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Abstract

Inappropriate wound healing represents a considerable medical challenge associated with
high mortality. However, improving on current wound healing therapies has proven difficult due
to the complex and dynamic wound environment. The complexity of the wound healing process
also puts high demands on the animal models used in wound research, since ideally such
models should encompass the full complexity of the wound healing process, and at the same
time be accessible for advanced biomedical analysis methods. In this thesis, the aim was to
further develop the use of zebrafish embryos in wound healing research. Key advantages of
zebrafish embryo models are the ability to visualize complex biological processes in high detail
in intact tissues, as well as highly tractable genetics. The first part of the work describes the
development of a zebrafish embryo model for investigating the immunomodulatory properties
of hydrogels derived from decellularized extracellular matrix (ECM). The results demonstrate
that the hydrogels can be properly injected into the embryos and that the host-materials
interactions can be explored in detail inside live zebrafish embryos during wound healing. This
constitutes a new in vivo model for investigating immunomodulatory materials in a realistic
wound healing context. The second part of the work describes the development of a confocal
Raman spectrometry imaging (cRSI) method for biomolecular characterization and the study
of biological processes in zebrafish. This represents a new imaging modality that enables
simultaneous inspection of a multitude of biomolecules in a label-free manner. The use of cRSI
was demonstrated for biomolecular discrimination of mycobacteria in a zebrafish infection
model, and for live in vivo imaging of zebrafish during the early wound response. Taken
together, the work in this thesis has provided a new methodologies and insight for the use in

zebrafish embryo models in wound healing research.
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Introduction and preface

Failed wound healing (e.g. excessive scar formation/fibrosis, chronic wounds) constitutes a
considerable challenge on modern healthcare, associated with significant morbidity and
mortality. Due to a growing number of patients with underlying chronic diseases (e.g. diabetes,
obesity) and an aging population, also the occurrence of chronic, non-healing wounds is rising.
Chronic wounds are now estimated to affect more than 6.5 million people worldwide’
moreover, chronic wound mortalities are now on a level with cancer?. Despite the burden of
non-healing wounds put on patients and the healthcare system, very few new therapeutics
have reached the clinics in the last decades®, meaning treatment options are still falling short
of the task. There are several important reasons why the development of new wound healing
therapies to be slow. Firstly, introducing a new medical product depends on large time and
monetary investment* regardless of the disease or condition they are intended for. For wound
treatments, this is further exacerbated by the fact that wound healing is an intricate and

dynamic process that is unlikely to respond to single factor treatments such as a single drug.

Secondly, because wound healing entails the restoration of complex tissues involving multiple
cell types and cellular processes, wound healing research is dependent on the use of living
animal models to realistically represent a wound scenario. Zebrafish embryos represent an
attractive alternative because they offer the opportunity for tracking wound responses in a live
vertebrate species. Moreover, zebrafish is a well-characterized and genetically tractable model
that enables close examination of mechanistic details and improved throughput compared to
mammalian models®®. These advantages have made zebrafish a popular model organism in
biomedical sciences and in particular the link between immunity and wound healing has been

well explored’.

This thesis aimed to exploit and improve the utility of the zebrafish embryo model for
applications in biomaterials and wound healing studies. This work involved two distinct sub-

projects that have been split into two separate results chapters.
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The first result chapter makes use of the ability to track innate immune cells and wound
progression in zebrafish embryos to explore the host-material interactions between injectable
hydrogels derived from pig extracellular matrix (ECM) and the zebrafish host. ECM hydrogel
is a versatile biomaterial that has demonstrated promise for wound healing applications, and
that can combine engineered and inherent functionalities with minimally invasive wound
introduction. The mechanisms and host interactions exerted by ECM hydrogels are still poorly
understood but are thought to involve modulation of host macrophages. By introducing a
microinjection protocol for ECM hydrogels in zebrafish embryos, the interactions between the
gels and the host innate immune cells can be studied in real-time, enabling a close examination

of the effect of the material.

