechanisms exist for these anti-
inflammatory activities of lactoferrin. These include the ability of lactoferrin to bind
iron, its ability to bind LPS and thereby preventing LPS from binding LBP and
TLR4/CD14 receptor complex, as well as its ability to directly bind to immune cells
via cell surface molecules, such as proteoglycans and/or specific receptors [154, 155,
158, 159]. Notably, lactoferrin can also become internalized into immune cells and
translocated into the nucleus where it is proposed to directly interfere with NF-xB
activation and thus the production of proinflammatory cytokines [75]. The two cati-
onic sites at the N-terminal of human lactoferrin, 'GRRRR® and ZSRKVR31, have
been identified as important for the binding of lactoferrin to LPS and to glycosa-
minoglycans (e.g. on cell surface proteoglycans), as well as for its antimicrobial ac-
tivity [160-163]. In the tertiary structure of lactoferrin, these two sites end up in close
proximity, together forming the so called cationic cradle [160].

Proteolytic cleavage of human lactoferrin in the gastrointestinal tract and at sites
of infection generates the peptide lactoferricin, consisting of residues 1-49 from the
N-terminal domain [164, 165] (Fig. 6). This AMP adopts an o-helical structure in
membrane mimetic solvents [43] and exhibits more potent antimicrobial properties
than lactoferrin as well as immunomodulatory functions similar to the parent protein
[164, 165]. In addition, shorter sequences of human lactoferricin have shown anti-
infectious and anti-inflammatory activities using in vivo models [166, 167]. From the
sequence of human lactoferricin, numerous different peptide variants were previous-
ly derived by modulating the peptide length, helix stability, amphipathicity, net
charge, and hydrophobicity. In total, more than hundred peptides were screened in
vitro with focus on antimicrobial and anti-inflammatory properties and selected pep-
tides were evaluated for their efficacy in in vivo experiments (data mostly un-
published) [166-169]. Based on the results from these extensive screening programs,
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three peptides were selected for evaluation as pharmaceutical agents in this thesis:
PXLO1, PXL150, and HLR1r.

Human lactoferrin Human lactoferricin

Figure 6. Molecular structures of human lactoferrin (with two Fe** and two CO;*) and human lactoferri-
cin. The N-terminal sequence of lactoferrin corresponding to the lactoferricin fragment is circled.
Adapted from Protein Data Bank in Europe [41] using PDB id codes 1b0l and 1z6v, respectively.

1.4.2. Centrocin and centrocin 1-derived peptides

Invertebrates constitute a potentially rich source of effective AMPs since they only
rely on the innate immunity to fight infections [170]. Further, AMPs isolated from
marine organisms may have unique structures possibly reflecting their adaption to
their natural environment of high salt (seawater salinity is on average 3.5%), low
temperature, elevated pressure, and large amounts of microbes [170]. In addition,
AMPs from marine organisms are often post-translationally modified to contain unu-
sual amino acids, such as brominated tryptophans, suggested to make these peptides
less susceptible to proteolytic degradation and/or enhance their antibacterial activity
[170, 171]. Together, these properties, including the potentially low sensitivity to
high-ionic strength [170, 172], make AMPs of marine origin highly interesting to be
developed as pharmaceuticals.

Based on previous identification of the antimicrobial bromotryptophan-containing
heavy chain of centrocin 1 (CEN1 HC-Br) [171] isolated from coelomocyte (i.e.
blood cell) extracts of the green sea urchin S. droebachiensis [173], four variants of
this AMP, as well as the original sequence itself, were studied in this thesis as poten-
tial pharmaceutical agents.

1.5. Proposed indications

In this thesis, the selected peptides were evaluated as pharmaceutical agents for two
separate indications, prevention of postsurgical adhesion formation and treatment of
different skin and soft tissue infections (SSTIs).
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1.5.1. Prevention of postsurgical adhesions

Adhesions are bands of scar tissue that form between internal tissues and organs as a
part of the body’s healing process after e.g. surgery, trauma, infections, and inflam-
mation [174]. Postsurgical adhesions can arise after in principle any surgical proce-
dure, but are almost inevitable after open abdominal and gynecological pelvic
surgery, where the incidence of intraperitoneal adhesions ranges from 60% to 97%
[175-177]. Intraperitoneal adhesions severely affect the patients’ health by causing
small-bowel obstruction, female infertility, difficulties at reoperation, and chronic
abdominal pain [176, 178].

Following peritoneal injury, formation and deposition of a fibrin-rich exudate at
the wound site occur as a part of the normal hemostatic process [19]. The fibrin is
sticky and attaches to adjacent surfaces and if not degraded by plasmin within the
following few days, the fibrin provides a matrix for ingrowth of fibroblasts with sub-
sequent collagen deposition and transformation into fibrous, permanent adhesions
[19, 179, 180]. Inadequate fibrinolysis is therefore widely accepted to be the main
cause of adhesion formation [19, 181]. Plasminogen is converted to active plasmin
by tissue-type plasminogen activator (tPA), and the activity of tPA is mainly inhibit-
ed by PAI-1 [19] (Fig. 7). Elevated levels of PAI-1, which results in low activity of
tPA and hence less formation plasmin, are therefore suggested to be a major factor
causing adhesion formation by means of reducing fibrinolysis [182]. PAI-1 is pro-
duced by many cell types, including endothelial cells, macrophages, and mesothelial
cells (the latter forming the mesothelium monolayer covering the surface of the sero-
sal cavities in the body and the organs within these cavities [183]) in response to e.g.
proinflammatory cytokines, and its production is increased during surgery and in-
flammation [19, 179, 184, 185]. Besides leading to anti-fibrinolytic activity, inflam-
mation is also involved in adhesion formation by promoting coagulation and
subsequently fibrin deposition [19]. Furthermore, the presence of bacteria has been
shown to result in increased adhesion formation, possibly by affecting the immune
system [186].

Numerous attempts have been made to prevent adhesion formation, including im-
proving the surgical techniques, using fine and biocompatible sutures, avoiding for-
eign materials such as starch from gloves, and by using physical barriers and
different pharmacological compounds. Nevertheless, adhesions still remain a major
clinical problem and there is today no adhesion-preventing drug/device that is clearly
effective [187, 188].
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Figure 7. Fibrinolysis pathway. Tissue-type plasminogen activator (tPA) converts plasminogen into active
plasmin, which is responsible for the fibrin degradation. Plasminogen-activator inhibitor-1 (PAI-1) inhib-
its tPA and hence elevated levels of PAI-1 results in reduced fibrinolysis.

1.5.2. Skin and soft tissue infections (SSTIs)

SSTIs are the most common of infections, affecting everyone at some point [189].
SSTIs are caused by a break in the skin barrier (e.g. ulcers, burn, surgical incisions,
and trauma) allowing colonization and subsequent infection of the epidermis, dermis,
and/or subcutaneous tissue [189]. The discrepancy between colonization and infec-
tion is vague, but a wound bioburden of 10° colony forming units (CFU)/g or cm” is
generally accepted as an indication of an infected wound [190, 191]. SSTIs include a
wide range of infections, from minor superficial infections to life-threatening infec-
tions, including surgical site infections (SSIs), impetigo, cellulitis, complex abscess-
es, infected burns, and necrotizing fasciitis [192]. The most common cause of SSTIs
is the Gram-positive S. aureus (globally accounting for 34-45% of the isolates)
while of the Gram-negative species P. aeruginosa and Escherichia coli are most fre-
quently isolated [193]. The rapid increase in strains resistant to one or multiple anti-
biotics is of great concern. For example, globally 23-36% of the S. aureus isolates
from SSTIs are methicillin-resistant (MRSA; resistant to all B-lactam antibiotics
[194]) [193]. In some smaller studies, MRSA isolates even accounted for up to 77—
88% of the isolates [195, 196]. Notably, 3-25% of the P. aeruginosa isolates have
been reported to be multidrug-resistant [193].

1.5.2.1. Surgical site infections (SSIs)

SSIs are postoperative infections affecting either the skin and subcutaneous tissue of
the incision (i.e. superficial incisional SSIs), the deeper soft tissues of the incision
(i.e. deep incisional SSIs), or the other organs/spaces opened or manipulated during
surgery (not classified as SSTIs) [192, 197]. SSIs are reported to affect between
1.5% and 20% of surgical patients, depending on type of surgical procedure and the
body site [198]. Microorganisms infecting the surgical wounds are most often from
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the patient’s endogenous flora, but occasionally also from external environment
[199]. Consistently with other SSTIs, S. aureus, Staphylococcus epidermidis, E. coli,
and P. aeruginosa are commonly isolated from SSIs [198-200], although the causa-
tive organisms are largely dependent on the procedure/site [199]. As for other SSTIs,
a significant increase in antibiotic-resistant strains has been reported for SSI isolates,
both for Gram-positive and Gram-negative bacteria [200, 201], and, in addition,
polymicrobial infections appear to increase [200].

1.5.2.2. Infected burn wounds and microbial biofilms

Burn wound infections constitute a very serious complication following thermal inju-
ry [202] accounting for up to 80% of all hospital acquired infections affecting pa-
tients admitted to specialized burn units [203-205]. Immediately after thermal injury,
the sterile wound surface is rapidly colonized with Gram-positive bacteria, primarily
S. aureus and coagulase-negative staphylococci, such as S. epidermidis, from the
endogenous flora and external environment. These are followed by Gram-negative
bacteria, in particular P. aeruginosa, and eventually fungus, such as Candida spp.
and C. albicans in particular [192, 202, 206, 207]. Colonization can lead to burn
wound infection characterized by a high concentration of bacteria (> 10° CFU per
gram tissue) within the wound or wound eschar [208]. The infection can eventually
become invasive, where microorganisms invade and destruct unburned tissue [208].
Furthermore, if invasion extends into deeper tissues, it may lead to serious and even
life-threatening complications, such as bacteremia (i.e. presence of bacteria in the
blood), sepsis (i.e. a systemic inflammatory response to an infection), and even mul-
tiple-organ dysfunction syndrome [202]. Burn wounds are particularly susceptible to
infections due to destruction of the skin barrier, the moist and protein-rich environ-
ment in the burn wound, impaired migration of host immune cells due to destruction
of blood vessels, and a generalized immunosuppression of the patient [202, 209].
Moreover, infected burn wounds can be difficult to treat, partly because the avascular
burn tissue restricts the access of systemically administered antibiotics to the wound
site [202, 209], partly because the emergence of antibiotic-resistant bacteria [202],
and partly because bacteria in burns tend to form biofilms [202, 210].

