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Abstract

The incidence of non-healing wounds is increasing because of an aging
population and because of the prevalence of diseases, such as diabetes increases.
Host defense peptides (HDPs) have gained attention because of their dual
properties of having both antimicrobial and immunomodulatory effects. HDPs
have been demonstrated to have a positive effect on wound healing, especially
for chronic wounds, as they can eradicate bacterial biofilms and alter pro-
inflammatory cytokines, which is some of the main problems linked to diabetic
wounds. The aim of this study was to test the wound healing effect of known
peptides, such as the substance P, neurotensin, LL-37, bovine lactoferricin
(LFcinB), Nisin A, and IDR-1018. These peptides have different origins coming
either from humans (substance P, neurotensin, LL-37, and lactoferricin), bovines
(lactoferricin), or bacterial isolates (Nisin A), but also synthetic peptides (IDR-
1018) have been studied. Here, these studies demonstrated that the peptides
enhanced migration of keratinocyte (Paper I-VII) and endothelial cell lines
(Paper III-V), inhibited pro-inflammatory cytokines (Paper II, III, V), and
altered chemokine secretion levels of MCP-1 (Paper II-V). Interestingly, the
peptides inhibited LPS-induced TNFa from peripheral blood mononuclear cells
(Paper III-V). The lead peptides were further investigated in an ex vivo porcine
model (Paper III-V), but only LFcinB significantly increased migration and
proliferation (Paper V). Bacterial inhibition studies were performed in vitro
(Paper III and IV), and in vivo in the Galleria mellonella larva, where Nisin A
enhanced survival (Paper III). A murine model was used to demonstrate healing
kinetics, angiogenesis, bacterial diversity, and mRNA levels of TNFa in the
wounds (Paper IV, V). The experiments demonstrated increased healing in the

diabetic mouse models, but not in the healthy model (Paper V). Simultaneously,
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angiogenesis was increased in the diabetic skin, while cytokine levels for TNFa
and the number of bacterial strains were decreased when treated with peptides.
Additionally, analogues of IDR-1018 (Paper IV) were investigated for
improvements of biological activity when altering length, charge, and
hydrophobicity. The analogues were evaluated for bacterial activity, toxicity,
and migratory effect. Furthermore, optimization of peptides demonstrated that
altering their sequences could increase their biological activity, but that
shortening them too much decreases their activity. Together, these data
demonstrate some of the biological processes influenced by the peptides that can

potentially lead to enhanced wound healing.
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Resume

Forekomster af ikke-helende sér er tiltagende, bade pa grund af den aldrende
befolkning og pad grund af en hyppigere forekomst af sygdomme som
eksempelvis diabetes. Vart-forsvarspeptider har fiet oget opmarksomhed pa
grund af deres dobbelte egenskaber med bade antimikrobielle og
immunomodulatoriske effekter. Forsvarspeptider har vist at have en positiv
effekt pa sarheling, serligt kroniske sar, eftersom de kan fjerne bakteriel biofilm
og @&ndre pro-inflammatoriske cytokiner, der er nogle af de centrale problemer
relateret til diabetiske sar. Formalet med dette studie var at teste, hvordan
sarheling bliver pavirket af kendte peptider, som substance P, neurotensin, LL-
37, bovine lactoferricin (LFcinB), Nisin A, og IDR-1018. Disse peptider
stammer fra henholdsvis mennesker (substance P, neurotensin, LL-37, og
lactoferricin), kveeg (lactoferricin), og bakterieisolater (Nisin A), men inkluderer
ogsé syntetisk designede peptider (IDR-1018). Peptiderne viste sig at forbedre
migrationen af keratinocyt- (Paper I-VII) og endotel-cellelinjer (Paper II1-V),
he&mme pro-inflammatoriske cytokiner (Paper II, III, V), og forege
kemokinsekretionsniveauer af MCP-1 (Paper II-V). Interessant nok, hemmede
peptiderne LPS-inducerede TNFa fra mononuklear perifert blod (Paper III-V).
De forende peptider blev yderlige undersegt i en ex vivo-svinemodel (Paper II1-
V), men kun LFcinB havde en gget migration og proliferation (Paper V). Studier
1 bakteriel hemning blev udfert in vitro (Paper III and IV) og in vivo i1 Galleria
mellonella-larve, hvor Nisin A foregede larvernes overlevelse (Paper I1I). En
musemodel blev brugt til at undersege helende kinetik, angiogenese,
bakteriediversitet, og mRNA-niveauerne af TNFa i sérene hos henholdsvis
diabetiske og raske mus (Paper 1V, V). Forsggene viste en foreget heling hos

diabetiske mus, men ikke hos de raske. Samtidig blev angiogenese foreget i den
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diabetiske musehud, mens cytokinniveauet for TNFo og antallet af
bakteriestammer faldt efter peptidebehandlingen. Derudover blev IDR-1018
(Paper IV) testet for at undersege om lengde, ladning, eller hydrofobicitet
forbedrede biologisk aktivitet. Desuden undersggtes analogernes bakterielle
aktivitet, toxicitet, og migratoriske effekt. Endvidere viste en optimering af
peptiderne, at en a&ndring af deres sekvenser kan forege deres biologiske
aktivitet, men at en for stor forkortelse formindskede deres aktivitet. Samlet set
viser disse data nogle af de biologiske processer, som peptider har indflydelse

pa og som potentielt kan forbedre sarheling.



Hypothesis and experimental goals

The hypothesis for the study was that topical treatment with peptides would
positively affect wound healing, due to their antimicrobial activity and
immunomodulatory effects. Peptides with different origins were subjected to
testing and evaluation of their wound healing properties, as potential treatments
for chronic diabetic foot ulcers. Different in vitro models, and later ex vivo and
in vivo models, were used and evaluated for high-throughput testing and for
modeling human chronic wounds. Optimization studies of peptides were also
performed to test the importance of length and charge for their biological

activity.
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Chapter 1: Background
1.1. Wound healing

The skin is the largest organ of the body and it forms a physical and chemical
barrier that protects the body from microorganisms, ultraviolet radiation, and
mechanical tears'. The skin is a constant renewing, dynamic organ separated into
three layers: the epidermis, dermis, and subcutis layer. The epidermis is the
outermost layer of the skin, and the subcutis layer is the innermost layer. The
epidermis mainly consists of keratinocytes and is further separated into layers,
depending on the maturation level of keratinocytes. This maturation process of
keratinocytes is terminal, as it leads to the loss of the nucleus of the keratinocytes,
called corneocytes®. As the keratinocytes mature they move from the basal
membrane, containing stem cells, toward the outer layer, where they are shed”.
The keratinocytes in the skin are tightly bound by desmosomes, which together
form the anatomical barrier*. The epidermis does not have its own blood supply,
and is dependent on the dermis for transportation of nutrition and oxygen’. The
subcutis layer is mainly a layer of fat, important for anchoring the upper layers
to the muscle, protecting the bones and muscles, and maintaining temperature®.

The chemical barrier of the skin is important, as the skin is naturally inhabited by
a diverse collection of microorganisms, such as bacteria, fungi, and viruses’. The
chemical barrier functions through pH-regulation and host defense peptides
(HDPs)* #, where pH regulation is important for activation of various enzymes
and to decrease bacterial growth® '°. HDPs are secreted through the skin as one
of the first lines of defense because of their anti-pathogenic activity!!. In the skin,
the keratinocytes produce both chemokines, cytokines, and HDPs, such as MCP-
1'2, IL-6, IL-8, tumor necrosis factor a (TNFa)'?, and LL-37"*. These molecules

are a part of the innate immune response that recruits leukocytes, neutrophils, and



monocytes'> ', When a breach occurs in the skin, these molecules are crucial for
initiating the healing process, and ultimately to prevent loss of fluids and
opportunistic bacteria from infecting the wound by healing the breach!”.

The wound healing process can be divided into four phases: hemostasis,
inflammation, migration and proliferation, followed by tissue remodeling'®

(Figure 1). The phases occur overlappingly in a timely fashion'®.

Skin damage
Wound healing process
Hemostasis Inflammation Proliferation Remodeling
Vasocontriction Chemoattractant M2 macrophages ECM maturation
Fibrin cloth Immune cell migration Granulation tissue Tensile strength
Pro-inflammatory Pathogens clearance Angiogenesis Myofibroblast
cytokine release M1 macrophages Re-epithelialization Collagen 111=>1
MNeutrophil migration Wound contraction
Seconds to hours Hours to days Days to weeks Weeks to months

Figure 1: Wound healing phases — Wound healing can be separated into four different phases: Hemostasis,
inflammation, proliferation and migration, and remodeling. The first phase starts immediately and it is
characterized by clotting of the blood, while the second phase is initiated to clean the wound. Here,
infiltration and activation of immune cells are the main characteristics. The third phase starts after some
days where the cells proliferate, migrate, and differentiate. This is especially seen for epithelial, endothelial,
and fibroblast cells to rebuild the new tissue. The final phase is maturation, where strengthening and
remodeling of the newly formed tissue can take from weeks to months.

1.1.1 Hemostasis

The hemostasis phase starts immediately after wounding occurs, where
constriction of the vessels are initiated to stop bleeding and a fibrin clot is formed
to seal the wound?’. The fibrin clot is formed by platelets that bind to the exposed

collagen creating an unstable clot. The clot is further strengthened by clotting



factors that lead to fibrin formation?!. Wounding of the skin leads to the release
of growth factors, pro-inflammatory cytokines, and chemokines??. The release of
chemokines initiates migration of immune cells, such as neutrophils and
monocytes into the wounded area, and the secretion of pro-inflammatory

molecules starts the inflammatory phase?> 23,

1.1.2 Inflammation

The inflammatory phase is characterized by neutrophil, lymphocyte, and
macrophage infiltration of the wound site to eliminate pathogens and cellular
debris*.

Neutrophils are among the first immune cells that are recruited to the site of
injury. The neutrophil infiltration depends on pro-inflammatory cytokines? and
damage-associated molecule patterns (DAMP), such as DNA, RNA, and other

cellular content?®

. At the site of wounding, the neutrophils kill bacteria by
phagocytosis, resulting in further release of cytokines, growth factors, reactive
oxygen species (ROS), proteolytic enzymes, and HDPs?’, enabling degradation
and killing of pathogens®®. These factors are secreted from numerous cells such
as keratinocytes, endothelial cells, and fibroblasts and the release of cytokines
further activates other immune cells?®. Macrophages are among the most
predominant immune cells in wounds and can be divided into two subgroups; the
M1 and M2 macrophages, depending on the cytokine secretion profile®®. In the
inflammatory phase, DAMPs, pathogen-associated modifying proteins
(PAMPs), and pro-inflammatory cytokines affect the phenotype of the
macrophages to become M1 macrophages®'. M1 macrophages are characterized

by their secretion of pro-inflammatory cytokines, such as IL-6, IL-8, and TNFa,

which are important for attracting additional immune cells to the injury site*2.



The role of the immune cells in this phase is to eliminate intracellular pathogens,
but the macrophages are also important for phagocytosis of apoptotic neutrophils.
Controlled elimination of old neutrophils is crucial for continued healing. This is
ensured by inhibiting neutrophil degradation and thereby the release of phlogistic
material. Without controlled phagocytosis, neutrophils release DAMPs, leading
to further inflammation and tissue damage®®. Once the neutrophils are removed,
the environment changes will initiate polarization of the M1 macrophages
altering their phenotype to M2 macropahges*. The M2 macrophages secrete anti-
inflammatory cytokines, such as IL-10, which is characteristic for the initiation

of the proliferation and migration phase™.