The second result chapter introduces the use of confocal Raman spectroscopic imaging (cRSI)
for use in zebrafish embryos. Zebrafish embryos are optically transparent, making them a key
tool for the visualization of biological processes using light-based imaging techniques. cRSl is
an imaging technique that enables label-free simultaneous visualization of multiple
biomolecules and can reveal important information on for instance variations in cells or tissue
metabolism during wound healing. In this chapter approaches for both three-dimensional (3D)
and live cRSI are outlined, and cRSI is then applied for analyses of intact, infected, and

wounded zebrafish tissues.

Although these two sub-projects in the thesis are linked in their aim to apply zebrafish embryos
for wound healing research, they are approaching the problem from two quite different angles.
For this reason, each chapter comes with its own introduction and discussion, highlighting the

key developments and literature relevant to each of the sub-projects.
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Chapter 1: Literature review

1.1 The wound healing process — an overview

Wound healing is a comprehensive physiological reaction to tissue damage, which starts
directly upon injury and is crucial for the survival of multicellular organisms. Injury puts the
organism in an immediate state of emergency and the early phase of the wound healing
process has a protective function aimed at restoring enough tissue integrity for the survival of
the affected individual®®°. These protective functions includes minimizing the loss of body
fluids such as blood and preventing the entry of pathogens through any broken barriers such
as the skin. If these immediate threats can be cleared, the wound healing process will proceed
and try to restore the tissues’ function through the replacement of lost or damaged tissue.
Although wound healing is an evolutionarily conserved process, found across all animal phyla,
the outcomes of this process vary greatly from species to species and even from tissue to
tissue within the same species’®"2. Thus, while some groups of animals such as the axolotls
can regenerate entire limbs upon amputation, in humans, the most damaged tissue will not
regain pre-injury functionality and will, depending on the severity of the injury, affect the

individuals for the rest of their lives®.

Wound healing can be seen as a sequence of four overlapping processes and follows the
same pattern in almost all tissues and independent of the type of injury®'®. The first of these
stages is hemostasis, which follows within minutes after injury. The main aim of hemostasis is
to prevent blood and fluid loss and provide a provisional scaffold for infiltrating immune cells.
Initially, blood thrombocytes will plug the wound before a fibrin clot is formed to cover the
damaged area and form a temporary protein matrix'+'%. Additionally, blood flow through the
wound site will be limited through vasoconstriction''®. Hemostasis is also important in initiating
the second stage of the wound healing cascade; the inflammatory response. Degranulating
thrombocytes, activated complement proteins and, if present, foreign pathogens all drive
recruitment of leukocytes from the host innate immune system to the wound site. Neutrophils

are the first leukocytes to arrive at the wound site and are important in clearing the wound of
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any potential intruding pathogens. The other important leukocyte in wound healing is the
macrophage. While most tissues contain some resident macrophages that will be recruited
upon injury, the wound inflammation will also attract an influx of blood circulating monocytes

that will mature into macrophages after arriving at the wound site'”'8.

Both neutrophils and macrophages display a collection of pattern recognition receptors (PRR)
that can recognize and bind generic molecular patterns associated with threats to the
organism'®. Signaling through the PRR pathways are important in activating the leukocytes
and mediate the inflammatory response. In addition to binding exogenous molecular patterns
associated with pathogens (i.e. pathogen-associated molecular patterns (PAMPs)), PRRs also
recognize and respond to the endogenous danger-associated molecular patterns
(DAMPs)?°2' Several intracellular and extracellular biomolecules such as ATP, nucleic acids,
histones, and fragments from the extracellular matrix (ECM) can act as DAMPs, thus, even a
pathogen-free wound environment will elicit a prompt immune reaction??. The main role of the
inflammatory response is to sterilize the wound and remove any pathogens that have entered

the body through the wound site.