Biofilms are surface-attached communities of microorganisms embedded in a
self-produced polymeric matrix. The biofilm provide protection for the bacteria from
the host’s immune system by several mechanisms [211], e.g. the extracellular slime
has shown ability to suppress the phagocytic activity of macrophages [212]. In addi-
tion, bacteria in biofilms are highly resistant to antibiotics; up to 1000 x higher doses
of antibiotics may be required to eradicate bacteria in biofilms compared to their
free-floating (i.e. planktonic) counterpart [210, 211, 213]. Biofilms are not only as-

40 INTRODUCTION



sociated with burn wound infections. In fact, biofilms account for at least 65% of all
human infections, being particularly associated with e.g. catheter- and medical-
device related infections, chronic wounds, cystic fibrosis lung infections, and perio-
dontitis [213-215]. Although the effect of AMPs on biofilms has been questioned
due to the potential of negatively charged polymers in the biofilm matrix to bind and
neutralize AMPs [216, 217], there are peptides with proven effect on biofilm in vitro
and/or in vivo, including LL-37, human B-defensin 3, histatins, and tachyplesin [105,
125,218-221].

1.5.3. Cutaneous Candida infections

Candida spp. are the most common cause of fungal infections in humans, leading to
a range of diseases from superficial skin- and mucosal candidiasis to life-threatening
invasive diseases [222, 223]. Among the Candida spp., C. albicans is the most com-
mon infectious agent [222, 224, 225]. C. albicans asymptomatically colonizes the
skin, genital and/or intestinal mucosa in 30-70% of healthy individuals [224, 226,
2271, but when the host defense of the individual is weakened, the fungus can cause
infections [226]. Risk factors, such as neutropenia, corticosteroid treatment, systemic
broad-spectrum antibiotic exposure, central venous catheters, surgery, hospital stay,
and burns, predispose individuals to invasive and even life-threatening systemic can-
didiasis [225, 226]. Furthermore, in some settings, resistance to conventional anti-
mycotics, such as fluconazole, has been observed in Candida spp. [222, 228], which
complicates treatment of the infections.
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2. Aims

The overall aim of this thesis was to study novel AMPs with respect to their MOA,
antimicrobial spectrum, propensity to select for resistance, and in vivo efficacy and
safety. To achieve this, we used a number of in vitro and in vivo assays, together
generating a comprehensive preclinical evaluation of the peptides. The hypothesis
was that the AMPs in this thesis have potential to be developed as therapeutic agents
for several infectious and inflammatory conditions.

The specific aims of the papers included in this thesis were:

Paper I: To study the potential of the peptide PXLO1 as an anti-adhesion agent for
prevention of postsurgical adhesion formation.

Paper II: To study five peptides derived from centrocin-1 for their applicability as
local anti-infective agents.

Paper III: To study the applicability of the peptide PXL150 as an anti-infective agent
for local treatment of SSTTs.

Paper IV: To study the potential of PXL150 as a local treatment of SSIs.

Paper V: To study PXL150 for its applicability as a local therapeutic agent for in-
fected burn wounds and to characterize its in vivo safety profile.

Paper VI: To study the potential of the peptide HLRIr as a therapeutic alternative for
local treatment of SSTIs.
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3. Materials and methods

3.1. Peptides and controls

3.1.1. Peptides

Human lactoferrin-derived peptides were studied in paper I (PXLO1), paper III, 1V,
and V (PXL150), and paper VI (HLR1r). PXLO1 corresponds to residues 16—40 of
human lactoferricin, HLRIr corresponds to residues 21-32 of human lactoferricin
with an additional arginine-rich tail attached to the C-terminal end, whereas PXL150
is as a modified version of amino acids 20-31 of human lactoferricin (Table 1). Both
the N-terminal and C-terminal ends of PXL01 and HLR1r were modulated by acety-
lation (i.e. NH,- is converted to CH;CONH-) and amidation (i.e. -COOH is convert-
ed to -CONH,), respectively, in order to become uncharged.

Table 1. Amino acid sequences of the human lactoferrin-derived peptides studied in this thesis.

Peptide Sequence

PXLO1 Ac-EATKCFQWQRNMRKVRGPPVSCIKR-NH, (disulphide bond)
PXLI150 RRLWRRWMRKVL

HLRIr Ac-FQWQRNMRKVRGSRRRRG-NH,

Ac, acetyl group

Centrocin 1-derived peptides were studied in paper II (Table 2). CEN1 HC, with-
out the brominated tryptophan present in the original sequence CEN1 HC-Br, was
synthesized to elucidate if this unusual residue had any effect on the activity. C-
terminal truncated versions, CEN1 HC-Br (1-20) and CEN1 HC (1-20), were also
tested to map the peptide region important for the biological activity. Finally,
CENI1 HC (Ser) was designed to investigate the possibility to replace the free cyste-
ine residue with an isosteric serine since free cysteines might complicate the product
development due to formation of intermolecular disulphide bonds.

The peptides were produced by SPPS using 9-fluorenylmethyloxycarbonyl
(Fmoc) chemistry. The purity of the peptides was > 95%, as determined by the sup-
pliers using high-performance liquid chromatography (HPLC) with UV detection.
Counter ion was either trifluoroacetate or acetate for the lactoferrin-derived peptides,
and trifluoroacetate for the centrocin 1-derived peptides. The peptides were supplied
as lyophilized powder.
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Table 2. Amino acid sequences of the centrocin 1-derived peptides studied in this thesis.

Peptide Sequence

CEN1 HC-Br GW(Br)FKKTFHKVSHAVKSGIHAGQRGCSALGF
CEN1 HC GWFKKTFHKVSHAVKSGIHAGQRGCSALGF
CEN1 HC-Br (1-20) GW(Br)FKKTFHKVSHAVKSGIHA

CEN1 HC (1-20) GWFKKTFHKVSHAVKSGIHA

CEN1 HC (Ser) GWFKKTFHKVSHAVKSGIHAGQRGSSALGF

3.1.2. Control antibiotics

As positive controls for antimicrobial activity, commercial antibiotic
creams/ointments indicated for topical treatment of SSTTs, or their active pharmaceu-
tical ingredient (API) only, were used including mupirocin (API or Bactroban; 2%
w/w ointment), fusidic acid (API or Fucidin; 2% cream), and gentamicin sulphate
(API or Garamycin; 0.1% w/w cream). Mupirocin has a spectrum of activity includ-
ing some Gram-positive bacteria, in particular Staphylococcus spp. and Streptococ-
cus spp., and a few Gram-negative bacteria [229, 230]. Fusidic acid has a spectrum
of activity limited to some Gram-positive bacteria (in particular staphylococci,
whereas streptococci are less susceptible) and a few Gram-negative species [231,
232]. Gentamicin has a broad-spectrum activity covering both Gram-positive and
Gram-negative bacteria [233].

3.2. Carriers and release assay

The peptides were dissolved/formulated in ultrapure water, physiological saline (i.e.
9 mg/ml NaCl in water), or in a formulation intended for clinical application; sodium
hyaluronate (SH) or hydroxypropyl cellulose (HPC).

3.2.1. Sodium hyaluronate (SH)

In paper I, PXLO1 was formulated in SH (1.5% w/v in physiological saline) extracted
from rooster combs. SH is the sodium salt of hyaluronic acid, a polysaccharide be-
longing to the group glycosaminoglycans. It is found in all tissues and body fluids of
vertebrates, especially in the connective tissue, and constitutes the main component
of extracellular matrix [234]. SH was used as formulation in order to extend the re-
lease of PXLO1 at the site of administration, to protect the peptide from degradation,
and to act as a physical barrier, preventing contact between surfaces in close prox-
imity.
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3.2.2. Hydroxypropyl cellulose (HPC)

In paper IV and V, PXL150 was formulated in 1.5% w/w HPC in 10 mM acetate
buffer (pH 4.9), with or without 25% w/w propylene glycol and 0.1% w/w ethylene
diamine tetra-acetic acid (EDTA). HPC is a nonionic, water soluble polymer widely
used as pharmaceutical formulation [235]. The formulation and its supplements were
chosen based on the in vitro and in vivo results from a previous study, where the sta-
bility and activity of PXL150 was evaluated using several formulations/supplements
(data not published).

3.2.3. Invitro release assay (paper I)

In paper I, to study the release profile of PXL01 from SH gel, an in vitro release sys-
tem was set up in which a thin film of the product (PXLO1 in SH) was placed in a
tissue culture plate and covered with PBS. The plate was incubated on a shaker and
at certain time points, aliquots of release medium were collected and the peptide
concentration was analyzed using UV-absorbance measurements (230 nm).

3.3. Microorganisms and microbiology assays

3.3.1. Microorganisms

The microorganisms used in this thesis are presented in Table 3. These are repre-
sentative strains of common causative agents of infections, in particular SSTIs. Both
extensively used American Type Culture Collection (ATCC) strains were included as
well as more recently acquired clinical isolates. For most assays in this thesis, active-
ly replicating microorganisms were used as is commonly done to assess microbicidal
activity of conventional antibiotics [236] as well as AMPs [111, 237]. To reach log-
phase growth, overnight cultures were diluted in fresh medium and incubated for an
additional 2 hours [168, 169].
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Table 3. Microorganisms used in the thesis.