1.1.3 Proliferation and migration

The proliferative and migratory phase is divided into three different parts: re-
epithelialization, neovascularization, and formation of granulation tissue.
Characteristic of this phase is the migration and proliferation of keratinocytes,
endothelial cells, and fibroblasts®’. Together these close the epithelial layer,
revascularize the damaged area, and replace the tissue in a fibroblast-mediated
manner>®. These three parts occur by overlapping one another.
Re-epithelialization of the epithelial layer occurs under the fibrin clot by
migration of the keratinocytes initiated by epidermal growth factor (EGF).
Migration of the cells is a dynamic process performed by actin filaments, causing
the cells to protrude, adhere, contract, and detach®’. This process is initiated by
polymerization of the actin in the leading edge, resulting in a protrusion that is
stabilized to the surface by adhesion proteins®®. The cells contract by actin-

myosin polymerization®’, leading to a forward motion*. In order for the forward



motion to occur, the cells are detached from the matrix by enzymes such as matrix
metalloproteinase (MMPs)*.

Angiogenesis is important for proper wound healing because oxygen and
nutrition are essential for energy production*’. After wounding, more energy is
needed for various processes such as cell proliferation, migration, and production
of collagen. These processes are increased and without oxygen the
mitochondria’s ATP synthesis will be reduced, resulting in stalled wound
healing®®. Angiogenesis in new tissue is an invasive process, which can be
divided into four steps: degradation of the matrix, migration toward angiogenic
stimuli, proliferation of the endothelial cells, and reorganization. The sprouting
angiogenesis is guided by the tip cell, which responds to vascular endothelial
growth factor (VEGF) stimuli**. The tip cell consists of filopodia that secret
proteolytic enzymes®, required to degrade the basement membrane of the
endothelial cells to sprout into new tissue areas*.

Granulation tissue is the new connecting tissue that is formed if a wound
penetrates the dermis. This tissue is characterized by the presence of fibroblasts,
synthesizing extracellular matrix (ECM), and collagen to strengthen the new
tissue. In the granulation tissue, collagen III is one of the major proteins present®’.

However, the newly formed skin is weaker compared to unwounded skin, until

remodeling has occurred to strengthen the tissue.

1.1.4 Remodeling

The remodeling phase can take up to several years before the new tissue is
matured and resembles the old tissue*®. This phase is characterized by re-
arranging the collagen and de-vascularizing of the new tissue. Furthermore, the

differentiated form of fibroblasts, called myofibroblasts, reduces the size of the



newly formed tissue by binding to collagen at the wound edges and contracting
the wound area®. The maturation of the tissue is a delicate process, where key
components of the ECM are degraded and replaced, as seen for collagen III that
is replaced by collagen 1> **. This alteration of collagen increases tension and
strengthens the wound area. After the contraction of the wound is completed, the
myofibroblast undergoes apoptosis’!, the number of immune cells decreases®,
and the vessels reside®. The newly formed skin differs from unwounded skin, as
it has thicker fibers and the collagen is disorganized. During the remodeling

phase, the fibers become more organized and inter-linked to further increase

strength of the tissue™*.

1.1.5 Chronic wounds

Chronic wounds are defined as wounds that do not heal naturally within three
months. In the Scandinavian countries, the cost of treating chronic wounds
accounts for 2-4% of health care services®. Wounds that have difficulties into
healing are subcategorized to four groups: venous, pressure, diabetic, and arterial
insufficient ulcers®. In this study, only diabetic wounds will be the focus.
Diabetes mellitus is a disease caused by insulin deficiency, where the patient is
either intolerant of insulin, or produces insulin in too low an amount®”- %8, If not
treated properly, insulin deficiency leads to hyperglycemia. Prolonged periods
with hyperglycemia lead to damaged and dysfunctioning organs and tissues in
the body>. The most common complications are vascularity and neuropathy,
leading to complications such as loss of sensation in the feet, renal disease, and
retina problems, among others®. It is estimated that 15% of diabetic patients
suffer from diabetic foot ulcers (DFUs)®!, and 60% will have recurring ulcers

after three years®?. Diabetic patients have an increased risk of infection, compared



to the non-diabetic population®?, because of hyperglycemia® ¢, Patients with
DFU have a 15-time higher risk of lower limb amputation compared to healthy
individuals®!, as a result of non-healing DFU.

Factors affecting wound healing can be categorized into local and systemic
factors. Systemic factors are present at all times in the individual, as seen in
diseases such as diabetes, stress, obesity, and age, while local factors include
factors, such as infection, oxygenation, and foreign bodies, which directly
influence the wound locally?*. The local factors lead to high levels of pro-
inflammatory cytokines and ROS, impaired cell and protease function, and lack

of growth factors, among others®” (Figure 2).
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Figure 2: Factors affecting healing of chronic wounds — Chronic wounds have been shown to have
deficiencies. Some of the most reported are increased levels of pro-inflammatory cytokines, proteases, and
reactive oxygen species. Furthermore, a decrease of blood flow, growth factors, lack of cell response, and
protease inhibitors are often seen in chronic wounds. The picture is from Steno diabetes center.

Diabetes itself is a systemic factor, but diabetic patients have also been shown to

have chronically increased levels of pro-inflammatory cytokines®®. The enhanced



levels of these cytokines affect the transition of M1 macrophage phenotypes to
M2, stalling the macrophages as M1, prolonging the inflammatory phase and
thereby slowing the healing of the wound®. Prolongation of the inflammatory
phase has also been shown to be a result of decreased growth factor activity, local
hypoxia, increased levels of proteases, and infections, which lead to an altered
pathophysiology’. The high levels of pro-inflammatory cytokines form a
negative loop, where more immune cells are attracted to the wound site, as seen
for neutrophils and M1 macrophages. Deficiency of immune cells has been
demonstrated in diabetes, as altered chemotactic phagocytosis, response to
growth factors, and diminished antimicrobial activity’!"* 2. Together, this makes
chronic wounds more prone to infection. Additionally, the levels of ROS and
proteases are increased. Due to the lack of specificity of ROS, they cause
degradation of the ECM”?, inactivation of growth factors, increase of proteases’,
and senescence of cells’, all of which can eventually harm the host®. Growth
factor deregulation is also a major factor in wound healing delay’®. VEGF, a
factor crucial for angiogenesis, is significantly down-regulated in chronic
wounds preventing the formation of new capillaries’®. It has also been
demonstrated that keratinocytes produce less growth factors, and that they have
lower migration potential compared to keratinocytes from healthy skin’’.
Likewise, fibroblasts from chronic wounds have an impaired response to hypoxia

and an impaired migrational potential’®

. Finally, it has been demonstrated that
there is an increased level of MMPs in chronic wounds, as well as a decreased
level of their inhibitors, called tissue inhibitor of metalloproteinase (TIMP)”.
Bacteria in the wound further disrupt healing, by the secretion of their own
proteases, as well as their effect on host cells, leading to secretion of pro-

inflammatory cytokines®.



Bacterial infection of wounds is one of the main reasons for non-healing wounds.
The skin is inhabited by various bacteria that are not harmful for the host.
However, once a wound occurs, opportunistic bacteria can colonize the wound
and form a biofilm®!. A biofilm is a community of bacteria that forms a matrix of
polysaccharides which adheres to a surface, and is usually formed within 5-10
hours in vitro®> *3. Formation of biofilm is separated into four stages: adhesion,

proliferation, maturation, and dispersion (Figure 3).

N — —_ —_
Adhesion Proliferation Maturation The cells disperse
of bacteria and forma- and growth from the biofilm
cells to tion of EPS of the biofilm and can adhere to
surface matrix new surfaces

Figure 3: Biofilm formation stages — Biofilm formation is initiated once planktonic cells adhere to a surface.
On the surface, the bacteria will proliferate and form an EPS matrix. The growing biofilm will adapt to the
flow of nutrition, enabling differentiation of the cells in the biofilm, where some will slow down their
metabolism (red) and other will continue to proliferate (blue).

Adhesion of the bacterial cell is dependent on the different surfaces. Once the
bacteria are adhered, they start to form an extracellular polymeric substance
(EPS) matrix and proliferate in a nutrient dependent manner resulting in a
growing biofilm®* 8. The biofilm can disperse due to mechanical force or as a

result of environmental changes, such as low nutrition, oxygen, or toxic



products®®. As the biofilm grows, a nutrition gradient will form and result in
different growth rates of the bacterial cells. The innermost cells of the biofilm
will slow down their growth rate, whereas the cells with easy access to nutrition
will have a steady growth rate (red and blue cells, respectively Figure 3)¥’.

Once biofilm is formed, the immune response of the host is insufficient, as the
bacteria cannot be engulfed by the phagocytic immune cells. As a result,
leukocytes bind to the biofilm, die, and release enzymes that, in combination with
the enzymes released from the bacteria, prolong the inflammatory phase of
wound healing®. When bacteria enter the host, the host has multiple receptors to
recognize intruders known as pattern recognition receptors (PRRs)*. The PRRs
recognize conserved molecular patterns PAMPs, such as peptidoglycan from
Gram-positive and lipopolysaccharides (LPS) from Gram-negative bacteria®.
Recognition of PAMPs by PRRs will initiate a downstream signaling pathway
resulting in secretion of cytokines, chemokines, and HDPs’! °2. However, the
bacteria in the biofilm communities are different from planktonic bacteria with
regards to gene expression, antibiotic sensitivity, and interaction with the host.
Bacteria can develop resistance against antibiotics by producing efflux pumps,
altering the target site, and synthesizing degrading enzymes®>**. The resistance
gene can be transferred vertically or horizontally, by gene mutation, conjugation,
transduction, or transformation®. It has been demonstrated that the bacteria in a

biofilm are 10 to 1000-fold more resistant to conventional treatments”®.

In the clinics, treatment of chronic wounds starts with an evaluation of the blood
perfusion, neuropathy, and infection as the three predominant contributors of
non-healing wounds. DFUs are treated with surgery to remove non-viable tissue

and visible infection and to improve blood flow, if possible. Antibiotics are
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prescribed to clear remaining infection, but most importantly, the wound is off-
loaded by specialized shoes, to minimize pressure on the wound’” 8. However,
if blood flow cannot be improved, and if the infection affects deep-tissue, surgical
removal can be necessary”’.

Treatment with antibiotics has long been a growing problem, as the amount of
resistant bacteria is on the rise!?” 1%, Resistance has emerged as a consequence
of extensive use of antibiotics, thereby applying an increased selective pressure
that increases the rate of gene mutations!®?. The mutations have resulted in
alteration in the target site of the antibiotics, inhibiting their effect and over the
last decade, an increase of resistant strains has emerged. This has led to a search
for new treatment option, where HDPs have gained interest over the years due to

their dual effect of antimicrobial activity and immunomodulatory effect.

1.2. Host defense Peptides

HDPs are conserved molecules found in all kingdoms of life. In humans, they are
naturally secreted in areas where the environment of the body meets microbes,
for instance on the skin, in saliva, and in the gut'®>. HDPs, also known as

antimicrobial peptides (AMP), are mostly studied for the anti-pathogenic effect

105 106, 107

against bacteria'®, viruses'®, fungi , and parasites'®® but have also shown
a positive effect against cancer'®. The term HDP was later introduced as it
became clear that the AMPs not only have antimicrobial activities, but that they
also affect the immune cells of the host. The structure of HDPs differs, since they
can form a-helixes, B-sheets, loop peptides, or extended structures rich in proline,
among others''?. Most often, they are amphipathic molecules having a positive
charge ranging from +2 to +9, a short length of 10-50 amino acids, and contain
11, 112

up to 50 % hydrophobic residues
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In the body, HDPs are produced in all organs by various cells, but in the skin the

major production of HDPs is located in the keratinocytes'!?