Until midway through the last century, when antibiotics became commonplace in the clinics,
the main cause of death after injury was bacterial infections?*-2%, Therefore, for most of human
existence, survival was dependent on rapid wound sterilization and wound closure rather than
precise repair of the tissue?®. However, if the wound site can be cleaned the inflammation will
gradually subside and make way for the first part of the repair process, the proliferation
phase®?’. The transition from inflammation to proliferation is gradual and partly mediated by
the macrophages (this will be discussed in more detail in sub-chapter 3.4). During the
proliferation phase, the provisional fibrin matrix will be replaced by granulation tissue, which is
a vascularized matrix composed of collagen and fibronectin®2¢2. The wound site will attract
fibroblasts that help in shaping the granulation tissue through the deposition of matrix
proteins?®. Moreover, fibroblasts and macrophages will release vascular endothelial growth

factor A (VEGFA) and fibroblast growth factor 2 (FGF2) to stimulate angiogenesis and
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vascularisation of the wound site®*3'. The early proliferation phase will also initiate the skin
repair process by reforming the epithelial cell layer. This re-epithelization begins with the re-
programming and migration of epidermal keratinocytes®?33, Under the influence of various
wound associated molecules (e.g. cytokines, growth factors, matrix metalloproteases (MMPs),
integrins), keratinocytes will start migrating across the wound to form an initial epithelial barrier
covering the granulation tissue®**. Re-epithelization is vital for successful wound healing, and
chronic wound conditions such as diabetic ulcers are characterized by their failed wound

epithelialization®?33,

Depending on the tissue-type the proliferation phase may also lead to stimulation of local
progenitor cells populations to expand and contribute to the tissue repair (e.g. epidermal stem
cells found in skin follicular niches)®. Later in the proliferation phase, some of the recruited
fibroblasts will differentiate into myofibroblasts, which are important in shaping and processing
the wound ECM matrix®¢3”. The myofibroblasts will start to contract the wound area by pulling
the wound edges closer together®. Moreover, the myofibroblast will, together with the
fibroblasts, produce more protein and in particular, collagen, which eventually will become the

scar tissue, and for this reason myofibroblasts have often been associated with fibrosis®*".

The proliferation phase will slowly progress into the wound remodeling phase. During this
transition, the number of cells in the wound site will drop and many of the macrophages and
fibroblasts will become apoptotic or migrate away from the wound3442, After a completed
proliferation phase, the tissue that was lost due to wounding has been replaced either through
the proliferation of local stem cells or in most cases by a disorganized mass of protein matrix
constituting an immature scar*®. The remodeling phase can typically last for years after the
wound introduction and acts to gradually process the wound protein matrix to make a more
robust scar**-*%, Both macrophages and fibroblasts participate in the remodeling phase, which
controls this process through the expression of MMPs and their inhibitors “tissue inhibitor of
matrix metalloproteases” (TIMP)*#47. During the remodeling, the matrix composition will

gradually change, and collagen Il will be replaced by collagen | to form a firmer tissue scar*4.
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The timing and composition of the remodeling phase are also deemed important for the wound
healing outcome. Investigations using axolotl regeneration models have identified a low
collagen I/collagen Il ratio and a high MMP/TIMP ratio to be favorable for regenerating the
wound site. Moreover, additional matrix proteins such as hyaluronan, fibronectin, and
tenascins may also be important in shaping the final wound matrix*¢-%°, It is well established
that ECM itself contributes to the wound response both through mechanotransduction and

chemical signaling to wound-associated macrophages and fibroblasts®'.

Thus, the wound healing process is a complex cascade of events, requiring tight control and
interplay between several cellular processes and tissue components. While all the key steps
in the wound healing cascade are shared across the animal phyla, important variations exist,
leading to widely differing outcomes. A further understanding of how the differences in the
wound healing cascade may lead to different wound healing outcomes is therefore paramount
in improving wound healing therapies. Specifically, it is important to understand how the initial
acute inflammation is linked to the following repair process to identify therapies that can
sufficiently balance the need for an initial wound response without provoking excess fibrosis
or chronic wound reactions. A summary of the wound healing cascade can be found in (Figure

1.1)
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Figure 1.1: The Wound Healing Cascade. The figure illustrates the main events during the wound
healing cascade.
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1.2 Wound repair - types of wound healing outcomes

While the wound healing cascade is highly conserved across the animal phyla it also leads to
drastically different outcomes. Broadly, the result of a wound healing process can be
categorized into four different outcomes (Table 1.1): Chronic wounds, scar formation/fibrotic

tissue, constructive repair, and regeneration.