Species/Strain ~ Growth G+/G-  Resistance Strain no. In paper
under /F
aerobic
conditions

S. aureus Yes G+ CCUG 1800 1

ATCC 12600 IL III, VI
ATCC 29213 III, IV

MRSA Yes G+ Methicillin* ATCC 33591 IL III, VI

S. aureus Yes G+ Fusidic acid Isolate 1T

S. pyogenes Yes G+ ATCC 12344 IL 111, VI

S. epidermidis Yes G+ ATCC 12228 11, I

P. aeruginosa Yes G- ATCC 15442 L IL, II0I, VI
ATCC 27853 \%
PAOI- Lux1 \%

K. pneumoniae Yes G- Penicillinst CCUG 59413 11, IIT

A. baumannii Yes G- Tobramycini ~ CCUG 58437 11, I

E. coli Yes G- CCUG 31246 I, VI
ATCC 11775 11, I

P. acnes No G+ ATCC 6919 11, II1, VI

C. albicans Yes F ATCC 64549 1L 111, VI

C. parapsilosis ~ Yes F ATCC 22019 1T

C. krusei Yes F ATCC 6258 111

C. glabrata Yes F CCUG 35267 111

MRSA, methicillin-resistant Staphylococcus aureus; ATCC, American Type Culture Collection; CCUG,
Culture Collection, University of Gothenburg; G+, Gram positive; G-, Gram negative; F, fungus.
*Resistant to methicillin and other [-lactam antibiotics; T Resistant to penicillins, cephalosporins, aztre-
onam, and carbapenems; ¥ Resistant to tobramycin, trimsulfa, ciprofloxacin, cefotaxim, ceftazidim, mero-
penem, and piperacillin/tazobactam.

3.3.2. Invitro minimum microbicidal concentration (MMC) assay (pa-
per I, 11, II1, V, and VI)

To study the in vitro antimicrobial activity of the AMPs, an MMC assay was per-
formed based on previous publications [168, 169]. Traditionally, a MIC assay is used
to determine the susceptibilities of bacteria to antimicrobial agents. In this thesis;
however, the MMC assay, in which the lowest microbicidal concentration is deter-
mined, was used instead of the MIC assay since this assay was considered more rele-
vant for testing AMPs due to their ability to kill microorganisms and not just inhibit
their growth. Microorganisms were incubated with serially diluted AMPs for
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2 hours, followed by subculturing small aliquots (drops) onto agar plates. Viable cell
counts were performed in the spots formed by the drops after 1-3 days of incubation.
Less than 10 CFU/spot, corresponding to a > 99.6% reduction of the initial inoculum,
was defined as the MMCyg value. A difference in MMCyg values by a factor of four
(i.e. two titer steps) was regarded as significantly different [169]. The 2-hour incuba-
tion period was selected based on previous publications [111, 168, 169, 237, 238].
Similar to the MIC assay, only one value is obtained for each peptide in the MMC
assay, making it ideal for screening purposes. In contrast, in another commonly used
bactericidal assay each incubation mixture is serially diluted before plating, which
makes it possible to evaluate the killing capacity of the AMPs in more detail but is
also more labor intense [111, 237, 238].

The AMPs were tested under low salt/serum conditions to increase the level of
sensitivity in an initial screening as frequently done [111, 112, 239, 240]. For this
purpose, 100 x diluted brain—heart infusion broth (BHIy;) was used as standard low-
ionic medium [167-169]. To evaluate the AMPs in a wound-like environment,
2 x diluted simulated wound fluid (SWFy;), i.e. a 2 x dilution of a 1:1 mixture of
0.1% peptone water in 150 mM NaCl and fetal bovine serum (FBS), was used. To
elucidate the effect of salt on the activity of the peptides, the MMC assay was also
performed in BHI; supplemented with 85 mM or 150 mM NaCl. In paper V, the
bactericidal effect of PXL150 was assessed when formulated in HPC.

3.3.3. Cytoplasmic membrane depolarization assay (paper III)

To study the antimicrobial MOA of PXL150, a cytoplasmic membrane depolariza-
tion assay in combination with viable cell counts, was performed based on previous
publication [64, 241]. Under the influence of an intact transmembrane potential, the
fluorescent probe 3,3’-Dipropylthiadicarbocyanine iodide, DiSC;(5), accumulates in
the membrane of intact bacterial cells, resulting in diminished fluorescence due to
self-quenching [63, 64]. Permeabilization of the cytoplasmic membrane leads to loss
of membrane potential, which causes release of DiSC;(5) with a subsequent increase
in fluorescence [63]. DiSC3(5) was incubated with a suspension of S. aureus fol-
lowed by addition of KCI to equilibrate the cytoplasmic and external potassium ion
concentrations. Thereafter, peptide was added and the fluorescence intensity was
monitored continuously for 15 minutes. Aliquots of the suspension were collected at
specified time points and used for viable cell counts to be able to draw conclusions
of the correlation between depolarization and killing.
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3.3.4. Multistep resistance assay (paper II and III)

In order to study the ability of bacteria to develop resistance to AMPs, a multistep
resistance assay was performed based on previous publications [242, 243]. Bacteria
(S. aureus, MRSA, and P. aeruginosa) were incubated with serially diluted peptide
(in 10 x diluted BHI) in a concentration range covering the MIC (or MMC) for
24 hours, after which the turbidity was measured. To create an optimal selection
pressure, the overnight culture incubated with the highest peptide concentration with
no marked reduction of bacterial growth was selected for further passaging. One part
of this suspension was diluted to a start inoculum and incubated with a new dilution
series of the peptide, and the remaining part was frozen until analysis using the
MMC assay at the end of the study. The procedure was repeated for up to 21 days,
after which the resistance development was evaluated and observed as an increase in
killing concentration compared to the initial MMC value.

3.4. Cell based assays

3.4.1. Invitro anti-inflammatory assay using macrophages (paper I, II,
IIT and VI)

To study the ability of the AMPs to suppress the release of proinflammatory cyto-
kines/chemokines from LPS-stimulated macrophages, an in vitro anti-inflammatory
assay using differentiated THP-1 cells was performed based on the previous publica-
tion [75]. THP-1 (ATCC TIB-202) is a cell line of monocytes obtained from periph-
eral blood of a person suffering from acute monocytic leukemia. The cell line has
been extensively used to study immune responses in monocytes/macrophages [244].
Using phorbol-12-myristate-13-acetate (PMA), THP-1 cells in the monocyte state
can be differentiated into a macrophage-like phenotype, characterized by adherent
cells and a flat amoeboid shape [244, 245]. PMA-differentiated THP-1 cells were
stimulated with LPS to induce expression and release of cytokines/chemokines,
30 minutes before addition of the peptides. After 6 hours of incubation, the cell cul-
ture supernatants were collected and the levels of TNF-q, IL-1f, IL-6, and/or IL-8
were quantified using a sandwich enzyme-linked immunosorbent assay (ELISA)
with microplate-bound primary/capture antibodies and biotinylated second-
ary/detection antibodies obtained from R&D Systems (Minneapolis, MN, USA).
Potential peptide-induced cytotoxicity was elucidated by determining the viability of
the cells in each well (see below).
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3.4.2. Invitro anti-inflammatory/fibrinolytic assay using mesothelial
cells (paper I, III, and VI)

To study the ability of the AMPs to suppress the release of proinflammatory and fi-
brinolytic markers from mesothelial cells, an in vitro anti-inflammatory/fibrinolytic
assay using MeT-5A cells was performed. MeT-5A (ATCC CRL-9444) is an immor-
talized cell line of mesothelial cells obtained from pleural fluids of non-cancerous
individuals. Mesothelial cells play an important role in innate immunity and tissue
repair by e.g. producing both proinflammatory and fibrinolytic mediators [179, 183,
246]. MeT-5A cells were stimulated with IL-1p to induce expression and release of
cytokines/fibrinolytic markers, immediately before addition of the peptides. After 3—
6 hours of incubation, the cell culture supernatants were collected and the levels of
IL-6 and PAI-1 were quantified using the ELISA described above and the commer-
cial ELISA kit TintElize PAI-1 (Trinity Biotech, Bray, Ireland), respectively. Pep-
tide-induced cytotoxicity was elucidated by determining the viability of the cells in
each well (see below).

3.4.3. Cell viability assays (paper I, 11, III, and VI)

To elucidate the possibility that the suppression of the release of inflammato-
ry/fibrinolytic markers by the peptides could be due to peptide-induced cytotoxicity,
the cell viability at the end of the cell based assays described above, was determined
using two different approaches; NucleoCounter system (ChemoMetec, Allergd,
Denmark) and TACS MTT assay (R&D Systems).

The NucleoCounter system (paper I and VI) is based on propidium iodide, which
binds to the DNA of non-viable cells forming a fluorescent stain but is excluded
from viable cells due to impermeable plasma membrane. By measuring the fluores-
cence of an untreated as well as of a detergent-lysed sample, both a non-viable cell
count and a total cell count are determined, respectively. The viable cell count is then
calculated from the difference of the total cell count and the non-viable cell count.
After removal of the cell culture supernatants described above, the cells were de-
tached from the bottom of the wells by trypsinization and re-suspended in culture
medium. Two samples were analyzed from each well, one untreated and one deter-
gent-lysed, and the cell viability was determined.

The MTT assay (paper II and III) is based on the measurement of cell viability via
their metabolic activity. The substance 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) is reduced to purple formazan by metabolically
active cells. The number of viable cells correlates with the color intensity measured
spectrophotometrically after solubilization of the formazan. After removal of the cell
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culture supernatant, MTT was added to the cells and after 2 hours of incubation, de-
tergent was added and an absorbance measurement was performed the following day.

3.4.4. Hemolytic assay (paper III)

To determine the cytotoxicity against human cells and the selectivity of AMPs for
microbial cells versus mammalian cells, the hemolytic activity against human eryth-
rocytes was assessed based on the previous publication [247]. Blood samples from
human healthy volunteers were collected in EDTA-containing tubes. The tubes were
centrifuged, the plasma was removed, and the erythrocytes were suspended in PBS.
Serially diluted peptide was added to the cell suspension, and after 1 hour of incuba-
tion and following centrifugation, absorbance measurement was performed on the
supernatant to determine the release of hemoglobin from lysed erythrocytes.