. Many of the natural
peptides are secreted as pre-peptides and are post-transcriptionally modified,
such as demonstrated for neurotensin (NT)!'%, and substance P (SP)'!°, and
bacterial nisin!'®"!!®, There are more than 20 different peptides identified in the
skin'!®, and the production of HDPs occurs in the stratum granulosum, the
uppermost layer of nucleated keratinocytes. The HDPs are packed into lamellar
bodies and transported upwards to the stratum corneum, but are also secreted in
fluids such as sweat® 20, Additionally, HDPs are stored in the granules of

121

phagocytic cells'>’. Some HDPs are constitutively produced in low levels,

whereas others are induced locally upon infection or by degranulation of

122, 123

phagocytes , as demonstrated for the HDPs defensins and cathelicidins'?*.

The transcription of some HDPs is altered according to need, and once an

infection is detected in the skin, the levels of HDPs rise'>> 1%°.

HDPs have been studied for a variety of purposes both for use in the food industry
and for therapeutic applications'?* 27, More recently, studies have investigated
the structure of known peptides to both determine sequence-specific effects and
to optimize the peptides. A group of synthetic peptides called innate defense
regulators (IDRs), designed to enhance the immunomodulatory effects, are based
on bactenecin (Bac2A) isolated from bovine neutrophil granules!?. Bac2A was
used as a template to make a library of 12-mer peptides through substitutions,
deletions, and scrambling, which led to the discovery of the IDR peptides'?’. Of
the IDRs, IDR-1018 was found superior in comparison with the other IDRs

because of its ability to influence cytokine levels and chemotaxis crucial for
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wound healing'?’. Furthermore, design of shorter synthetic peptides that contain

less residues is more cost-efficient'3% 131,

1.1.6 Antimicrobial activity of peptides

The antibacterial function of HDPs is mainly a result of their positive charge and
hydrophobicity. Positively charged peptides bind to negatively charged surfaces,
such as the phospholipid membranes of bacteria, due to the electrostatic
interaction'*2. Peptides have both hydrophobic and hydrophilic residues, which
enables them to fold to an amphipathic secondary structure on the membrane.
Their mode of action is still unknown, but several mechanisms of how the HDP
perturbs the microbial membrane have been proposed'**. Some of the proposed
modes of action are the carpet, barrel-stave, or toroidal pore model'**. In all the
mentioned models, the peptides are associate with the polar head groups of the
lipids by an electrostatic interaction and then form a hole!*, disrupting the
membrane and thus killing the bacteria directly. The three models differ in regard

to the lipid structure and stability of the formed pore!3¢

. Other peptides work
intracellularly by inhibiting the synthesis of DNA, RNA, or proteins'®’. Still other
peptides function by recruiting immune cells and thus killing the bacteria

119, 135

indirectly . Positively charged HDPs are efficient therapeutics against

bacteria, as they target negatively charged membranes, and thereby do not target
mammalian host cells, which have a neutral charge'?® 138,

Peptides have been demonstrated to eliminate bacteria not only in vitro'*°, but
also in vivo'®. However, resistance has been shown in vitro when growing
bacteria in sub-minimal inhibition concentration (MIC) with peptides, altering
the MIC from 1 pg/mL to >500 ng/mL'*!. Resistance has also been observed for

a B-defensin'*? and LFcinB'*® in vitro. Although only very few in vitro studies,
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and no in vivo studies, have demonstrated resistance, it is important to ensure
resistance does not occur for HDPs if they are to be used as future therapeutics.

However, the rapid antimicrobial activity of peptides is thought to make

144

resistance less likely to occur ™. A compelling argument for using peptides is

5

that some can kill antibiotic resistant bacteria'*>. The use of peptides in

combination with antibiotics could be beneficial. When tested against biofilms
alone or in combination with conventional antibiotics, peptides have

demonstrated complete eradication of the biofilm and the ability to work

synergistically with antibiotics®® '4°,

1.1.7 Immunomodulatory effect of peptides

HDPs are one of the first lines of defense of the body and they are therefore
produced in areas where the outer environment meets the environment of the
body, such as the gastrointestinal tract, eyes, ears, and the skin'*’. However,

HDPs have a broad range of effects on the body beside antimicrobial activity,

113,148 149

such as inducing angiogenesis , increasing the migratory potential of cells'*,

and inhibiting apoptosis'*°. The immunomodulatory properties of peptides have

been demonstrated by their ability to regulate expression of cytokines'®!,

chemokines'*?, proteases'>®, growth factors'**, and immune cell activity'!? 155

136 One of the most reported immunomodulatory effects is alteration of

cytokines'’.
Cytokines function as messenger molecules and the different cytokines can have

similar or completely opposite effects!*®. HDPs have been proven to alter the

152, 159, 160

expression level of various anti-inflammatory and pro-inflammatory

157, 161

cytokines , as well as the level of their receptors!®?. Most studied of the

cytokines is of the interleukin (IL) family, where especially IL-6, IL-8, and IL-
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10 have been studied. In wound healing, the HDPs has been shown to decrease
the levels of pro-inflammatory and increase the anti-inflammatory cytokines, and
they can protect against sepsis by influencing cytokines'®*. HDPs have been

162, 164, 165 and

shown to affect chemokines in the same way as shown for cytokines
to have direct chemotaxis effect on immune cells'®® '%7. Furthermore, it has been
shown that peptides also influence growth factors, such as EGF, VEGF, and their
respective receptors'® 19 The activation of the receptor of EGF has further been
shown to increase migration of the keratinocyte cell line HaCaT!'®’. A study
demonstrated, that topical treatment with peptides enhanced the levels of ERK
and Akt'”°, ERK is a part of a complex phosphorylation pathway where activated
ERK is translocated to the nucleus and activates gene transcription, which leads
to proliferation or differentiation'’""!72. Akt is an activator of VEGF, and thereby
important for angiogenesis!”>. In diabetic wounds, Akt is found to be expressed
in a lower amount compared to non-diabetic wounds, which could explain the
low healing and altered vasculature in diabetic patients.

The shown immunomodulatory properties of HDPs and their ability to kill

119 However, not all

bacteria makes them ideal as therapeutics for wound healing
peptides have all the reported effects, and the mode of action of the
immunomodulatory effects remains unclear. For synthetic peptides, it is
unknown where they end up or where they bind. It is hypothesized that the
peptides, being soluble, bind to the membrane and translocate to the nucleus,
where they bind intracellular receptors'’®. Studies have investigated specific
receptors for the natural occurring HDPs, such as the receptor for SP'7>, NT!76,

177

and insulin'’’. Nevertheless, knockout studies have yet to be performed in regard

to wound healing properties, to determine the importance of these receptors.
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In this study, a variety of peptides were used. In Table 1, the peptides are listed
in alphabetical order showing origin, number of amino acids, net charge, and

sequence of the peptides.

Chapter 2: Material and methods

All experiments were performed three independent times in triplicates unless
indicated otherwise in the description of the method. Furthermore, all

experiments have been performed with 25 pg/mL of the peptides.
2.1. Peptides

A variety of peptides (Table 1) was used for the performed experiments. Bovine
lactoferrin was purchased from Sigma-Aldrich and human lactoferrin was kindly
donated from Cappel/Organon Teknika Corporation (NC, USA). Both bovine and
human lactoferricin were purchased from the Centre for Food Technology
(Brisbane, Australia) (Paper I and V). Insulin was from Sigma-Aldrich, and
neurotensin and substance P from Bachem (Paper II). Nisin A was isolated and
purified from Lactococcus lactis as previously described'”® (Paper III). IDR-
1018 and the library of analogues were all synthesized by solid phase peptide
synthesis by Natalia Molchanova at Roskilde University (Paper IV). LL-37 and
the 12-mer were purchased from Genscript'* (appendix). All the peptides were

dissolved in milliQ H,O and stored at -20°C.

Table 1: Peptides are listed with information of origin, number of amino acids, net charge, and
sequences — Charge and molecular weight (MW) are calculated using Innovagen website (pepcal.com) at
pH 7. Disulfide bridges and their binding are indicated with numbers. The lactoferrin protein sequence is
not mentioned, as it is too long. In Nisin A, special amino acids are given in three letter codes and in colors:
Green: dehydrobutyrine (Dhb), red: dehydroalanine (Dha), and purple: 2-aminobutyric acid (Abu).

Name Origin Amino Net MW  Sequence Ref
acids  charge g/mol
pH7
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IDR-1018 Synthetic 12 +5 1536 VRLIVAVRIWRR-CONH, 1

Insulin Human 51 +5 5808 ot:GIVEQC:C,TSIC1SLYQLEN !77
YCs3N R:VNQHLC,GSHLVQ-
ALYLVCsGERGFFYTPKT

LFcinB Bovine 25 +8 3126 FKC:RRWQWRMKKLGAPSITC; !0517

17-41 VRRAF

LFcinH Human 25 +6 3022 TKCFQWQRNMRKVRGPPVSCIK 105179

18-42 RDS

IDR-1018 Synthetic 12 +5 1536 VRLIVAVRIWRR 111
—CONH>

Neuro- Human 13 0 1676 ELYENLPRRPYIL 180, 181

tensin

Nisin A Lactococc 34 +5 3354 IDhbA;IDhalLA;Abu,PGAKA 182

us lactis busGALMGA3NMKAbUAADUSA

4HAsSTHVDhaK

Substance Human +2 1349 RPKPQQFFGLM 183

P 1

2.2. In vitro assays

2.1.1 Cell lines and human blood cells

The immortalized human cell line of keratinocytes (HaCaT)!'®*

were kindly
provided by Bispebjerg Hospital (Denmark). The HaCaT cells were grown in
Dulbecco’s modified eagle medium (DMEM) with glutamax (ThermoFisher
Scientific), 10% fetal bovine serum (FBS) (Gibco), 100 units/mL penicillin and
streptomycin (Sigma-Aldrich). The primary cell line of human umbilical vein
endothelial cells (HUVEC) was purchased from Fisher Scientific. The HUVEC
cells were grown in endothelial cell basal medium (Cell applications Inc.),

supplemented with endothelial cell growth supplement (Cell applications Inc),

and 100 units/mL penicillin and streptomycin. Additionally, 0.1% gelatin
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(Specialty media) was used to pre-coat flasks and plates to enable cell adhesion.
The macrophage cell line J7741A was kindly provided by Anne Mette Hvid
Larsen. The cells were grown in DMEM without glutamax (ThermoFisher
Scientific), supplemented with 10% FBS and 100 units/mL penicillin and
streptomycin.

All three cell lines were sub-cultured approximately twice a week, by washing
with phosphate buffered saline (PBS), before trypsinization (Sigma-Aldrich) to
detach the cells. The cell lines were used for migration, proliferation, and
viability assays. HaCaT cells were additionally used for quantitative polymerase
chain reaction (qPCR) and ELISA, while the HUVEC cells were used for

angiogenesis assays.

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy blood
donors. The blood samples were washed with PBS and transferred slowly on top
of Ficoll-Paque™ PLUS (GE Healthcare) for separation of the PBMCs. The
isolated PBMCs were washed 2% in PBS and kept in Roswell Park Memorial
Institute (RPMI-1640) media supplemented with 10% FBS and 100 units/mL

penicillin and streptomycin. The primary cells were used for ELISA.