Chronic wounds The wound remains unhealed and remains in a chronic state of damaged tissue, often
with excessive inflammation

Fibrosis Scars form at the injury site without replacement of damaged tissue. Tissue function
may be impaired.

Constructive repair Repair of tissue with minimal scar formation but without replacement of damaged
tissue. Some restoration of function can be achieved.

Regeneration The damaged tissue is replaced by de novo healthy tissue. When this occurs, the
function and form of the tissue are regenerated and restored to its pre-damage state.

Table1.1: Wound Healing outcomes

Although chronic wounds constitute a wide range of conditions, they are usually characterized
by wound responses that fail to enter the reparative phase of wound healing. Chronic wounds
are often associated with underlying conditions such as diabetes, or old age, and are usually
classified based on these underlying causes. Among the most common types of chronic
wounds are diabetic foot ulcers, pressure ulcers, and venous ulcers®. Because the repair
process is insufficient in chronic wounds, the wound response is often trapped in a constant
state of inflammation®3. The chronic wound environment is therefore often exposed to
excessive levels of pro-inflammatory cytokines, leukocyte infiltration, reactive oxygen species
(ROS), and high expression of ECM degrading proteases such MMPs®-%. This consistent
proinflammatory condition is damaging to the surrounding tissue and excessive levels of ROS
are known to damage host proteins and cells needed for the wound repair®. Moreover,
dysregulation and continual high expression of proteases also lead to a constant breakdown
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of ECM further hampering the wound repair®. Lastly, chronic wounds often also suffer from
senescent cell populations, which display a low capacity for proliferation and are less

responsive to pro-repair stimuli®’.

The second major problem in wound healing is the replacement of wounded tissue by
excessive scar tissue, known as fibrosis*®*'%8  Like chronic wounds, fibrosis also
encompasses a variety of different conditions ranging from the constantly growing keloid scars
to smaller and less severe scars with less impact on the patient. Moreover, fibrosis also has
several and often poorly understood causes and different fibrotic conditions may, therefore,
vary considerably. However, a common view is that fibrosis arises from a chronic inflammatory
environment that is not supportive of tissue repair®®+#'5°, Like the situation observed in chronic
wounds, the persistent inflammation preceding fibrosis also leads to a dysregulation of
deposition of connective ECM components®8', However, when fibrosis, an excess of non-
functional connective tissue is produced at the expense of the original tissue and functional
parenchymal tissue, impairing the overall function of the tissue*®*'. In the most severe cases,
fibrosis will compromise entire tissues or organs to a degree such that they become completely

dysfunctional and must be replaced for the patient to survive.

The scarring tissue consists mostly of poorly organized collagen deposited by activated wound
myofibroblasts*4®2. These myofibroblasts often develop from epithelial cells at the wound site
through the epithelial to mesenchymal transition (EMT) and from recruited fibroblasts under
the influence of transforming growth factor-beta (TGF-B) and interleukin-13 (IL-13)*#"63-6¢ This
information has led to several anti-fibrotic strategies being applied with the aim to reduce the
amount of EMT through interfering with for instance TGF-B signaling or increasing the
degradation of collagen, e.g. by stimulating proteolysis by matrix-degrading proteases such as

MMPsE75,
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1.3 Wound repair — regeneration and constructive repair

Regeneration involves de novo synthesis of healthy tissue and occurs quite commonly
occurring in the animal kingdom'. However, while the human fetus can regenerate and
repair tissue without scar formation, in adult humans regeneration is restricted to a few tissues,
namely the liver, bone marrow, intestinal epithelium, and the skin epidermis'®’%""_ Thus, for
most injured human tissues, regeneration will not take place and is, therefore, less relevant as

a potential clinical outcome for most wound healing scenarios.

Despite chronic wounds and scarring being common outcomes of wound healing, there are
also numerous ways damaged tissue can repair itself and regain its previous function®"2,
Undertsanding these different successful wound healing outcomes are also important for
improving current wound healing therapies because they represent alternative routes to
achieve constructive wound repair. Successful wound healing 