3.5. In vivo efficacy and safety

3.5.1. Ethical considerations

All animal experiments were performed after prior approval from the local ethics
committee for animal studies at the administrative court of appeals in Gothenburg,
Sweden, the local ethics committee for animal studies at the court of appeals in
Umea, Sweden, or the CERB internal ethics committee in Baugy, France. All ani-
mals were cared for in accordance with national legislation and regulations for the
protection of animals used for scientific purposes.

3.5.2. Efficacy and safety as anti-adhesion agent

3.5.2.1. Postsurgical adhesion model in rats (paper 1)

To study the ability of PXLO1 to prevent postsurgical adhesion formation, a sidewall
defect-cecum abrasion model in rats was performed based on previous publications
[248, 249]. PXLO1 (in distilled water or in SH) was applied over a full-thickness
excision wound (5 x 25 mm) created on the peritoneal wall in the rat abdomen, as
well as over two abrasion wounds (10 x 15 mm), one on each side of the cecum. One
group of animals received two additional doses of peptide by intraperitoneal injec-
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tions 24 and 48 hours after surgery. After 6 days, the animals were euthanized and
the extent of adhesion formation in the abdomen was evaluated. Studies have
demonstrated that the peritoneum is only susceptible for adhesion formation during
the first few hours/days after surgery [248, 250] and that adhesions that are present
after one week after surgery are also there after six months [251, 252], thus support-
ing the choice of time for evaluation.

3.5.2.2. Intestinal anastomosis healing model in rats (paper I)

To study if treatment with PXLO1 during abdominal surgery would have any nega-
tive effect on wound healing, a colonic/large bowel anastomosis healing model in
rats was performed based on previous publications [253-257]. Although this model
has often been used to study potential beneficial effects of different treatment regi-
mens to promote healing and prevent leaking after colorectal anastomosis surgery
[253-256], the model has also been used to evaluate the safety of anti-adhesion ther-
apies [257]. PXLO1 in SH was applied over an anastomosis site created by transect-
ing the colon and performing an end-to-end anastomosis. After 7 days, the animals
were euthanized and a segment of the colon with the anastomosis site in the middle
was cut out. One end of the segment was ligated and into the other end, a tube con-
nected to a pressure monitor was inserted. Stained saline was infused into the seg-
ment via the tube and the intraluminar pressure was measured until burst. The
maximum pressure before burst was used as a measurement of the healing of the
anastomosis.

3.5.3. Efficacy and safety as anti-infectious agents

3.5.3.1. Infection models

To our knowledge, no golden standard model for preclinical assessment of anti-
infective activity of antimicrobials developed for treatment of SSTIs exists. Howev-
er, different infection models, similar to the ones used in this thesis, have frequently
been used for this purpose [147, 150, 169, 258-265].
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3.5.3.2. Exvivo pig skin wound infection model (paper II, IlI, and VI)

To study the ability of the peptides to reduce the bacterial load in infected wounds,
an ex vivo pig skin wound infection model was performed based on previous publica-
tions [147, 150, 258]. Pig skin has long been considered as an appropriate model for
human skin [258] and the pig skin infection model was used as a bridge between in
vitro experiments and costly, ethically restrained, and time consuming in vivo exper-
iments. Importantly, this model has been used to test AMPs by other research groups
[147, 150] and topical agents showing efficacy in this model have later proved to be
effective in in vivo studies in pigs and in clinic [150, 258]. Punch biopsy wounds
were made on excised pig skin and separated from each other by gluing the top cyl-
inder of a cut 1.5 ml tube around each wound (Fig. 8). S. aureus were inoculated
onto the skin/wound area inside the cylinder and after 2 hours of incubation in a
moist chamber, peptide (in sterile ultrapure water) was added to each wound/skin
area. After an additional 4 hours of incubation, the liquid inside the cylinder was
removed, the bacteria were harvested by adding Kligman buffer (0.1% Triton X-100
in 75 mM phosphate buffer) to the wound/skin area and gently rubbing, and viable
cell counts were performed on dilutions of the obtained suspension (Fig. 9a).

Figure 8. Ex vivo pig skin wound infection model. Punch biopsy wounds were made on excised pig skin
and separated by attaching a cut 1.5 ml tube around each wound.

3.5.3.3.  Excision wound infection model in rats (paper II, 111, VI)

To study the ability of the AMPs to reduce the bacterial load in infected wounds, an
excision wound infection model in rats was performed based on previous publication
[266]. This model has been used in a number of studies assessing anti-infective and
wound healing effects of topical agents [259-261, 266]. Bacteria (MRSA or
P. aeruginosa) were inoculated onto full-thickness excision wounds (10 x 10 mm)
made on the back of rats, anaesthetized during entire experiment. After 2 hours, pep-
tide (in sterile ultrapure water) was applied onto each wound and after an additional
2 hours, the animals were euthanized. The entire wound area was excised, followed
by vortexing and shaking in Kligman buffer. The suspension was diluted and viable
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cell counts were performed (Fig. 9b). To study the kinetics of the antibacterial activi-
ty (paper III), samples were collected from the same wound at six time points up to
4 hours post-treatment by adding BHI; to each wound, gently scraping with a plastic
loop, and removing a small sample for viable cell counts.

3.5.3.4. Surgical site infection model in mice (paper IV)

To study the ability of PXL150 to reduce the bacterial load in infected surgical
wounds, a mouse model of SSIs was performed based on previous publications [262-
264, 267]. This model is viewed as a valuable tool for predicting the effect of topical
(and systemic) antimicrobial agents in humans. Silk sutures were soaked in a station-
ary phase suspension of S. aureus and dried. The suture was placed into a full-
thickness incision wound (1 cm) made at the neck region of mice. To study the infec-
tion progress, at certain time points up to 96 hours after infection, the animals were
euthanized and the entire wound area was excised and homogenized in BHIy;. The
homogenate was diluted and viable cell counts were performed. To study the effect
of the peptide, 2 hours after inoculation of the wound with the suture, peptide (in
sterile ultrapure water or HPC) was applied into the wounds and after an additional
2 hours, the animals were euthanized and bacteria were harvested by excision of the
wound area as above (Fig. 9c¢).

a
Wounding and inoculation

4h
(G 2h Treatment Harvest
b
Wounding and inoculation
(MRSA or P. aeruginosa) 210 Treatment 2h Harvest
c
Wounding and inoculation
S aam) 2h Treatment 2h Harvest
d
Wounding and inoculation 2h Treatment 3days R
(P. aeruginosa) (twice per day) Y
e
Inoculation 24h Treatment 4h Treatment 24h Harvest

(C. albicans)

Figure 9. Schematic presentation of the experimental setup of the ex vivo/in vivo infected skin/wound
models used in this thesis. (a) Ex vivo pig skin wound infection model, (b) excision wound infection model
in rats, (c) surgical site infection model in mice, (d) infected burn wound model in mice, and (e) cutaneous
candidiasis model in mice. h, hours.
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3.5.3.5. Infected burn wound model in mice (paper V)

To study the ability of PXL150 to reduce the bacterial load in infected burn wounds,
a mouse model of infected burn wounds was performed based on previous publica-
tions [265, 268]. P. aeruginosa was used, which is the bacterial species most com-
mon in burn wound infections [202, 207], and to be able to follow the infection in
live animals, a bioluminescent strain was used [265, 269]. Bacteria were inoculated
onto a third-degree burn wound (1 cm?) created on the back of mice by placing the
end of a metallic rod pre-heated in boiling water onto a shaved skin area for
30 seconds. After 2 hours, peptide (in HPC) was applied onto each wound. The
treatment was repeated after an additional 4 hours and thereafter twice per day for 3
days. Prior to the treatments, the mice were anaesthetized and bioluminescence im-
aging (BLI) was performed. After 4 days, the animals were euthanized, BLI was per-
formed, and the entire wound area was excised and homogenized in PBS. The
homogenate was diluted and viable cell counts were performed (Fig. 9d).

3.5.3.6. Cutaneous candidiasis model in mice (paper VI)

To study the antifungal effect of HLRIr, a mouse model of cutaneous candidiasis
was performed based on previous publications [169, 270]. In this model, C. albicans
were inoculated onto each of four circled areas (1.7 cm?) on intact shaved skin on the
back of mice. After 1 day, peptide (in ultrapure water) was applied twice to the in-
fected spots, with 4 hours between the treatments. The following day, the animals
were euthanized and the fungal cells were harvested by placing a metal ring over the
treated spot, adding phosphate buffer supplemented with 0.01% Triton X-100, and
gently rubbing the area. The suspension was diluted and viable cell counts were per-
formed (Fig. 9e).

3.5.4. Invivo safety

3.5.4.1. Preliminary study of single dose toxicity (paper I1I)

As a first step to evaluate the safety profile of PXL150, a preliminary study of acute
systemic toxicity was performed, in which high doses (2.5 and 12.5 mg/kg body
weight) of the peptide (in physiological saline) were administrated as a single subcu-
taneous (SC) injection into the neck region of rats. General behavior and clinical
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signs were monitored for up to 48 hours after treatment to assess potential systemic
effects.