2.1.2 Migration assay

The scratch assay was used as a simple in vitro wound healing model to test
wound closure by cell migration. Briefly, the cells were transferred to a 48-well
plate with 7.5x10* cell per well with 250 uL of media. The cells were incubated
at 37°C and 5% CO: overnight (ON), reaching an approximate confluency of
95%. The cells were treated with 10 pg/mL mitomycin C, to prevent proliferation

of the cells, for two hours. The cells were washed with 2x with 250 pL PBS and
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in the second wash, a scratch was made manually with a 200 pL pipet tip. The
stimuli were added and the plate was incubated in an optical camera system called
the oCelloScope (BioSense Solutions ApS, Denmark) placed in an incubator at
37°C and 5% CO2. The imaging and measurements of cell migration were
automatically performed by the Uniexplorer software (version 8.0.0.7144 (RL3))
of the oCelloScope, capturing pictures of the fixed scan area in the plate. EGF,
media, and free amino acids were used as positive and negative controls,
respectively. The free amino acid control consisted of amino acids found in the
whole peptides in the same mole/ratio. The results were calculated as percentage
migration of the initial scratch and compared with the untreated control. The data
were normalized to the untreated control (set to 1) or given as percentage of

migration.

2.1.3 Proliferation assay

Proliferation was tested by seeding 1x10* cells per well to a 48-well plate in 250
pL media, left in a conventional incubator ON to adhere to reach a confluency of
approximately 10%. The following day, the peptide stimuli were added and the
plate was incubated in an oCelloScope as previously described.

EGF, media, and free amino acids were used as positive and negative controls,
as described for migration. The results were calculated as the percentage of
increased number of cells, normalized to the untreated control (set to 1), and

compared with the untreated control.
2.1.4 Hemolysis

Blood samples from healthy donors were collected in a K:-EDTA coated

vacutainer tube (BD Vacutainer). The red blood cell (RBC) layer was isolated

19



using Ficoll-Paque and dilution in 0.9% NaCl (saline) to 20%. The diluted RBCs
were transferred to a round bottomed 96-well plate, stimuli were added, and the
plate was incubated at 37°C and 5% CO: for 24 hours. The following day, 20 pL
of the supernatant were diluted in 100 puL of saline, after centrifugation at
1200xg, and the plate was read at 546 nm in a plate reader (Bio-TEK, Synergy
HT). 10% Triton-X-100 and saline were used as positive and negative controls,

respectively. The data were normalized to Triton-X-100 (set to 100%).

2.1.5 Viability assay

The viability of the cells were tested after 24 hours of incubation with peptide
stimuli and assessed by measuring the degraded form of tetrazolium compound
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (MTS) (Promega). Briefly, 2x10* cells were seeded per well in
a 96-well plate and left to adhere ON at 37°C and 5% COx. The cells were washed
with PBS, treated with peptide stimuli for 24 hours. MTS-phenazine
methosulfate solution compound was added to each well and incubated for 4
hours. The absorbance of the plate was measured in a spectrophotometer at 490
nm. As controls, media or 10% Triton-X-100 were used as positive and negative
controls, respectively. The results were calculated as percentage viability
compared with the untreated control. The data were normalized to the untreated

control (set to 100%).

2.1.6 RNA isolation
Total RNA was isolated from the cultivated cells and tissue samples. The
cultivated cells were harvested using TRIreagent (Sigma-Aldrich) and the tissue

samples were cut into small pieces and homogenized in QIAzol. The samples
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were resuspended in chloroform (MERCK), centrifuged at 12,000xg for 10
minutes, and RNA isolation was precipitated with isopropanol. The RNA was
washed with 75% ethanol and the resulting pellet was air-dried for 5-10 minutes.
The RNA was resuspended in 20 pL nuclease-free H20 and the concentration

was measured at 260 nm in a Spectrophotometer (NanoDrop® ND-1000).

2.1.7 cDNA synthesis and quantitative PCR

The high capacity cDNA reverse transcription kit (Applied BioSystem) was used
to synthesize complement DNA (¢cDNA) from 1 pg RNA. The RNA was mixed
as described by the manufacturer with RT buffer and RT enzyme mix, and run
on a thermal cycler for 60 minutes at 37°C, 5 minutes at 95°C, and kept at 4°C.
The resulting cDNA products were verified with on an agarose gel (Sigma-
Aldrich) after PCR with RPLP0. qPCR was performed with QuantiTectSYBR
PCR kit (Qiagen) according to the protocol of the manufacturer. The cDNA
samples were diluted 10x, mixed with 5 pL 2xQuantiTect-SYBR® green, 1 pL
of each of the primers, and 2 uL. H20. In Table 2 the used primer sequences can
be seen. The samples were measured on a Stratagene MX3005P (Agilent) and
run for 45 cycles. The data were normalized to the untreated control according to
the AACt method'®. PBMCs and H20 were used as the positive and negative

controls, respectively.

Table 2: Primer sequences used for qPCR — Annealing temperature was 60°C for all primer sets, except
for RPLPO, which was 52°C.

Primers Sequence (5°—3°)

RPLPO forward GCTTCCTGGAGGGTGTCC
RPLPO reverse GGACTCGTTTGTACCCGTTG
IL-6 forward TACATCCTCGACGGCATCTC
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IL-6 reverse ACCAGGCAAGTCTCCTCATTG

IL-8 forward CACCGGAAGGAACCATCTCA
IL-8 reverse TTGGGGTGGAAAGGTTTGGAG
TNFa forward TTCCTGATCGTGGCAGGC
TNFa reverse GAGCTGCCCCTCAGCTTG

2.1.8 Enzyme-linked immunosorbent assay of MCP-1 and TNFa

The supernatant from PBMCs and HaCaT cells were stimulated with peptides
alone or in combination with LPS (Pseudomonas aeruginosa Pa01) for 24 hours,
following centrifuged of the plate for 5 minutes at 300xg, were used for enzyme-
linked immunosorbent assay (ELISA). ELISA was performed to quantify
monocyte chemoattractant protein-1 (MCP-1) and TNFa (Invitrogen) according
to the protocol of the manufacturer. Briefly, a 96-well plate was pre-coated with
caption antibody (1:250) and incubated at 4°C ON. The wells were washed 3x
with wash buffer (1xPBS with 0.05% Tween-20 (Merck)), blocked 1 hour with
1x ELISA/ELISPOT, and incubated with supernatant at 4°C ON. Washing was
performed 3x with wash buffer, followed by a 1 hour incubation at room
temperature with detection antibody (1:250). Afterward, thorough washing of 6x
was performed, followed by incubation with HRP for 30 minutes at room
temperature. Finally, TMB solution was added for 15 minutes and the plate was
measured on a spectrophotometer at 450 nm. A read of 570 nm was performed
to eliminate background noise. The data were normalized to the untreated control
and expressed as fold changes from the untreated control (set to 1). A standard

curve was used as a positive control.
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2.1.9 Angiogenesis assay

The endothelial HUVEC cell line was used to investigate the angiogenic effect
of the peptides using the endothelial tube-formation assay kit (Cell BioLabs)
according to the protocol provided by the manufacturer. Briefly, the 96-well plate
(TPP) was pre-coated with the extracellular matrix gel and incubated 30 minutes
in a 37°C and 5% CO2 incubator before use, 2x10* cells were seeded along with
the peptide stimuli, and incubated for 4 hours at 37°C. The cells were washed
with 100 pL staining buffer and 1 pM calcein AM was incubated for 30 minutes
to stain the tube-formations. The wells were washed 2x with 100 uL PBS to
remove the staining, and the endothelial tubes were examined on a Leica
fluorescence microscope at 380 nm. Images were acquired using a 10x objective
and angiogenesis was quantified by counting the branches from each center point
from three independent experiments. Media and 100 ng/mL recombinant
vascular endothelial growth factor (VEGF)i6s were used as the negative and

positive controls, respectively.

2.1.10 Bacterial strains

The clinical isolates for paper II were collected by culturing punch biopsy and a
swab from patients with chronic inflammation at the Dermatological Department
of Roskilde Hospital, (Denmark). For identification, the strains were grown in
enriched broth at 35°C with 5% CO: for three days and sub-cultured in 5% blood
and chocolate agar plates for up to 10 days. The bacterial species were identified
by colony morphology, antibiogram, and MALDI-TOF mass spectroscopy. In
paper II, two identified Staphylococcus lugdunensis (S. lugdunensis) strains

from healthy individuals, and the reference strain (ATCC 49576), were used to
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compare MIC in Mueller hinton broth (MHB) media. The collection of punch
biopsies was approved by the Regional Scientific Ethics committee.

Bacterial strains from paper IV and V, were gathered using bacterial swabs
(Sarstedt) from murine wounds at day 0, before shaving the mice, and at day 5
and 10, before treatments were added topically to the wounds. The bacteria were
identified using MALDI-TOF mass spectroscopy. The bacterial swabs were
incubated in 1 mL brain heart infusion broth (Becton Dickinson) for 3 hours and
recovered on three plates: lysogeny broth, chocolate agar (blood agar N°2 Base),
and mannitol salt agar plates. After 24-48 hours of incubation at 37°C with 5%
COg, colonies of different morphology (size, color, or texture) were collected for
analysis. A single colony of a bacterial isolate was smeared on the sample plate
and overlaid with galaxy HCCA matrix (Bruker). Samples unidentified on the
MALDI-TOF, were re-run, but were overlaid with a combination of 70% formic
acid and galaxy HCCA matrix to break the bacterial membrane and optimize
1onization. Strains identified with a value of 1.70 or above were used, as
previously described!®® 187, The collection of bacterial swabs was approved by
the Institutional and Governmental Research Ethical Board. All bacteria were

stored in 15% glycerol at -80°C.

2.1.11 Minimal inhibitory concentration

Bacteria were grown in 5 mL MHB media at 37°C and a final concentration of
5x10° colony forming units (CFU)/mL was plated in a round bottom 96-well
plate (Costar) with peptide stimuli for 24 hours. MHB medium and rifampicin
(Sigma-Aldrich) or Nisin A were used as negative and positive controls,
respectively. MIC was determined as the minimal concentration needed to inhibit

visible growth of the bacteria. Experiments were performed twice in triplicates.
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2.3. In vivo and ex vivo models

2.1.12 Porcine wound healing model

Ears from freshly slaughtered pigs were used to investigate migration and
proliferation potential of peptide treatment ex vivo. The ears were thoroughly
washed under tap water before the skin was separated from the cartilage. On ice,
a 2 mm punch biopsy was used to mark the epithelial layer, and the epithelial and
small part of the dermis was removed with a scalpel. The skin was cut into 1 cm?
pieces and kept on sterile gaze in DMEM media with peptide stimuli in a 12-well
plate. The media were changed daily, and the samples were collected at day 0, 1,
3, and 5 post-wounding and stored in 4% paraformaldehyde. The skin was
analyzed by histology staining with ki67 (1:800, Abcam). For that purpose, the
skin was divided in the center of the wound, cast in paraffin, and cut on a
microtome. The sections were mounted on slides, boiled 1 hour at 60°C, and the
paraffin removed using tissue-clear (Sakura). The sections were further hydrated
with washing in decreasing percentage of ethanol (96-70%). Previous to staining,
the slides were boiled in T-EG buffer (pH 9), blocked in 2% bovine serum
albumin and washed 3x in PBS. Incubation with the secondary antibody, biotin-
conjugated (1:200, Vector laboratories), and HRP was performed, following
signal amplification with biotinylated horseradish peroxidase macromolecular
complex (Vector laboratories) and Avidin-Biotin Complex Kit (Vector
laboratories). For visualization, 3,3-diaminobenzine (Vector laboratories) was

used.
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2.1.13 Galleria mellonella bacteria model

The greater wax moth Galleria mellonella (G. mellonella) was purchased from
Mini Zoo (Denmark). The larvae were stored at 13°C without food in a
conventional incubator. For the study, healthy larvae, with no dark spots, and of
0.20-0.30 grams weight were used. Previous to the experiments, the larvae were
acclimatized for one day at 37°C. The larvae were injected 10 pL of 1-5x108
CFU/mL in the left proleg using a 0.3 mL syringe (31G, Pic solutions) and
incubated at 37°C for 1 hour. Next, a second injection with peptide stimuli at the
right proleg was given, and the larvae were placed in 9 cm petri dishes without
food. The larvae were kept at 37°C and the survival of the larvae was monitored
every 24 hours for three days. The larvae were considered dead when they were
unresponsive to touch. Non-infected larvae, receiving PBS as first injection were
used as controls. The controls were further separated into groups receiving
peptide treatment or PBS at the second injection. Experiments were repeated

twice with 10 replicates in each treatment group.

2.1.14 Murine wound healing model

From Charles River Corporation Inc. (Barcelona, Spain), male C57BL/6 mice of
25-30g were obtained. The mice were matched in age, housed in a room at 22-
24°C with a 12 hours light/night cycle, and had free access to food and water.
The mice were used for wound healing kinetic for LFcinB and IDR-1018, and
bacterial diversity studies. The tissue samples were additionally used for q PCR,
western blot, and immunohistochemistry.

One group of mice was made diabetic by intraperitoneally injections with
streptozotocin (Sigma-Aldrich) at 50 mg/kg body weight for five consecutive
days. All the treated mice were diabetic with a blood glucose of >250 mg/dL.
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The mice were housed six weeks previous to the studies and given 0.1-0.2 units
of isophane insulin (Novo Nordisk), subcutaneously, to avoid weight loss. On
wounding day, analgesia was injected subcutaneously with 0.1 mg/kg of
buprenorphine 30 minutes previous to anesthesia, and then every 6-8 hours for
the following 48 hours. Anesthesia of isoflurane combined with oxygen was
inhaled in a chamber with a flow rate of 0.5 L/minute, increasing from 2-5% until
the mice were unresponsive to touch. Then, the mice were moved to individual
masks with 2.5% anesthesia during the remaining procedure. Before the
wounding, the dorsal hair was removed, the skin sterilized with betadine, and two
full-thickness wounds were made. A 6 mm punch biopsy was used to mark the
area and by lifting the skin with a tweezer, the wounded area was cut with a
surgical scissor. For LFcinB, wounds were made side-by-side, whereas wounds
were made top-and-bottom for IDR-1018. The wound size was monitored daily
by drawing the wound area on acetate paper, and topical treatment was added
twice a day the first two days and then once daily the remaining days. At day 10
post-wounding, the mice were sacrificed and biopsies of the wounds were
harvested for analysis. Saline was used as a negative control and the experiments
were performed with four mice per treatment with two wounds each.

The skin sections were preserved in OCT for fluorescent microscopy and cut in
10 um sections on a microtome. Platelet endothelial cell adhesion molecule 1
(PECAM-1) (1:100, Millipore) was used as the primary antibody and anti-rat
antibody (1:500, conjugated to Alexa Fluor 568, Invitrogen) as the secondary
antibody. Both were diluted in PBS containing 1% and 5% bovine serum albumin
with 0.1 vol.% Triton-X-100 (pH 7.4), respectively. The skin sections were
fixated 10 minutes in ice cold acetone, blocked with 5% bovine serum for 30

minutes, and incubated at 4°C with the primary antibody ON. Next, the sections

27



were washed in PBS, incubated with secondary antibody and DAPI for 1 hour at
room temperature, and images were captured using a Karl Zeiss Axio Observer

Z1 microscope.

2.4. Statistics

Statistical analyses were performed with statistical package for social sciences
version 24 and GraphPad version 6 to determine statistical significance between
samples with one-way ANOVA, with post-hoc comparisons using the method of
Tukey. A general linear model (univariate, main effects) and multiple linear
regression was used to determine the variance components and correlations with
multiple treatments for wound closure (Pearson correlations), respectively.
GraphPad Prism version 6 was used for all the graphs. The significance level was
set to p<0.05.

Chapter 3: Results and discussion

Non-healing wounds are characterized by their altered cellular functions,
prolonged inflammation, and proneness to infection. Diabetic patients are in high
risk of developing chronic DFU, because of their increased risk of neuropathy,
vascular alterations, and infection'®®.

The aim of this study was to evaluate HDPs with different origins for their wound
healing effects and as potential topical treatment for non-healing wounds. Later,
optimization studies were performed to evaluate the importance of different
lengths and charges for biological activity. For this, several in vitro experiments
were performed, as these studies are preferable for initial testing of new
compounds. /n vitro models were used to investigate migration, proliferation,
angiogenesis, cytokine and chemokine levels, and bacterial growth. However,

these studies have little value for complex physiological responses, making the
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use of animal models crucial for testing the full effect of compounds. Therefore,
more complex ex vivo and in vivo models were used, both for a more complete
understanding of the effects of peptides, but also to investigate the accuracy of
the in vitro models. The studies were performed using seven different peptides
with human, bovine, or bacterial origin and varying in length from 11 to 51 amino

acids and a net charge from 0 to +8. The peptides are summarized in Table 1.

The key findings in the papers are summarized in Table 3, and analogues are

summarized later in Table 4.

Table 3: Key findings of paper | to VII — The peptides were investigated for migration, proliferation,
angiogenesis, expression levels of cytokines (TNFa, IL-6, IL-8), the chemokine MCP-1, and their ability to
dampen LPS-induced TNFa from PBMCs (10 ng/mL). The porcine model was used for migration
(percentage) and proliferation (significance) (day 5), while the murine model was used for wound healing
kinetics, compared to saline treatment. 0 = neutral effect (not different from control), + = p<0.05, ++ =

p<0.01, +++ = p<0.001, - = p<0.05, --- = p<0.001, ND = not detected. ? Bacterial activity from the murine

wound model at 25 ug/wound,b Bacterial activity from Galleria mellonella model at 25 pg/mL
IDR- Insulin LFcinB Nisin A Neuro- Substance
1018 tensin P

Migration

HaCaT = AFaRar + + +++ +++

HUVEC ++

Proliferation

HaCaT 0 0 0 0 0

HUVEC 0

Angiogenesis

In vitro S b Abr

In vivo e 14

mRNA

TNFa R - - - R

IL-6 0 ND 0 4+

IL-8 o+ + - +++ 0

PBMCs MCP-1

+ LPS AR AR +++

- LPS 0 0 0

Combination dedbde dedbde ddLdL
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HaCaTsMCP-1

+LPS +4+4+ +4+4+ +++

- LPS 0 ++ 0 0 +++ 0
Combination T4+ T4+ 0

PBMCs TNFa

+LPS 4+ +++ +++ +++ +++ +++
- LPS 0 0 0 0 0 0
Combination 0 0 0

Porcine skin

Migration% 80% 95% 97%

Proliferation 0 N 0

Murine healing + +

Anti-bacterial +++2 +4a +44b

activity

First, a high-throughput screening model was optimized for determining
migratory effects (Paper I). All the peptides were investigated for migratory
potential (Paper I-VII) and most for their proliferative effects (Paper III-V).
Migration and proliferation were further investigated using an ex vivo porcine
skin model (Paper IV-VI). Cytokine levels were investigated in the HaCaT and
PBMC cells (Paper II-V), and skin from pig and mice models (Paper IV and
V). Changes in angiogenesis were likewise demonstrated in vitro (Paper II and
IV) and in the murine wound healing models (Paper IV and V). Additionally,
wound healing kinetics and bacterial diversity were investigated in diabetic mice
compared to healthy mice (Paper IV-V), where bacterial properties likewise
were investigated. G. mellonella, the greater wax moth larvae, was used for in
vivo modeling of bacterial clearance (Paper III). Finally, optimization studies on
IDR-1018 (Paper IV) were performed on analogues by investigating them for
migratory effects, MIC, and anti-bacterial activity.
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3.1. Migration assay as a screening tool

The HaCaT cells are an immortalized cell line, but have been proven to mimic
primary keratinocyte cells'® 1, HaCaT cells more reliable for keratinocytes
found in wounds. A simple, cheap, and high-throughput migration screening
assay was implemented using the optical camera system called the oCelloScope
(Paper I). Several optimizations of the scratch assay were tested to detect
migration (Figure 4). First, the FBS was reduced from 10%, as the standard
growth medium, to 1% to minimize proliferation of cells (Paper II). Here, the
untreated control closed the gap with approximately 35% (Figure 4A and B).
Alternatively, mitomycin C was used before scratching to inhibit proliferation of
the cells'!, resulting in a reduction of migration in the control to 20% (Figure
4C and D). Mitomycin C enables the investigation of migration alone and was
therefore used as a standard (Paper I, III-VII), reporting the true migratory

potential of the compounds.
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Figure 4: The cell migration of HaCaT cells stimulated by various peptides in an in vitro set-up with
or without the use of mitomycin C — A) The gap closure effect of 25 pg/mL neurotensin, substance P or
insulin was tested with a low percentage of FBS (1%) and compared to the untreated control. B)
Quantification of percentage of gap closure from the initial scratch. C) The migratory effect of lactoferrin
(LF) and lactoferricin (LFcin), from bovine and human origin tested on cells pre-treated with mitomycin C
(10 pg/mL). D) Quantification of percentage of migration from the initial scratch. Graphs represent mean
+SD of three independent experiments *= p<0.05, **= p<0.01, ***= p<0.001.

As mentioned, before keratinocytes can migrate the cells have to remodel the
actin-myosin cytoskeleton'*?. Cells migrate by forming a protrusion in their
leading end, adhering under the protrusion, disrupting the adhesion in the rear
end, and contracting, resulting in cell migration'®®. However, little is known
about the mechanism activating remodeling of the cytoskeleton, but it has been
shown that re-epithelialization is driven by growth factors, such as EGF!**. EGF
was therefore used as the positive control for migration, resulting in 50% closure

of the gap at 100 ng/mL after 48 hours (Figure 4D). The concentration of EGF
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was tested at 500 ng/mL demonstrating a 80% closure over a period of 24 hours
(data not shown)(Paper III). The oCelloScope was likewise used to detect

proliferation, but none of the peptides had a significant effect (data not shown).

Migration was reported for two proteins, seven peptides, and numerous
analogues (Section 3.7). Surprisingly, in the progress of this project, the
screening of migratory potential of the various peptides demonstrated that only
IDR-1018 (Paper IV) and LL-37'* (appendix) had an inhibitory effect on
migration. This data corresponded with a previous report result from IDR-
1018!%.To insure that the demonstrated effects were indeed a result of peptide
treatment, and not the addition of amino acids, an additional control of free amino
acids was later included. The control of free amino acids was a mix of the amino
acids found in the whole peptide in the same mole-ratio and demonstrated no

significant migratory effects on HaCaT cells (Paper II1-V).