3.5.4.2. Invivo nonclinical safety studies (paper V)

To support applications for clinical trials, a nonclinical safety program was conduct-
ed to determine systemic toxicity and local tolerance of PXL150 when administered
repeatedly. Three consecutive studies were performed; (i) a 5-day pilot repeated dose
toxicity study in rats (feasibility study), (ii) a 14-day pivotal repeated dose toxicity
study in rats, and (iii) a 28-day local tolerance study in rabbits. The studies were per-
formed by CERB (Baugy, France) in accordance with the ICH Guidance on nonclin-
ical safety studies for the conduct of human clinical trials and marketing
authorization for pharmaceuticals M3(R2) [271]. Study (ii) and (iii) were performed
according to good laboratory practice (GLP). In study (i), SC administrations of
PXL150 in saline (0, 10, and 50 mg/kg body weight) were performed and in study
(i1), SC administrations of PXL150 in saline (0, 1, and 5 mg/kg body weight) were
performed. In study (iii), PXL150 (2 and 10 mg/g PXL150 in HPC) was dermally
administered onto one healthy and one abraded skin area (5 x5 cm each) per animal,
0.5 ml/area. To assess reversibility/delayed toxicity, the 28-day treatment period was,
for some animals, followed by a recovery period of 14 days. To assess ocular toler-
ance, one ocular administration of PXL150 (0.1 ml of 0, 2 mg/g, and 10 mg/g
PXL150 in HPC) was performed. During the studies, several tests were performed
according to standard procedures, including morbidity/mortality, general observa-
tions, and necropsy with subsequent macroscopic and histopathological examina-
tions.
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4. Results

Below is a summary of the main results of the papers included in this thesis. For fur-
ther details, see the full papers at the end of the thesis.

4.1. Paper |

In paper I, we evaluated the potential of PXL.O1 as an anti-adhesion agent for preven-
tion of postsurgical adhesion formation by studying its effect on key processes in the
wound healing cascade (i.e. infection reduction, inflammation resolving, and fibri-
nolysis) as well as its ability to safely reduce formation of postsurgical adhesions in
vivo. This was achieved by using in vitro assays for microbicidal activity, anti-
inflammatory effect, cytotoxicity, and fibrinolytic activity, as well as by using a
postsurgical adhesion formation model in rats to study in vivo efficacy and an intes-
tinal anastomosis healing model in rats to study in vivo safety. The peptide was for-
mulated in either water or in SH.

The results showed that PXLO1 was able to kill both Gram-positive and Gram-
negative bacteria in vitro using standard assay medium (Table 4). The peptide pos-
sessed anti-inflammatory properties by inhibiting secretion of proinflammatory cyto-
kines/chemokines from LPS-stimulated macrophages as well as anti-
inflammatory/fibrinolytic properties by inhibiting secretion of PAI-1 from IL1-f-
stimulated mesothelial cells, without showing any cytotoxicity. In vivo, PXLOI in SH
showed a significant anti-adhesion effect, which was more pronounced compared to
water solution of PXLO1 or SH per se. Further, PXLOI in SH demonstrated no ad-
verse effects on the healing potential of the anastomosis. In addition, in vitro release
experiments demonstrated a rapid release of PXLO1 from SH, with 70% released
within 1 hour.
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Table 4. Compilation of the MMC gy values of PXLOI, PXL150, HLRIr, CENI HC, and controls from
paper L 11, 111, V, and VI.

Assay Strain MMCyy (ng/ml)
medium
PXLO01 PXL150 HLRI1r CEN1 HC Mup Fus
BHla S. aureus 12.5 3.1 6 12.5 3.1 6.3
MRSA - 3.1 6 6.3 3.1 6.3
S. aureus™® - 3.1 - - - -
S. pyogenes - 3.1 3 3.1 6.3 >200
S. epidermidis - 3.1 - 3.1 3.1 6.3
P. acnes - 6.3 50 6.3 >200 -
P. aeruginosa 25 6.3 6 12.5 >200 >200
E. coli 12.5 6.3 3 6.3 >200 >200
K. pneumoniae - 6.3 - 3.1 >200 >200
A. baumannii - 3.1 - 3.1 >200 >200
C. albicans - 3.1 3 6.3 >200 >200
C. parapsilosis - 6.3 - - - -
C. krusei - 6.3 - - - -
C. glabrata - 12.5 - - - -
SWFa S. aureus - 50 >200 25 3.1 6.3
MRSA - 50 >200 25 3.1 6.3
S. pyogenes - - >200 50 3.1 >200
S. epidermidis - - - 12.5 3.1 6.3
P. acnes - - >400 12.5 >200 -
P. aeruginosa - - >200 100 >200 >200
E. coli - - >200 25 >200 >200
K. pneumoniae - - - 12.5 >200 >200
A. baumannii - - - 6.3 >200 >200
C. albicans - - - >200 >200 >200
BHILg + S. aureus - - >200 25 - -
85 mM NaCl P. aeruginosa - - 25 12.5 - -
E. coli - - 25 - - -
BHIqgi + S. aureus - - >200 50 - -
II\ISa (zjrlnM P. aeruginosa - - >200 12.5 - -
E. coli - - >200 - - -
0.01% HPC P. aeruginosa - 1.56 - - - -
0.1% HPC P. aeruginosa - 0.78 - - - -
0.5% HPC P. aeruginosa - <0.01 - - - -

Data are presented as maximum values from at least two independent experiments. MMC, minimum mi-
crobicidal concentration; Mup, mupirocin; Fus, fusidic acid; BHI g, 100 x diluted brain—heart infusion
broth; SWF 4, 2 % diluted simulated wound fluid; HPC, hydroxypropyl cellulose; res., resistant; —, not
determined. * Resistant to fusidic acid,
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4.2. Paper II

In paper II, we evaluated the potential of five AMPs derived from centrocin 1 for
local treatment of infections. For this purpose, in vitro assays for microbicidal activi-
ty, anti-inflammatory effect, cytotoxicity, and resistance development were used, as
well as an ex vivo pig skin wound infection model and an in vivo excision wound
infection model in rats. The peptides were formulated in water.

The results showed that the AMPs had similar microbicidal activities against
Gram-positive and Gram-negative bacteria in vitfro using standard assay medium.
The bactericidal effect was only slightly reduced for CEN1 HC and CEN1 HC-Br
using high serum and/or salt conditions, while C-terminal truncation and cysteine to
serine substitution resulted in a pronounced decrease in activity. The AMPs also dis-
played anti-inflammatory properties by inhibiting secretion of TNF-o and/or IL-6
from LPS-stimulated macrophages, and C-terminal truncation resulted in reduced
efficacy. No cytotoxicity was observed for the debrominated peptides; however,
CEN1 HC-Br showed cytotoxicity and thus the suppression of cytokine secretion
observed for this peptide may, at least partly, be due to a decline in cell viability.
Since CEN1 HC demonstrated the best efficacy and safety profile in vitro, it was
selected for further studies.

The microbicidal action of CEN1 HC was investigated against a wide range of
microorganisms. Using standard assay conditions, CEN1 HC showed pronounced
effect against both Gram-positive and Gram-negative bacterial strains, including
multidrug-resistant strains, and against the fungus C. albicans, with MMC values
similar or better than mupirocin and fusidic acid (Table 4). Using SWF;, the bacte-
ricidal activity of CEN1 HC was slightly reduced against bacteria and impaired
against C. albicans (MMCyg > 200ug/ml). Under selection pressure in vitro for 14
days, no resistance development to CEN1 HC was observed for S. aureus or MRSA,
whereas resistance to mupirocin was developed. In the ex vivo model, CEN1 HC
significantly reduced viable counts of S. aureus in a dose-response fashion, with the
highest concentration (2 mg/ml) resulting in a 99% reduction compared with water
(Fig. 10). Further, CEN1 HC reduced viable counts of both P. aeruginosa and
MRSA in vivo, where the highest concentration (2 mg/ml) resulted in a 99% and
78% reduction, respectively, compared with water (Fig. 11).

4.3. Paper 111

In paper III, we evaluated the potential of PXL150 for safe and effective topical
treatment of SSTIs. For this purpose, in vitro assays for microbicidal activity, anti-
inflammatory effect, cytotoxicity, hemolytic effect, and resistance development were
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used, as well as an ex vivo wound infection model on pig skin and an in vivo excision
wound infection model in rats. A preliminary assessment of acute systemic toxicity
using a single SC injection of PXL150 was also performed. PXL150 was formulated
in water.

The results showed that PXL.150, under standard assay conditions, killed a broad
spectrum of Gram-positive and Gram-negative bacteria, including multidrug-
resistant strains, as well as several Candida strains, with MMC values similar or bet-
ter than mupirocin and fusidic acid (Table 4). The effect against S. aureus and
MRSA was negatively influenced by the salt and/or serum in SWF;, which was not
the case for the antibiotics. PXL150 demonstrated no significant hemolytic effect
against human erythrocytes, suggesting a selectivity of PXL150 for bacteria versus
human cells. Under selection pressure in vitro for 21 days, no resistance development
to PXL150 was observed for S. aureus and MRSA, whereas resistance to gentamicin
was developed. PXL150 caused a rapid depolarization of the cytoplasmic membrane
of S. aureus, where both time and concentration correlated with the microbicidal
activity. PXL150 showed anti-inflammatory activity by inhibiting secretion of TNF-
o from LPS-stimulated macrophages and secretion of PAI-1 from IL-1B-stimulated
mesothelial cells, with no cytotoxicity observed. In the ex vivo model, PXL150 sig-
nificantly reduced viable counts of S. aureus compared with water in a dose—
response fashion, with the highest concentration (2 mg/ml) resulting in a > 99% re-
duction of bacteria compared with water (Fig. 10). Further, PXL150 reduced viable
counts of MRSA in the in vivo excision wound infection model, where the highest
concentration (2 mg/ml) resulted in a 88% reduction compared with water (Fig. 11).
A kinetic study using the same in vivo model demonstrated that the antimicrobial
effect of PXL150 was rapid (at 30 minutes after treatment, 5 mg/ml caused a
> 99.9% reduction compared with water) and lasted for at least 4 hours after treat-
ment. Finally, PXL150 showed no signs of systemic toxicity after SC administration.