The neuropeptides NT and SP are naturally secreted in the body and circulates
between the brain on the peripheral organs’!. These peptides have mostly been
studied with regard to their role in the brain and central nervous system.
However, neuropeptides have specific receptors found expressed on various
immune cells, but also on epithelial keratinocytes, therefore they have been
associated with migration'®, proliferation'®’, and differentiation of
keratinocytes’'. The screening of migratory effects demonstrated that SP and NT
enhanced migration of HaCaT cells (Figure 5SA). However, no study has been
performed to investigate the relationship between these peptides (Paper II). Co-
treatment of SP and NT led to the surprising find that SP and NT have a negative

correlation when used in combination (Figure 5B-E).
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Figure 5: Wound closure of HaCaT cells stimulated by different concentrations of neurotensin and
substance P in a wound healing model — A scratch was made in the monolayer of cells, and the cell
migration was measured on an oCelloScope platform over 24 hours. The wound closure effect of neurotensin
(NT), and substance P (SP) was tested on HaCaT cells alone or in combination ranging from 3.13-12.5
pg/mL and compared to the untreated control. A) Untreated (control), NT, and SP at 25 pg/mL. NT was
tested at 3.13-12.5 pg/mL together with B) SP at 3.13 pg/mL C), SP 6.25 pg/mL D) or 12.5 pg/mL. E) NT
alone in concentrations ranging from 3.13-12.5 pug/mL. The graph demonstrates the mean +SD of four
independent experiments performed in duplicates. *p<0.05, **p<0.01, ***p<0.001

Even though all the peptides alone increased migration, it was shown that some
peptides can influence the migratory effect of each other. The mechanism behind
this potential inhibition is unclear, and more studies are needed to explain these

results.

Migration of HUVEC cells was tested in a 2D model (Paper III and IV) and 3D
model (Paper II and IV). The 2D model was performed as for the HaCaT cells
in a standard 48-well plate. However, the HUVEC cells cannot adhere to the
surface of a plate without pre-coating with 0.1% gelatin. This led to problems
with the detection of the cells for the oCelloScope. To evaluate the migratory and
proliferative potential of the HUVEC cells, pictures taken with the oCelloScope
were manually quantified. This process was slower compared to the data
treatment with the non-coated cells but still enabled relatively high-throughput

screening. However, the free amino acid control for Nisin A resulted in a
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significant increase (Paper III), demonstrating that this model is not good for
proliferation. Additionally, contradicting results were gathered when comparing

migration of HUVEC cells in the 2D versus the 3D model for angiogenesis.

3.2. Angiogenesis

In the 3D model of angiogenesis, the cells migrated and proliferated in a matrix
gel, enabling the cells to form tubes. This enabled an evaluation of angiogenic
potential of peptides. All the peptide treatments increase angiogenesis at 25
pg/mL, and thereby increased migration and proliferation. The best angiogenic
effect was detected for NT, closely followed by SP and the positive control
VEGFe6s. Interestingly, an in vivo study of NT demonstrated that it did not affect
3D tube formation'®®, contradicting findings presented here (Figure 6). However,
the study used different concentrations (17 and 170 pg/mL) and a different set-

P 199-201

up, which could explain the differences!”®. These results for S and

insulin®*? were confirmed by previous findings in vitro, as well as in vivo.
The lowest treatment effect was with insulin, but this difference could potentially
be due to the high molecular weight (5808 g/mol) of insulin, compared to the

smaller peptides (~1500 g/mol).
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Figure 6: Migration and proliferation in angiogenesis assay, demonstrating the effect of neurotensin,
substance P, insulin, and IDR-1018 — A) Tube-formation in HUVEC cells after treatment with 25 pg/mL
neurotensin, substance P, insulin or IDR-1018. Calcein AM (1 uM) was used to stain the tube-forming cells
with detection at 385 nm. Pictures were taken using a 10x objective on a Leica fluorescent microscope. B)
Quantification of angiogenic branching points, determined by counting each branch point from each center
point. Untreated HUVECs were used as a negative control and VEGF165 (100 ng/mL) treated cells were
used as a positive control. The graph represents the mean +SD of three independent experiments performed
in duplicates. Of each duplicate, three representative images were used. *** = p<0.001.

In the scratch assay, an inhibitory effect was demonstrated for treatment with
IDR-1018. However, in the 3D model for angiogenesis, IDR-1018 significantly
enhanced tube formation with the HUVEC cells, indicating an increase of both
proliferation and migration of the cells. The importance of 3D models have
previously been demonstrated for cancer models, where the 2D model deviated
from the 3D model, as the nature of the HUVEC cells were not met in the 2D
model?®. The same is demonstrated here, where the cells in a 2D model are flat
and sheet-like in their morphology, whereas the 3D model enables natural shapes
and structures®®. Furthermore, the 3D model alters the cell motility as they are
surrounded, giving rise to more complex cell-cell interactions®”> and dynamic
migration*®. Together, this potentially makes the 3D models a better indicator of

how the effect will be in vivo.
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The angiogenic potential of IDR-1018, as well as LFcinB, was also investigated
in vivo in a murine wound healing model (Figure 7). The wounds were treated
with either a low or high concentration of 12.5 or 25 pg/wound, based on a
previous study with IDR-1018 demonstrating wound healing effects at these
concentrations??’. Histology sections of the murine wounds were evaluated with
immunohistochemistry using platelet endothelial cell adhesion molecule 1
(PECAM-1) to detect dividing endothelial cells (Paper IV and V). The treatment
with LFcinB was used on both healthy (Figure 7A) and diabetic mice (Figure

7B), while IDR-1018 was only used on the diabetic mice (Figure 7C).
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Figure 7: Angiogenesis on wounded murine skin samples after LFcinB and IDR-1018 treatment —
Murine wound healing models were used to evaluate topical treatment with LFcinB and IDR-1018 in a low
and high concentration (12.5 and 25 pg/wound, or saline. A) Healthy mice treated with LFcinB, B) Diabetic
mice treated with LFcinB, and C) Diabetic mice treated with IDR-1018. Representative pictures of
immunohistochemistry analysis of PECAM-1 of wounded murine skin samples and quantification of mice
skin samples stained for PECAM-1 in FIJI software are shown. The graphs demonstrate the mean +SD of
five replicates of each the four mice in the three groups. * = p < 0.05, ** = p<0.01.

The treatments were topically applied to the wounds for 10 days and compared
to saline treatment. The treatment with IDR-1018 significantly enhanced

angiogenesis at the low concentration, while LFcinB enhanced angiogenesis at
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both concentrations. For the non-diabetic mice, treatment with LFcinB had a
negative effect at the low concentration but a neutral effect was seen for the high
concentration. For the diabetic mice a significant increase was shown with both
concentrations of LFcinB and the low concentration of IDR-1018, where the high
concentration demonstrated a tendency to increase angiogenesis. The 3D model
supported the in vivo data for IDR-1018 treatment to some degree as both models
demonstrated a positive effect.

Only few studies have investigated the angiogenic effect of IDR-1018, but a
study demonstrated that IDR-1018 enhanced the level of mRNA of VEGF 75-
fold'. It is therefore possible that IDR-1018 does not affect angiogenesis
directly by increasing migration and proliferation, but indirectly by altering
VEGEF levels. LFcinB only increased healing for diabetic mice, which might be
connected with the increased angiogenesis. However, LFcinB has previously
been demonstrated to inhibit both VEGF and fibroblast growth factor in vitro®®,
as well as inhibit angiogenesis in tumor tissue*”’. LFcinB could therefore have
an effect on processes altered in diabetic mice. Furthermore, investigation of the
effect of peptides on mRNA or protein level on key growth factor as VEGF could
give a better insight in the demonstrated effects. Further research is needed to

explain this find.

3.3. Cytokine and chemokine levels with qPCR and ELISA

Cytokines in the skin barrier are important for repair’!®. The cytokines work
through the specific receptors which mediate their biological effect. In this thesis,
the expression levels of the cytokines TNFa, IL-6, and IL-8, and the chemokine
MCP-1 were investigated in HaCaT cells and PBMCs. However, expression
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levels of IL-10 were also investigated, but were not detectable with qPCR,
probably because IL-10 is normally expressed in very low levels.

On mRNA level, all of the peptides treatment decreased the level of TNFa
(Figure 8C, Paper III, IV, and V). For IL-6, the mRNA levels were either
decreased (Paper III), unchanged or increased (Figure 8A), or undetected
(Paper V). Different levels of IL-8 mRNA were demonstrated and were either
decreased (Paper III or V) or unchanged (Figure 8B) after the peptide treatment.
The secretion levels of the chemokine MCP-1 were investigated from both

HaCaT cells and PBMC:s.
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Figure 8: Relative mRNA expression levels quantified from HaCaT cells after 24 hours of treatment and
secretion levels of MCP-1 from PBMCs — HaCaT cells and PBMCs were treated with neurotensin, substance
P, and insulin (25 pg/mL). A) The mRNA level of IL-6 was significantly increased when treated with
substance P, but when treated with neurotensin and insulin it was slightly decreased. B) The mRNA levels
of IL-8 were significantly decreased when treated with neurotensin and insulin, but substance P treatment
demonstrated a tendency of increasing the level of IL-8 compared to the control. C) All the treatments
significantly decreased the mRNA levels of TNFa. D) PBMCs were treated, and the supernatants were
investigated for MCP-1 with ELISA. Treatment with neurotensin and insulin significantly enhanced the level
of MCP-1, while substance P treatment showed no difference from the control. The graph represents the
mean +SD of experiments from three different healthy donors * = p<0.05,** = p<0.01,*** = p<0.001

For the HaCaT cells, stimulation with the majority of the peptides alone did not
alter the levels significantly (Figure 8D, Paper III, IV, and V), while NT and
insulin enhanced the levels significantly. Surprisingly, a significant difference

was demonstrated between NT and SP. The main difference of NT and SP is the
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charge, where NT is neutral and SP has a net charge of +2. However, insulin has
a charge of +5, further underlining the dissimilar mode of action between the two
neuropeptides (Figure 5). In chronic wounds, SP could be the better choice as

MCP-1 attracts immune cells>'!.

The mentioned pro-inflammatory cytokines are primarily secreted from immune
cells as a response to PAMPs. Of the PAMPs, LPS is one of the most studied of
the Gram-negative bacteria®'?>. LPS is recognized by TLR4 found on various
cells, such as keratinocytes’'> and on PBMCs?'¥, which leads to gene
transcription of TNFa, IL-6, and 1L-82!5-2!7

TNFa is critical in early wound repair, as it is a key molecule to signal invasion

of pathogens and to start the healing process?'8

. However, prolonged increased
expression can result in apoptotic effects, stalling wound healing?'?. IL-6 and IL-
8 on the other hand have both pro- and anti-inflammatory properties®?. IL-6 is
important for wound healing, demonstrated in a IL-6"" knockout mice model,
where the lack of IL-6 was connected with decreased vessel formation due to
decreased levels of VEGF?*! 222, IL-8 has likewise been shown to have
angiogenic properties, but also chemotactic properties?>’. After migration of
neutrophils through the endothelium, IL-8 exerts a strong chemotactic response,

that accelerates neutrophils migration toward the wound area?**

. However, no
clear connection between the various effect of the peptide treatments and
angiogenic effect was seen. Potentially, the decrease of some of the pro-
inflammatory cytokine could theoretically affect the transition of Ml
macrophages to M2. The macrophage cell line J7741 A was used to investigate
migration potential of the peptides, but the experiments were unsuccessful (data

not show). It would have been interesting to investigate if stimulation of the
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macrophage cell line with peptides alone, or in combination with LPS, could alter

polarization of the M1 and M2.

The secretion levels of MCP-1 and TNFa from HaCaT and PBMC cells were
investigated. MCP-1 was also increased as a result of PAMP recognition??> 22
and combination studies were likewise performed (Paper III-V). LPS alone
stimulated a significant enhancement of MCP-1 for HaCaT cells (Figure 9A),
but for TNFa, the secretion levels were undetectable for all treatments (data not
shown). On PBMCs, LPS significantly enhanced the level of MCP-1 (Figure 9B)
and TNFa (Figure 9C). When using co-treatment of LPS to stimulate an
infection on HaCaT cells, Nisin A was the only treatment that decreased the
levels of LPS-induced MCP-1. This might be due to the ability of Nisin A to bind
lipid A of LPS. For the MCP-1 levels secreted from PBMCs, the peptides did not
alter the levels (Figure 9B). For TNFa secretion levels from PBMCs, all the
tested peptides diminished the LPS-induced levels of TNFa to levels no different
from the untreated control, except for the highest concentration of LPS (100
ng/mL) for LFcinB and the analogue A11 (Figure 9C). Interestingly, IDR-1018
diminished the effect of LPS for all concentrations, while the analogue A11, with
lower charge but three amino acids shorter (VRL in the N-terminal end, see table
4 for full sequence), had less effect with the higher concentration. However, A11

still decreased the level of TNFa for all the tested concentrations.
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Figure 9: LPS-induced levels of TNFa and MCP-1 after treatment with LFcinB, IDR-1018, A11, or Nisin A
from HaCaT and PBMC cells — The cells were treated with LPS (Pseudomonas aeruginosa) alone (10, 50, or
100 ng/mL) or in combination with LFcinB, IDR-1018, or Nisin A (25 pg/mL). A) HaCaT cells had significantly
increased levels of MCP-1 when stimulated with LPS. When co-stimulated with peptide, only Nisin A
inhibited the LPS-induced levels of MCP-1. Stimulation with peptide alone demonstrated a slight increase.
B) PBMCs had significantly increased levels of MCP-1 when stimulated with LPS, and co-stimulation did not
alter the MCP-1 levels. On the other hand, co-stimulation increased the levels, compared to PBMCs
stimulated with LPS alone. C) PBMCs had significantly increased levels of TNFa when stimulated with LPS
in a dose-dependent manner. Co-stimulation with peptides demonstrated that LFcinB inhibited the LPS-
induced levels of TNFa in a dose-dependent manner, but not for the highest concentration of LPS. IDR-
1018 and Nisin A inhibited LPS for all concentrations, whereas the IDR-1018 analogue A11 did not inhibit
LPS at 50 ng/mL. The graph represents the mean +SD of experiments from three different healthy donors
* 2p<0.05, ** = p<0.01,*** = p<0.001

The effect demonstrated on the TNFa levels were not due to binding of the LPS,
as previous studies have demonstrated that IDR-1018 does not block LPS by
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binding to it directly'®’

, as might be the case for Nisin, as it is known to bind lipid
A??7. LFcinB on the other hand has been speculated to have an different binding
site than lipid A*?%, as a consequence of its different structure changing from a-
helix to a B-sheet?”. The effects shown here might be due to immunomodulation
of the PBMCs. For treatment of chronic wounds, Nisin A seems the best

candidate, as it neutralized pro-inflammatory cytokines, LPS-induced MCP-1

and TNFa levels.

To investigate the wound healing effects of treatments, many models have been

230 and less

used. The most reported are mouse, rat, pig, and dog models
traditionally the Drosophila and zebrafish models'®*. Here, pigs and mice were

used to evaluate wound healing properties in more complex models.

3.4. Porcine wound healing model

The porcine skin model has been considered the best model for human skin,
because of its similarities®*!, having similar anatomy, skin composition®*?,

233236 and immune cell responses®’’, such as

absorption of drugs over the skin
mast cells, dendritic cells, and neurotrophils?*® 2%, Additionally, the skin of the
pigs closely resembles the human skin, since it has tightly connected skin layers,
whereas rodents have loosely connected skin. Pigs have similar HDPs, such as
LF and LFcin, but they also have peptides not found in humans?% ?*!| A review
of 25 studies revealed a consensus between pigs and humans for 78% of in vivo
studies, while only 53% was consistent between murine and humans®**. The

porcine model is therefore an important model but is less attractive because of its

high cost, need of space, and long gestation period®*.
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Finding an ideal model to investigate chronic wounds is still an ongoing quest>**,
In this study, the migration and proliferation were tested in porcine skin in an ex
vivo model, using Nisin A (Paper III), IDR-1018 (Paper IV), and LFcinB
(Paper V). Migration and proliferation were quantified from histological
sections collected at day 0, 1, 3, and 5 post-wounding by staining with ki67
(Figure 10). Migration was measured over the wound bed and reported as a
percentage of re-epithelialization (Figure 10B) and proliferative cells were given
per amount of cells in the epithelium layer (Figure 10C). All the treatments lead
to a steady increase of re-epithelialization, but only LFcinB treatment enhanced
migration and proliferation significantly from day 1 to day 3. No significant
proliferative or migratory effects were seen for IDR-1018 or Nisin A treatments.
However, all the treatments had a tendency of improving the re-epithelialization
compared to the control. Interestingly, the ex vivo model demonstrated different
results compared to the in vitro data. For migration, Nisin A significantly
enhanced migration in vitro (Paper III), but this was not seen ex vivo.

The enhancement demonstrated by LFcinB, and not the others, could potentially
be because of its higher charge. However, the different effects of the peptides
might be explained by their different modes of action. IDR-1018 has been proven
to have antimicrobial activity against various Gram-positive and Gram-negative
strains, both in planktonic and biofilm state!!!: 12% 146:245 "byt mostly it is studied
for its immunomodulatory effects!%> 167-246_ Previously, the wound healing effect
of IDR-1018 was documented on pigs, where healing of full-thickness wounds
were observed after 10 days®’’. In the ex vivo model, the tested skin had no blood

or oxygen supply as is the case for some DFUs?*’.
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Figure 10: Treatment with LFcinB, IDR-1018 or Nisin A on an ex vivo porcine wound healing model - Ears
from freshly slaughtered pigs were treated with the peptides LFcinB, IDR-1018 or Nisin A. Free amino acids
or media were used as controls. The skin samples were treated for five continuous days and samples were
collected at day 0, 1, 3, and 5 for histological analysis. A) Representative pictures after ki67 staining. The
zoom shows a clear separation of the epithelium and dermis layers, where the ki67 positive cells are
located in the epithelial layer B) Quantification of epithelial closure calculated as percentage of closure
compared to the size of the wound bed. C) Quantification of ki67 positive cells in the epithelial layer of the
wound bed. The graphs demonstrate the mean +SD of two independent experiments performed with 8
replicates of each treatment for each collection day. * = p<0.05, *** = p<0.001
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Consequently, the chemotaxis property of IDR-1018 will diminish, as immune
cells, such as neutrophils have a half-life of 6-8 hours?*®. Nisin A only has

249,250 "and it is therefore

antimicrobial activity against Gram-positive bacteria
possible that Gram-negative bacteria can have had a negative effect on the re-
epithelialization. Finally, LFcinB is active against both Gram-positive and Gram-
negative bacteria®>"> 232, LFcinB binds bacterial membranes, making holes in the
membranes, but does not disintegrating them, which has led to the hypothesis
that LFcinB has an intracellular target, beside its ability to target the bacterial
membranes®® 2%, The different modes of action are therefore important to

include in the analysis of the data, as aspects can be neglected in some models.

This porcine model has not been described previously in the literature and several
optimization steps were tested in regard to wounding method and washing of the
skin (not shown). The ex vivo model had previously been used for antimicrobial
testing?>, and different washing methods were investigated>®. From the study, a
milder washing with 70% ethanol was chosen to ensure epithelial survival.
However, a harder method should still be tested. The ex vivo model presented
here still needs optimization, as big variations were observed and the skin were
prone to undesired infections. Here, the media of the skin samples were changed
daily, but still infections were a recurring problem. Infection was especially a
problem for control treatments of media and amino acid treatments (data not
shown). Thereby, the antimicrobial effects of the peptide treatments were
indirectly shown. The differences in mode of action could be confirmed by
evaluating the pathogens seen in the infection, as the differences could be due to
lack of anti-pathogen activity against specific microorganisms found on the

porcine skin.
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The ex vivo model seems a good model for lead peptides, because it is mimics
chronic wounds and it is ideal for further investigation of bacterial effects at a
later point. A combination study of peptides could be interesting, as synergy

between treatments is often reported®>2.

3.5. Galleria mellonella bacterial clearance model

The Galleria mellonella (G. mellonella) i1s a great wax moth that, unlike
mammals, only has an innate immune system. However, this system consists of
cellular and humoral responses, similar to that of mammals®’. The G. mellonella
model was used both to investigate the bacterial clearance potential of Nisin A in
vivo, but also to demonstrate potential immunomodulatory effects (Paper III).
Two bacterial strains were used, the Gram-positive S. epidermidis and the Gram-
negative E. coli. As Nisin A only has antimicrobial activity against Gram-positive

bacteria*®- 20

, it was hypothesized that if treatment could alter survival of the E.
coli treated larvae, it would be due to immunomodulation. However, the
treatment only increased survival of the larva injected with the Gram-positive
strain (data not shown). Thereby, Nisin A did not enhance immunomodulation in
G. mellonella, but it significantly enhanced survival against S. epidermidis
compared to the control.

The potential of G. mellonella larvae as a model to study immunomodulation has
not been explored. This model is a very simple and easily managed in vivo model
for studying planktonic infection, but also has a great potential to study pre-

formed biofilm in future studies. The simplicity of the model makes it good for

screening bacterial clearance in vivo.
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3.6. In vivo murine wound healing model

Rodents are most often used as a model for wound healing, because they are
cheap, have a short gestation period, and are easily maintained and genetically
manipulated®*®. In this study, a healthy and a diabetic mice model were used to
investigate IDR-1018 and LFcinB (Paper V and VI). Wounds were made
manually, and the wound healing kinetics of the treatments were followed for 10
days, where bacterial swabs were collected at day 0, 5 and 10 (Figure 11). The
healthy mouse model was treated with LFcinB (Figure 11A), while the diabetic
model was pre-treated with streptozotocin to ablate the B-cells in the pancreas,
and then treated with either LFcinB (Figure 11B) or IDR-1018 (Figure 11C).
Treatments with both LFcinB and IDR-1018 enhanced wound healing in the
diabetic mouse model, but not in the non-diabetic treated with LFcinB. The
enhancements were mostly seen for the later days, where the effect of LFcinB
was seen at day 5, and 7-9, while IDR-1018 was not affected until day 9 and 10.
Additionally, bacteria with different morphology were identified to species level
from the wounds and given as percentage of distribution. The wounds of the
healthy mice demonstrated a low bacterial distribution, whereas the diabetic mice
had a greater diversity. Once the wounds were treated, the diversity in the wounds
decreased. This was especially seen for the IDR-1018 treatment, where treatment
with 25 pg/wound diminished growth of all but Staphylococcus aureus (S.
aureus) and Staphylococcus xylosus (S. xylosus). However, the three experiments
were performed at different times, but in the same laboratory facilities.
Additionally, the wounding on the diabetic mice were different (side-by-side for
LFcinB and top-and-bottom for IDR-1018), making the comparison between the
treatments difficult. The alteration was made, as the top wound for IDR-1018

closed fast, compared to the bottom wound.
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Figure 11: Peptide treatment enhances wound healing for diabetic mice and alters the microbiomes in
the wounds — After wounding, mice were separated into three treatment groups: Low or high
concentration of bovine lactoferricin, IDR-1018 (12.5 or 25 ug/wound), or saline. The mice were treated
for 10 consecutive days, with two treatments the first two days and hence once per day. A) Healthy mice
treated with LFcinB demonstrated no significant effect in wound closure after the treatments. Bacteria
identified in the wound decreased over the treatment periods, but the effect was not due to the treatment
B) Diabetic mice treated with LFcinB demonstrated a significant increase in wound healing at day 5 and 7-
9, when treated with high the concentration of LFcinB, compared to saline treatment. The bacterial
diversity in the wounds decreased slightly with treatment. C) Diabetic mice treated with IDR-1018
demonstrated enhanced healing at day 9 and 10, compared to saline treatment. Furthermore, the bacterial
diversity of the wound decreased over the treatment and a significant decrease was seen at day 5 and 10.