In summary, the in vitro experiments demonstrated that PXL150 exhibited a
broad microbicidal effect, at least in part caused by depolarization of the bacterial
cytoplasmic membrane, no hemolytic effect, and no propensity to select for re-
sistance, in combination with an anti-inflammatory action. In ex vivo and in vivo
studies, the peptide demonstrated pronounced anti-infective effect and no signs of
local adverse effects or systemic toxicity.
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Figure 10. Compilation of the anti-infectious effect of three of the AMPs against S. aureus using the ex
vivo pig skin wound infection model (paper I1, 111, VI). The concentration of 0.1 mg/ml was only tested for
CENI HC and PXL150. The concentration of 8 mg/ml was only tested for HLRIr. Data are presented as
average relative viable counts (%) compared with placebo (water) + SEM. The statistical methods used
were unpaired Student’s t-test (CENI HC and PXL150) and Mann—Whitney U test (HLRIr). #, p < 0.05;
#5 p <0.01; ¥ ###4, p <0.001, where the comparison between the placebo group and AMP is indicated
by “*” and the comparison between 0.1 mg/ml and the higher concentrations is indicated by “#”.
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Figure 11. Compilation of the anti-infectious effect of three of the AMPs against MRSA using the in vivo
excision wound infection model in rats (paper II, III, VI). The concentrations of 0.1 and 0.5 mg/ml were
only tested for CENI HC and PXLI150. Data are presented as average relative viable counts (%) com-
pared with placebo (water) £ SEM. The statistical methods used were unpaired Student’s t-test (CEN1 HC
and PXL150) and Mann—Whitney U test (HLRIr). # p < 0.05; ** ## p <0.01; *** p <0.001, where the
comparison between the placebo group and AMP is indicated by “*” and the comparison between
0.1 mg/ml and the higher concentrations is indicated by “#”.

RESULTS 63



4.4. Paper IV

In paper IV, we continued to evaluate the potential of PXL150 for safe and effective
treatment of topical infections, now with focus on infected surgical wounds. For this
purpose, a surgical site infection model in mice was used and the peptide was formu-
lated in either water or in HPC.

The results showed that PXL.150 in water caused a significant dose—response re-
duction of S. aureus compared with water. Further, PXL150 in HPC caused a signifi-
cant dose—-response reduction of S. aureus compared with both water and HPC, with
the highest concentration tested (10 mg/g) resulting in > 95% reduction compared
with water. HPC showed no significant effect per se and no synergistic effect togeth-
er with the peptide. Notably, the peptide was more efficient in water than in HPC.

4.5. Paper V

In paper V, we continued to evaluate the potential of PXL150 for safe and effective
treatment of topical infections, now with focus on infected burn wounds. To study
the efficacy, we used an in vifro microbicidal assay and an in vivo mouse model of
infected burn wounds. To study the in vivo safety, we performed a nonclinical safety
program of repeated dose toxicity in rats and rabbits. PXL150 was formulated in
either aqueous (or saline) solution or in HPC.

The results confirmed the previous results of paper III that PXL150 in BHIy; effi-
ciently killed P. aeruginosa in vitro. Upon formulation in HPC, the effect was en-
hanced with increasing concentrations of HPC. The highest concentration of HPC
(1.5%) had a clear microbicidal effect per se in vitro, although the lower concentra-
tions did not show any detectable killing activities per se (< 98% killing). In the in-
fected burn wound model, PXL150 in HPC (in concentrations of 2.5 mg/g or higher)
caused a pronounced anti-infective effect after one day of treatment. PXL150 in HPC
administered twice daily for four consecutive days resulted in significantly reduced
P. aeruginosa compared with no treatment and HPC, with 5 mg/g resulting in a
> 99.9% reduction compared with no treatment. No further increase in efficacy was
observed for the higher concentrations. Unlike the in vitro experiment, HPC had no
significant antibacterial effect per se in vivo. Notably, PXL.150 in water was not test-
ed in this model and thus any possible synergistic effect of HPC and PXL150 could
not be determined.

High doses of PXL150 in saline induced some local reactions in the rats, but there
were no findings (except for a change in blood cell counts in some rats with un-
known cause) indicating any treatment-related systemic toxicity after 5 and 14 days
of daily SC administrations in the feasibility and pivotal toxicity studies in rats, re-
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spectively (Table 5). No toxicokinetic analysis was possible since the plasma con-
centrations of PXL150 were below limit of detection. In the rabbits, there were no
toxicologically relevant local reactions and no signs of any treatment-related system-
ic toxicity after 28 days of daily topical administrations of clinically relevant doses
of PXL150 in HPC (1 ml of 2 mg/g and 10 mg/g PXL150 in HPC). Further, no
treatment-related abnormalities were found in rabbits receiving a single ocular dos-
age of PXL150.

4.6. Paper VI

In paper VI, we evaluated the potential of HLRIr for local treatment of SSTIs. For
this purpose, in vitro assays for microbicidal activity, anti-inflammatory effect, and
cytotoxicity were used, as well as a mouse model of cutaneous candidiasis, an ex
vivo wound infection model on pig skin, and an in vivo excision wound infection
model in rats.

The results showed that HLR1r displayed a broad spectrum of microbicidal ac-
tivity against both Gram-positive and Gram-negative bacteria and C. albicans under
standard assay conditions, with low MMCyy values for all microbes except the an-
aerobic P. acnes (Table 4). In the presence of salt and/or serum, the bactericidal ac-
tivity was markedly reduced or abolished against all tested strains
(MMCyy > 200pg/ml). HLR1r demonstrated anti-inflammatory efficacy by reducing
LPS-induced release of TNF-a from macrophages and by repressing IL-1B-induced
secretion of IL-6 and PAI-1 from mesothelial cells, without showing any cytotoxici-
ty. In the mouse model of cutaneous candidiasis, two treatments of HLR1r caused a
significant antifungal effect compared with water, with the highest concentration
tested (20 mg/ml) resulting in a 75% reduction of viable cells. In the ex vivo model,
HLRIr significantly reduced the viable counts of S. aureus in a dose-response fash-
ion compared with water, with the highest concentration tested (8 mg/ml) resulting in
a > 95% reduction compared with water (Fig. 10). In the excision wound infection
model, HLRIr (2 mg/ml) caused a significant reduction of viable counts of MRSA
compared with water (92%) (Fig. 11) and compared with 20 mg/g mupirocin.
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5. Discussion

5.1. Methodological considerations

Preclinical research involves evaluation of potential therapeutic interventions using
in vitro, ex vivo, and in vivo assays. To draw accurate conclusions about the safety
and clinical benefit of new drug candidates, clinical studies on humans ultimately
need to be performed. However, clinical studies cannot be performed without a solid
set of data supporting the safety and efficacy from preclinical models mimicking the
clinical situation. It must be emphasized that such models are simplified versions of
the reality. The living body is an extremely complex functional system, thus it is dif-
ficult to study specific mechanisms and interactions in such a system. Using in
vitrolex vivo assays, a specific property can be studied without the interference of
systemic factors, such as other cell types or soluble mediators. In vivo studies, on the
other hand, offer a whole-body approach; however, due to species variability precau-
tions should always be taken when extrapolating the results from preclinical models
to the clinical situation. Importantly, no single preclinical method/model can provide
all the desired information and therefore several complementary methods must be
used (as has been done in this thesis), together creating a more accurate prediction of
the efficacy and safety in humans.

5.2. In vitro antimicrobial effect and mechanism

5.2.1. In vitro microbicidal effect

Under standard low-salt conditions (BHIy;) in the MMC assay, the tested peptides
displayed similar microbicidal potency, although HLR1r was less efficient against
P. acnes compared with other peptides (paper I, II, III, VI) (Table 4). Of the five
variants of CEN1 HC-Br studied in paper II, no differences in bactericidal activity
were observed. In comparison to the antibiotic controls, the AMPs tested displayed a
wider activity spectrum, covering both Gram-positive (aerobic and anaerobic) and
Gram-negative bacteria, as well as Candida species (only tested for CENI1 HC,
PXL150, and HLR1r).
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Dissolving an AMP in a formulation for clinical use might affect the microbicidal
properties of the product; the formulation can have effect per se and the effect of the
AMP can be altered. In paper V, 1.5% HPC alone displayed a bactericidal effect
against P. aeruginosa in vitro. In addition, HPC showed synergistic effects together
with PXL150, substantially increasing the antibacterial activity of the peptide.

5.2.2. Invitro salt and serum sensitivity

The microbicidal activities of all AMPs tested were lower in SWF; as compared to
in BHIy; (paper I, II, III, VI). Although negatively affected by salt and/or serum in
SWF;, CEN1 HC and PXL150 still exerted a bactericidal effect, while the activity
of HLR1r was abolished (MMCyy > 200 ng/ml) (PXLO1 was not tested) (Table 4).
Neither the effect of mupirocin nor fusidic acid was sensitive to the salt or serum, as
reflected by a preserved effect in SWFy;. The salt insensitivity of these antibiotics is
confirmed in the literature [229, 272], while the lower effect of the antibiotics in se-
rum described in the literature [229, 231, 232] was not observed in our experiments.

The relative salt tolerability of CEN1 HC, may reflect the assumption that AMPs
from marine organisms are more tolerant to high-ionic strength conditions since they
are functioning in vivo in salt-rich environments. Notably, CEN1 HC (Ser) had lower
microbicidal activity under salt/serum conditions than its unsubstituted variant with a
free cysteine, hence the free cysteine seemed to be important for the activity under
such circumstances (paper II). The observation that the C-terminally truncated pep-
tides, also lacking the cysteine, were more susceptible to salt/serum in the medium
(paper II), further support this claim. In the literature, the importance of free cyste-
ines in AMPs seems to vary between peptides [273, 274].

In general, the negative impact of salt on bactericidal effect of the AMPs ap-
peared to be more pronounced against the Gram-positive S. aureus than against the
Gram-negative E. coli and P. aeruginosa. This could possibly be due to differences
in cell envelope properties of Gram-positive and Gram-negative bacteria. However,
this difference in salt sensitivity could not be unambiguously confirmed in the litera-
ture [108, 275, 276].