The graph represent mean +SD of an experiment performed with four mice with two wounds per mice for
each treatment. * = p<0.05.

Nevertheless, all the treatments decreased bacterial strains and enhanced wound
healing. Assessing the bacterial load in the wounds would have been of great
interest, as the treatment could have affected the diversity without altering the
total load in the wounds. As with the porcine wound model, LFcinB showed to
be the best treatment by increasing wound healing over most days in the diabetic
model, compared to IDR-1018. However, IDR-1018 has previously been shown

to significantly enhance healing in healthy mice in lower concentration than used
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here?"’

. Murine wounds treated with saline had higher bacterial diversity, and did
not affect wound healing kinetics. Regardless, the saline treatment had the same
overall effect on day 10, where 10% of the wounds still remained open as also
seen for the peptide treated wounds. However, the skin of the rodents and the
primary wound healing method differs that this of humans. The rodents have skin
loosely attached to the subcutis with consecutive hair that is replaced every third
week, and heal mainly by contraction of the wound®*® ?*°. Humans on the other
hand, have tight skin attachment and heal by granulation tissue formation and re-
epithelialization®®°. The formation of granulate tissue has been demonstrated to

be largely dependent on angiogenesis. Therefore, angiogenesis of the wounds

was investigated as previously shown (Figure 7).

As mentioned, one of the major problems related to chronic wounds is high levels
of pro-inflammatory cytokines. This was confirmed, using streptozotocin treated
murine models, which simulated type I diabetes, showing an enhanced level of
TNFa that was 3-fold higher for diabetic mice compared to the healthy mouse
model (Figure 12).

Surprisingly, treatments with LFcinB heightened the level of TNFa on mRNA
level at day 10 compared to saline treatment, while LFcinB significantly
decreased TNFa levels on the healthy mice. However, the high dose gave
different results for the different mice in the treatment group, resulting in a high
standard deviation, but the effect was not significant. It would have been
interesting to see how the levels were in earlier phase of healing, as the wounds
were closed on day 10, to see if the treatments altered the levels in the

inflammatory versus the migrative phase.
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Figure 12: mRNA cytokine levels in murine skin are altered in diabetic mice compared to healthy mice,
when treated with LFcinB — The mRNA levels of the pro-inflammatory cytokines TNFa were measured in
skin samples collected at day 0 and at day 10 for diabetic and healthy mice. For both diabetic and healthy
mice, the mice were separated into three treatments groups: Low and high dose of bovine lactoferricin
(12.5 and 25 pg/wound, respectively), or saline. *** = p<0.001.

Overall the murine model demonstrated differences for diabetic versus non-
diabetic mice and the treatment increased healing with peptide treatments.
However, at day 10, no matter the treatment type, the wounds were closed in an
equal manner. This indicates that either the treatments were not good enough, or
that the model is not ideal. The differences in healing and skin composition,
between mice and humans further raise questions regarding the usefulness of the
murine wound healing model. As previously mentioned, the translatability of the
murine model to human is low compared to the porcine models. The porcine
model could potentially become a better model, as the skin itself is more
comparable to human skin. The murine model is good for initial studies, as it is
easier and cheaper than live porcine models, but conclusions should not be made

using murine studies alone.
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3.7. Optimization of peptides

Optimization studies are most often performed to either increase activity and/or
to shorten large peptides, to make it more cost-efficient to synthesize peptides.
Here, the IDR-1018 was chosen, since it affected migration. Furthermore,
investigation of the structure-activity relationship was performed on libraries of
analogues by investigating MIC, toxicity, viability, and migration compared to
the parent peptides. For the IDR-1018 library, one amino acid from the C- or N-
terminal was removed one at a time to shorten the length down to a 4-mer (Paper

IV). The analogues were used for evaluating charge and length (Table 4).

The IDR-1018 library consisted of 16 analogues (A1-A16), where the parent
peptide IDR-1018 has a net charge of +5, MIC of 16 pug/mL against S.
epidermidis, no toxic effects, and inhibits migration. Characteristic for the
terminal ends of IDR-1018 is a cluster of the positively charged amino acid
arginine.

Shortening IDR-1018 from the C-terminal demonstrated no alteration in
antimicrobial activity whether the charge was +5 or +4 (Al). However, when
amino acids were removed from the N-terminal, the analogue A9 had a 4-fold
increase in antimicrobial activity, compared to IDR-1018, even though it had the
same net charge (bold in Table 4). When the length was further shortened from
the C-terminal end, the antimicrobial activity decreased, correlating with loss of
charge. When the length was shortened with four amino acids or more (A4-AS8),

the antimicrobial activity was lost at the tested concentrations.

Table 4: Amino acid sequence, MIC, hemolysis, viability, and migratory effects of analogues of IDR-1018
— All data represent treatments of 100 ug/mL. MIC was against Staphylococcus epidermidis, and hemolysis
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was tested on red blood cells (RBC) isolated from healthy donors. Viability was tested on HaCaT and HUVEC
cells, as well as migratory effect on HaCaT cells.

Name Sequence Charge MIC Hemolysis Viability Migration

pH 7 pg/m RBC % HaCaT fold from
L HUVEC control

Al  VRLIVAVRIWR +4 16 1.8 £ 0.6 98 + 6 0.7 £ 0.2
134 £ 12

A3 VRLIVAVRI +3 32 1.8 £ 0.6 112 £ 1 1.1 £ 0.3
103 + 15

A5 VRLIVAV +2 >64 1.9 £ 0.7 98 + 3 1.2 £ 0.3
216 + 8

A7 VRLIV +2 >64 3.7 £ 5.6 146 £ 6 1.3 £ 0.4
187 + 33

A9 RLIVAVRIWRR +5 4 1.8 £ 1.0 126 £ 3 0.5 £ 0.3
124 + 11

All IVAVRIWRR +4 >64 1.7 £ 0.9 119 £ 8 1.6 £ 0.3
189 £ 41

Al3 AVRIWRR +4 >64 1.8 £ 0.8 129 £ 23 1.1 £ 0.4
177 £ 40

Al5 RIWRR +4 >64 1.8 £ 0.8 120 = 3 1.4 £ 0.4
159 £ 23

The antimicrobial activity was greatly reduced once three amino acids were
removed from the N-terminal, despite having a net charge of +4. This might
indicate that the amino acids at the N-terminal are important for stabilizing or
folding the peptide, and that an optimal length for IDR-1018 is nine amino acids.

However, more research is needed to support this data.
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The analogues were also tested for their migratory properties, normalized to the
untreated control, and compared to IDR-1018. Many of the analogues had an
increased migratory effect of the HaCaT cells, but only A2 and All had a
significant effect (bold in Table 4). Both analogues have a net charge of +4 and
were 11-mer and 9-mer, respectively. Here however, charge should not affect
their ability to influence the biological effect, as the lipids in eukaryotic cells have
no charge!?¢. Finally, the analogues were investigated for cytotoxic effects. IDR-
1018 had no cytotoxic effect against RBC, HaCaT, or HUVEC cells.
Unsurprisingly, the shortened analogues had no toxic effects either. It would have
been interesting to test the effects of the analogues on cytokine levels, as done
for IDR-1018 to compare the immunomodulatory activities. Furthermore, a
combination study using A9 and A1l would be of high interest, as they have

enhanced antimicrobial activity and migratory effect, respectively.

3.8. Problems with peptides as therapeutic agents

Several aspects need to be addressed before peptides can be used in the clinic,
such as proteolytic degradation issues, high cost of synthesis, and resistance?®!.
Stability of the peptides is a problem, as they are prone to proteolytic degradation
and thereby have a short half-life. Regulation of naturally secreted peptides is
maintained by proteases, such as peptidases, which are found in the membranes
of keratinocytes and fibroblasts among others?®?. Treatment of wounds with
peptides therefore requires an optimal dose to reach therapeutic effect before the
peptides are degraded. The proteolytic issue of peptides has been addressed by
altering amino acids in the peptides from L-amino acids to D-amino acids, or by

altering the backbone of the peptide, termed peptoids®®*. The peptoids were
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demonstrated to have antimicrobial activity comparable to the mimicked
peptides?**. However, degradation and toxicity in regard to systemic application
still needs to be clarified for peptoids. High cost of synthesizing peptides has also
been highlighted as an issue of implementing them as therapeutic agents. Hence,
optimization studies to decrease the length have been given an increased focus as
demonstrate in this study, with a minimum of nine amino acids for the tested
IDR-1018 analogues compared to the full parent peptide. HDPs have been
reported as good antimicrobial agents with activity against various resistant
strains in low concentration in vitro. However, the activity of the peptides
decreases in vivo*®. This has been shown to be a result of the altered structure of
the peptides in different solvents, which are hypothesized to alter their effects!!!.
Troublingly, salt and serum alter the secondary structure of the peptides, and their
activity?®®. Hence, physiological environments could explain the differences
demonstrated in vitro and in vivo. As mentioned, resistance has been shown in
vitro when a peptide was cultured at sub-MIC levels. Use of the peptide alone
could potentially lead to development of resistance. Therefore, using a cocktail
of peptides could be beneficial, as to decrease the possibility of resistance as well

as to increase the biological effect.

The use of peptides as therapeutics for treatment of difficult wounds seems ideal,
as they can inhibit pathogens, improve the immune response, and may have
desired effect in non-healing wounds, such as increased angiogenesis and
migration, and decrease bacterial diversity and pro-inflammatory cytokines.
Peptides as therapeutic agents have come a long way over the last decade with
several peptides entering clinical phase trials and some getting approved for the

marked?®’.
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Concluding remarks

The tested peptides demonstrated to have various cellular effects, desired for
topical treatment of difficult non-healing wounds, such as DFUs.

Several methods were used to evaluate these effects: migration, proliferation,
angiogenesis, cytokine levels, MIC, viability, and toxicity, and despite of the
differences of the peptides, all of them increased migration and angiogenesis, but
not proliferation. Furthermore, TNFa mRNA levels as well as secretion levels of
LPS-induced TNFa were diminished when treated with peptides. Few of the
peptides increased the secretion levels of the chemokine MCP-1, but none
affected the LPS-induced levels. In the more complex models, several of the in
vitro data were confirmed, as shown for angiogenesis in both the 3D model and
in vivo. Most interestingly, LFcinB increased both migration and proliferation in
the porcine ex vivo model, whereas treatment with IDR-1018 and Nisin A did
not, despite all having similar mode of action. However, IDR-1018 enhanced
healing in the murine model, potentially by indirectly increasing angiogenesis
and decreasing the number of bacterial strains, an effect that would be
insignificant in the porcine model. These opposing results underline the
importance of using accurate models and of including the different modes of
action when choosing treatments, and not relying on in vitro data alone.
Together, these data demonstrate that using peptides as treatment has good
potential, but several aspects such as stability and resistance need to be addressed.
Therefore, combination treatment should be further investigated, for treating

DFUs.
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Chapter 4: Papers

Paper I: Optimized scratch assay for in vitro testing of cell

migration with an automated optical camera
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Paper II: Neurotensin, substance P, and insulin enhance cell
migration
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Paper III: The effect of Nisin A on wound healing in vivo, in vitro,

and ex vivo



Paper IV: Synthetic peptide IDR-1018 anti-inflammatory and
microbiome modulatory properties positively impact wound

healing



Paper V: Bovine Lactoferricin alters cellular movement, cytokine
profile, microbiome leading to increased wound healing ex vivo

and in vivo



Appendix: Preliminary results

Anti-biofilm and wound healing properties of single amino acids

substitutions in LL-37 derived peptide fragments
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