Consistent with the findings in this thesis, several other research groups have pre-
viously reported that many AMPs display strong antimicrobial activity at low salt
and serum concentrations in vitro but at physiological concentrations in vitro the
effect is often considerably weaker. However, as mentioned in the introduction, this
does not necessarily translate to the in vivo situation since many studies demonstrate
that salt-sensitive AMPs have ability to reduce bacterial loads in infection models in
vivo [125-127].
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5.2.3. Mechanism of action (MOA)

To study the MOA of PXL150 to kill bacteria, the DiSC5(5) assay in combination
with viable cell counts was used (paper III). PXL150 caused a dose-dependent in-
crease in fluorescence, with maximum depolarization occurring within 2—5 minutes
after addition of the AMP. The depolarization time reported in the literature for dif-
ferent AMPs ranges from a few minutes up to 60 minutes [277, 278], thus PXL150
belongs to the group of AMPs causing a very rapid membrane permeabilization.

In general, AMPs show substantial heterogeneity in this assay when it comes to
correlation between depolarization and killing, thus supporting the concept of AMPs
having multiple targets for bactericidal activity; membrane disruption and/or internal
targets [63]. For example, it has been reported that polymyxin rapidly kills bacterial
cells without causing any pronounced depolarization, whereas gramicidin S causes
rapid depolarization but slow killing [64]. The latter further supports the theory that
membrane permeabilization is not always per se a lethal event, but may be required
in order to reach an intracellular target [63, 64, 241]. For PXL150, we found a clear
correlation between membrane permeabilization and bacterial killing with respect to
both time and concentration, indicating that membrane depolarization is at least one
part of the mechanism of PXL150 to kill target bacteria. Notably, a much higher
concentration of PXL.150 was needed to kill S. aureus in this assay compared to in
the MMC assay using BHIy;. This finding has been reported by others and could
possibly be due to the presence of high concentrations of KCI (100 mM) in the depo-
larization medium [241, 277].

Besides being used for evaluation of AMPs on cytoplasmic membranes of Gram-
positive bacteria [241, 279], the model, with some modifications, has also been
shown useful on the Gram-negative species E. coli and P. aeruginosa [63, 64, 275,
2717, 280]. In this thesis; however, we only evaluated PXL150 on the Gram-positive
S. aureus.

5.3. In vitro resistance development

Bacteria are suggested to be less efficient in developing resistance towards AMPs
than towards conventional antibiotics, possibly due to the multiple mechanisms and
targets of AMPs [28, 34, 65]. To study resistance development, bacteria were cul-
tured under selection pressure of peptides in a multistep resistance assay (paper II
and III). For PXL150 and CENI HC, no resistance development was observed in
S. aureus and MRSA during serial passage in sub-MIC concentrations of the pep-
tides during 12-21 passages. This low ability to select for resistance has been ob-
served for other AMPs in similar assays [103, 134], although the opposite has also
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been shown [136, 138]. In contrast, within the same number of passages, we found
that pronounced resistance development towards the two antibiotic controls, gen-
tamicin and mupirocin, occurred in the two bacterial strains. This discrepancy be-
tween AMPs and conventional antibiotics in terms of propensity to select for
resistance, has previously been reported by other groups [103, 134].

5.4. In vitro selectivity and toxicity

To determine the selectivity of AMPs for microbial cells versus human cells, hemo-
lytic activity to human erythrocytes and cytotoxicity to human cell lines were as-
sessed. A large difference between hemolytic (or cytotoxic) concentration versus
antimicrobial concentration is desirable for a safe AMP (i.e. high therapeutic index)
[275, 281]. Of the peptides studied, only PXL150 was assayed for its ability to cause
hemolysis (paper III). PXL150 did not display any significant hemolytic activity us-
ing the same concentrations as tested in the MMC assay indicating a high selectivity,
although it should be noted that the two assays use different assay media. In addition,
no peptide, except CEN1 HC-Br, displayed significant cytotoxicity against human
cell lines wusing the same concentrations as were effective in anti-
inflammatory/fibrinolytic assays using these cells, thus also indicating a high selec-
tivity (paper I, 1L, III, VI).

5.5. In vitro immunomodulatory effect

In this thesis, we studied the immunomodulatory properties of the AMPs with focus
on anti-inflammatory and fibrinolytic activities. For this purpose we used macro-
phages (differentiated THP-1 cells) and mesothelial cells (MeT-5A), both cell types
playing an important part of the innate immunity by e.g. producing mediators in-
volved in the inflammatory and fibrinolytic response [13, 20, 179, 246]. Using these
cells, the AMPs tested had ability, although to varying extent, to suppress the secre-
tion of proinflammatory cytokines and the chemokine IL-8, in response to LPS
and/or IL-1 stimulation, indicating anti-inflammatory properties (paper I, II, III, and
VI). Although some AMPs are known to bind and sequester LPS from interacting
with the TLR4/CD14 receptor complex, the suppression of cytokines observed could
not be explained by such a LPS-scavenging effect only. This is because the peptides
were added to the cells 30 minutes after addition of LPS, thereby giving the LPS
sufficient time to bind LBP and TLR4/CD14 receptor complex [75, 159].

Besides the classical role of PAI-1 as a fibrinolysis inhibitor with increased levels
of PAI-1 associated with scarring/adhesion formation [182], PAI-1 is also a mediator
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of inflammatory response [20-22]. In this thesis, PXLO1, PXL150, and HLR1r sup-
pressed the secretion of PAI-1 by IL-1f-stimulated MeT-5A cells, thereby exerting
both anti-inflammatory as well as anti-scarring/adhesion properties (paper I, III, and
VI). Notably, these immunomodulatory activities were present in assay medium con-
taining both salt and serum, suggesting a salt/serum insensitive effect.

Further, no peptide, except CEN1 HC-Br, displayed cytotoxicity against the hu-
man cell lines tested and thus the possibility that the suppression of the production of
inflammatory/fibrinolytic markers by the peptides could be due to peptide-induced
cytotoxicity, could be ruled out.

5.6. In vivo efficacy and safety as anti-adhesion
agent

5.6.1. Postsurgical adhesion model in rats

In this model, PXLO1 in SH showed marked ability to prevent adhesion formation
and the effect was more pronounced compared to PXLO1 in water and SH only (pa-
per I). The limited effect of PXLO01 in water could be due to rapid elimination of the
water solution from the peritoneal surface, since three administrations of PXLO01 in
water were somewhat more effective than one administration, thus suggesting a ben-
eficial effect of slow release. The positive effect of combining PXLO1 with SH could
be explained by SH acting as a physical barrier (since SH had effect per se), as well
as by SH providing a slow release of the peptide. The in vitro release experiment
indicated a relatively brief period of PXLOI release from SH, suggesting that the
duration of the drug release required for adhesion prevention in vivo may be rather
short. Notably, since the first 36 hours after surgery are suggested to be the most
critical for adhesion formation, maintaining sufficient peptide concentration and bar-
rier effect at the site of injury for a rather short time after injury should be sufficient
to reduce adhesion formation [248].

5.6.2. Intestinal anastomosis healing model in rats

Since inflammation is a crucial part of the wound healing process, there is a risk that
anti-inflammatory substances would negatively affect the healing. For example, non-
steroidal anti-inflammatory drugs have shown a suppressive effect on wound healing
[282]. In the intestinal anastomosis healing model in rats, PXLO1 in SH did not show
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any negative impact on the healing of the anastomosis, although exhibiting anti-
inflammatory properties in vitro (paper I).

5.77. In vivo efficacy and safety as anti-infectious
agents

5.7.1. Ex vivo pig skin wound infection model

In this assay, the AMPs tested significantly reduced the viable counts of S. aureus
compared with water (paper II, III, VI). Notably, the effective concentrations are
much higher in this model (as well as in the other infection models) compared to the
bactericidal concentrations in vitro, a finding that we have observed in publications
of other AMPs as well [147, 150]. Generally, in vitro results are not directly translat-
able to the ex vivo and in vivo situation. This may be due to environmental effects of
the wound milieu on the activity of AMPs, such as salt, serum, proteases, pH and/or
accessibility of AMPs to the bacteria.

5.7.2. Excision wound infection model in rats

In this model, all peptides tested, except CEN1 HC (Ser), significantly reduced the
viable counts of MRSA compared with water (paper II, III, VI) and they were also
more efficient than mupirocin (paper VI). CEN1 HC was also effective against
P. aeruginosa infection (the only peptide tested). Notably, a rapid reduction (within
30 minutes) of viable counts was achieved by PXL150, which is in line with the pre-
vious reports on killing activities of AMPs in vitro [101-103]. Ultrapure water also
resulted in significant decrease of viable counts using this model; however, after
1 hour the bacteria started to grow in contrast to PXL150 where the effect lasted for
at least 4 hours. This phenomenon could possibly be explained by the ultrapure water
disrupting the bacteria by means of osmotic pressure [283].

5.7.3. Surgical site infection model in mice

In this model, stationary phase bacteria were used to inoculate the wounds, in con-
trast to the other infected wound models using actively replicating bacteria. It could
therefore be argued that the two-hour interval was too short to allow log-phase
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growth and to create an established infection. However, the viable counts of the bac-
teria in the wounds increased exponentially during the first 4 hours, reaching
> 10° CFU already within 2 hours (paper IV), which is the generally accepted bacte-
rial load indicating an established wound infection in clinic [190].

PXL150 caused significant reduction of viable counts compared with water and
HPC, with a more pronounced effect when dissolved in water compared with when
formulated in HPC (paper IV), possibly due to a slow release of the peptide from
HPC resulting in a lower actual concentration of the peptide in the wound. The level
of reduction caused by PXL.150 was comparable to that of repeated administration of
retapamulin and mupirocin ointments reported for this model in the literature [264].
The formulation used in this study, HPC, showed no effect on bacterial counts per
se, compared with administration of water only. This is in contrast to several other
formulations used in this model, which have been reported to cause an increase in
bacterial load, possibly by increasing the moisture content of the wound by prevent-
ing water loss or by supporting the growth of pathogens per se [267].

5.7.4. Infected burn wound model in mice

In this assay, twice-daily application of PXL150 in HPC showed a rapid (during the
first day) and pronounced anti-infective effect (paper V). This very rapid effect is
consistent with our finding that PXL150 quickly depolarizes the bacterial membrane
in vitro and reduces viable counts within 30 minutes (paper III).

Burns are commonly associated with biofilm formation; however, a two-hour
time interval between infection and treatment initiation used in this model is too
short to allow formation of mature P. aeruginosa biofilms (10-72 hours are required
[284, 285]). Nevertheless, P. aeruginosa isolated from burn wounds produces bio-
film exopolysaccharide matrix already 5 hours after inoculation in vitro, suggesting
that wound bacteria possess ability to build a biofilm early in the infection process
[284] and thus efforts to prevent or inhibit bacterial growth and biofilm formation
should preferably be made as soon as possible after wounding/infection.

5.7.5. Cutaneous candidiasis model in mice

In this model, HLR1r demonstrated significant ability to reduce viable counts com-
pared with water (paper VI). The AMP was more effective in comparison to previ-
ously related lactoferrin-derived peptides [169]. Compared to the other in vivo/ex
vivo infection models, concentrations needed to efficiently reduce viable counts were
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approximately 10 x higher for the candidiasis model; however, 10-100 x more cells
were added per wound compared to the bacterial loads used in the other assays.

5.7.6. Nonclinical safety studies

Due to their complex MOA, there is a general concern regarding the safety of AMPs
as pharmaceuticals (in particular for systemic administration), although this issue has
not been well studied and/or documented [26, 52]. In this thesis, all peptides studied
in the in vivo efficacy models were well tolerated without causing any adverse
events. Notably, PXL150 was the only peptide assessed in nonclinical safety studies
to support clinical trials (paper V). In clinic, PXL150 in HPC is planned to be der-
mally applied in a maximal concentration of 10 mg/ml, 0.3 ml per application (twice
per day during 5 days), resulting in clinical doses of 0.005-0.05 mg/kg for a patient
of 60 kg and 0.03-0.3 mg/kg for a child of 10 kg. The dose levels in the nonclinical
safety studies were selected to demonstrate sufficient safety margins compared to the
targeted dose range in clinical application (Table 5), which according to ICH guide-
lines should be up to a 50 x margin (usually based on plasma levels) for acute and
repeated dose toxicity [271].

In the preliminary study of single dose toxicity, PXL150 did not cause any clini-
cal or behavioral signs of systemic toxicity in rats after a SC injection with doses 50
and 250 x higher than the highest planned clinical dose in adults (Table 5). In the
comprehensive nonclinical safety program, two repeated dose toxicity studies were
performed in rats; a 5-day feasibility study and a 14-day pivotal study, both using SC
administrations of PXL150. Although there were findings of local reactions at some
of the treatment sites in both studies, there were no findings of concern indicating
any treatment-related systemic toxicity. Further, although very high doses were ad-
ministered in the feasibility study, blood plasma contained undetectable levels of
PXL150, suggesting that the systemic exposure of the peptide was very low. The
highest dose used in rats (5 mg/kg) was 100-1000 x higher than the estimated adult
dermal dose in clinic and 16.7-167 x higher than the targeted dose in children, hence
the peptide demonstrated sufficient safety margins for systemic toxicity, at least for
adults (Table 5).

In the local tolerance study in rabbits, clinically relevant doses of PXL150 in
HPC (i.e. 2 mg/g and 10 mg/g PXL150 in HPC), dermally administered on both
healthy and abraded skin for 28 days, were shown to be safe and well tolerated. Fur-
ther, since it is warranted that local tolerance at sites that accidentally could be ex-
posed to the product should be determined, ocular tolerance towards the product was
evaluated, revealing no treatment-related abnormalities in rabbits receiving a single
ocular dosage of PXL150.
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Table 5. Dose levels of PXL150 administered in rats in nonclinical safety studies and the corresponding
multiples of estimated clinical doses.

Study Dose Multiples of Multiples of Multiples of Multiples
level low adult dose high adult low child of high
(mg/kg) 0.3 mg, dose dose child dose

0.005 mg/kg 3 mg, 0.3 mg, 3 mg,
0.05 mg/kg 0.03 mg/kg 0.3 mg/kg

Preliminary 2.5 500 50 83 8.3

single dose 125 2500 250 417 417

study

5-day pilot 10 2000 200 333 33

study 50 10000 1000 1667 167

14-day pivotal 1 200 20 33 33

study 5 1000 100 167 167

5.8. Potential and challenges

As described in the Introduction, AMPs have several advantages in comparison to
conventional antibiotics. One of these advantages is bactericidal effect, which was
confirmed for the AMPs in this study using the in vitro MMC assay. Another ad-
vantage is the rapid effect of the AMPs, and using the membrane permeabilization
assay, a very rapid effect was indeed observed for PXL150. Furthermore, AMPs are
generally described to have a broad spectrum of activity, and this was demonstrated
for the peptides investigated in this thesis as well, since they were able to kill both
Gram-positive and Gram-negative species, including multidrug-resistant strains, as
well as yeast, both in vitro and ex vivo/in vivo. The activities were, to a varying ex-
tent, suppressed by addition of salt and/or serum in the assay medium in vitro, which
is commonly reported for AMPs. However, since the peptides exerted in vivo activi-
ties together with immunomodulatory effects in vitro (in the presence of salt and
serum in cell assay medium), the salt/serum sensitivity might not give any reason for
concern. Although bacteria are described to have less probability to develop re-
sistance to AMPs compared to towards conventional antibiotics, there are recent
studies showing that bacteria quite rapidly can acquire resistance to certain AMPs
under selection pressure in vitro [132, 138]. Notably, none of the two peptides evalu-
ated in the resistance development assay in this thesis selected for resistance devel-
opment in bacteria.

As described in details in the Introduction, the challenges generally associated
with the development of AMPs as therapeutic agents, include high manufacturing
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costs, sensitivity toward proteolytic degradation, and potential risk for toxicity. The
peptides tested in this thesis were produced using SPPS, which is an expensive
method, and since some of the peptides tested are of considerable length, production
costs will be relatively high at least compared to conventional antibiotics. To reduce
costs, shortening of the peptides could be considered, as well as change of produc-
tion method. However, compared to the economic burden in terms of increased
healthcare costs and loss of productivity associated with antibiotic-resistant infec-
tions [286], a higher price compared to conventional antibiotics might be justified for
effective and safe lifesaving products.

Since AMPs in this thesis were evaluated for indications requiring local applica-
tion, there is no great concern for systemic toxicity. Notably, in the nonclinical safety
studies performed on PXL150, the peptide appeared to be well tolerated and safe. In
addition, the plasma levels of PXL150 were low, suggesting a low systemic expo-
sure. Moreover, based on the rapid local action of the AMPs (at least PXL150), the
possible protection offered by the formulations used (SH and HPC), and, most im-
portantly, the proven effect of the peptides in vivo, there is no great concern regard-
ing the in vivo stability of the peptides.
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6. Conclusion

In summary, the results showed that all AMPs tested (PXLO03, PXL150, HLRIr,
and five variants of CEN1 HC-Br) had broad antimicrobial spectra in vitro with
varying sensitivity to salt and serum. Furthermore, PXL150 caused a rapid permea-
bilization of bacterial membrane in vitro, indicating that this is at least one part of the
MOA of this peptide. Under selection pressure in vitro, bacteria did not develop re-
sistance to the peptides tested, i.e. PXL150 and CEN1 HC. Interestingly, all peptides
tested showed anti-inflammatory activities by inhibiting the secretion of proinflam-
matory cytokines and chemokines from stimulated human cell lines. In addition,
PXLO1, PXL150, and HLR1r demonstrated fibrinolytic ability in vitro by suppress-
ing the release of PAI-1. In ex vivo and in vivo skin/wound infection models, the pep-
tides reduced the number of viable bacterial and yeast cells. Further, PXLO1
decreased postsurgical adhesion formation in vivo without negatively affecting the
wound healing. Notably, nonclinical studies showed that PXL150 was safe and well
tolerated for topical application in the intended clinical concentration.

In conclusion, several of the peptides evaluated in this thesis demonstrated a
promising preclinical efficacy and safety profile motivating further development as
drug candidates for local treatment of infectious and inflammatory conditions.
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7. Future perspective

Several follow-up experiments would be of interest to perform. A biofilm study
has already been initiated to test the ability of the AMPs in this thesis to prevent for-
mation and/or cause eradication of bacterial biofilms. As a first step, we have recent-
ly implemented an in vitro biofilm model according to previously published methods
[287-289], in which bacteria are grown in microplate wells, followed by addition of
AMPs at different time points and staining of the biofilm with crystal violet. Starting
from this simple model, the plan is then to further modify and refine the model, to be
able to test different substrate materials for biofilm growth, different staining tech-
niques, and different visualization methods.

A protease sensitivity experiment would also be of interest to perform, particular-
ly if the planned route of administration is changed from topical to systemic. This
could be done by incubating the peptide with proteases followed by separation of the
components in the incubation mixture by dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and subsequent staining with Coomassie blue [147, 150].
Using this method, proteolytic degradation is observed as reduced/absent staining
compared to untreated control.

The main focus of this thesis was preclinical efficacy and safety characterization
of the AMPs, with only limited focus on the MOA. A deeper characterization of the
structure activity relationship of the AMPs to gain understanding of the different
structural parameters important for antimicrobial and anti-inflammatory action would
be of interest; however, these studies were beyond the scope of this thesis.

Notably, based on the findings of this thesis, PXLO1 has been further studied in
efficacy studies in vivo with regards to its ability to reduce adhesion formation after
tendon surgery in rabbits [290, 291]. Recently, the efficacy and safety of PXLO1 as
an anti-adhesion agent for prevention of adhesion formation after hand surgery, has
been assessed in a phase II randomized controlled clinical trial. The study showed
that a single treatment with PXLO1 in SH reduced adhesion formation after flexor
tendon repair surgery [292]. The peptide is currently further evaluated in a phase III
trial.

I hope that my research will contribute to the development of new, effective, and
safe drugs that will improve the health of people.
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