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Abstract

Abstract

Wounds that do not undergo sufficient healing or even become chronic wounds
represent a major challenge for medicine. Obese individuals are prone to non-healing
wounds. In this context, the adipose tissue can become chronically inflamed, causing
a pathological alteration at the molecular and cellular level. This results in impaired
cell migration, proliferation and differentiation, as well as a reduced angiogenesis.
Since the adipose tissue is located in immediate vicinity of cutaneous wounds and is
involved in wound healing, the obesity-induced cellular and molecular changes also
negatively influence the wound healing process. Although obesity-induced chronic
wounds have been studied for a long time and a lot is known, there our understanding

of the mechanisms is still limited.

One pathologically altered protein family is the macrophage migration inhibitor factor
(MIF) family, in human encompassing MIF and MIF-2. While MIF has been well
studied, MIF-2 was only recently discovered as a homologue of MIF. Both bind to the
same receptor, CD74, while only MIF interacts with CXCR2, and they differ in various
systemic conditions e.g. in obesity, in which MIF is increased and MIF-2 is decreased.
In inflammation, MIF polarizes macrophages towards a pro-inflammatory M1-like
phenotype and MIF-2 towards an anti-inflammatory M2-like subtype. The role of MIF
in wound healing is still controversially discussed, but it seems that its function differs
in distinct phases and tissue types. MIF-2 was recently reported to exhibit a positive

effect on wound healing.

Thus, in this thesis, the role of MIF-2 in wound healing was investigated in a murine
wound healing model employing Mif-2-- mice, accompanied by mechanistic in vitro
experiments. Both mice groups, the obese wild type as well as the Mif-27- mice
showed a delayed wound healing when compared to the control lean wild type mice.
Their wound sizes became even wider during the first days. Immunohistochemical
analysis confirmed the impaired healing process in obese and Mif-27- mice.
Furthermore, tissue examinations and genetic analysis showed reduced collagen
production and granulation tissue formation as well as a diminished myofibroblast
differentiation, which was most pronounced in the Mif-2-- mice. In in vitro experiments,
NIH/3T3 cells were differentiated into myofibroblasts when treated with recombinant
MIF-2 or a MIF-2 inhibitor. When MIF-2 was inhibited, differentiation potential

VI



Abstract

decreased sharply even at low doses. At higher concentrations of recombinant MIF-2,

cell differentiation was also partially reduced.

My experiments revealed that MIF-2 is crucial for the differentiation from “wound
fibroblasts” into myofibroblasts, which are primarily responsible for collagen production
and formation of granulation tissue. In an in vivo wound model characterized by obese
and Mif-2-- mice as well as applying in vitro pathway analyses, the deletion of MIF-2
resulted in an impaired differentiation and wound closure. It appeared that MIF-2
influenced the canonical TGF-B/Smad pathway, the main pathway for myofibroblasts
differentiation, via an ERK1/2-MAPK downstream cascade and a so far unknown key
protein. However, | also obtained evidence in my thesis that an excess of MIF-2 leads
to a partial inhibition of the differentiation, most likely also via ERK1/2, suggestive of a
differential dose behavior.

In conclusion, the obesity-induced downregulation of MIF-2 seems to be one major
reason for a delayed and insufficient wound healing process in obese individuals.
Furthermore, my results indicates that this impairment is caused by diminished
myofibroblast differentiation resulting in delayed granulation tissue formation.
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Zusammenfassung

Zusammenfassung

Nicht ausreichend heilende Wunden und chronische Wunden stellen eine grofe
Herausforderung fiir die Medizin dar. Ubergewichtige Personen sind anfélliger fiir nicht
heilende Wunden. Ihr Fettgewebe ist chronisch entziindet, was eine pathologische
Veranderung auf molekularer und zellularer Ebene zur Folge hat. Dies fuhrt zu einer
beeintrachtigten Zellmigration, -proliferation und -differenzierung sowie einer
verminderten Angiogenese. Da sich das Fettgewebe in unmittelbarer Nahe zu kutanen
Wunden befindet und an der Wundheilung beteiligt ist, beeinflussen durch
Fettleibigkeit bedingte =zellulare und molekulare Veranderungen auch die
Wundheilung negativ. Obwohl Adipositas-induzierte chronische Wunden seit langem
untersucht werden und bereits einiges dartber bekannt ist, fehlt noch viel, um den

gesamten Mechanismus zu verstehen.

Eine pathologisch veranderte Protein Gruppe ist die Makrophagen Migration Inhibition
Faktor (MIF) Familie, MIF und MIF-2. Wahrend MIF seit langem gut erforscht ist, wurde
MIF-2 erst kirzlich als MIF-Homolog entdeckt. Beide binden an denselben Rezeptor,
CD74, unterscheiden sich jedoch in verschiedenen systemischen Zustanden wie bei
Fettleibigkeit, MIF ist erhoht und MIF-2 erniedrigt. Bei Entzindungen polarisiert MIF
Makrophagen zum pro-inflammatorischen M1 und MIF-2 zum anti-inflammatorischen
M2 Phanotypen. Die Rolle von MIF in der Wundheilung wird noch kontrovers
diskutiert, aber seine Funktion scheint sich in verschiedenen Phasen und
Gewebetypen zu unterscheiden. Kirzlich gab es Hinweise fur einen positiven Effekt
von MIF-2 auf die Wundheilung.

Daher wurde in dieser Arbeit die Rolle von MIF-2 bei der Wundheilung in einem
murinen Wundheilungsmodel mit Mif-2#~ Mausen untersucht und mit in-vitro
Experimenten zum Mechanismus untermauert. Sowohl die adipésen Wildtypen als
auch die Mif-2-- Mause wiesen eine verzogerte Wundheilung auf im Vergleich zu den
normalgewichtigen Kontrollmausen. Wahrend den ersten Tagen hat sich das
Wundareal sogar erweitert. Immunhistologische Analysen bestatigten den
verschlechterten Heilungsprozess in der adipésen und in der Mif-2~ Gruppe.
Zusatzlich wiesen Gewebeanalysen und genetische Untersuchungen eine reduzierte
Produktion von Kollagen und des Granulationsgewebes auf, sowie eine verminderte

Myofibroblastendifferenzierung, welche am starksten bei den Mif-2~ Mausen
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Zusammenfassung

vorhanden war. NIH/3T3 Zellen wurden in in-vitro Experimenten zu Myofibroblasten
differenziert unter der Behandlung von rekombinantem MIF-2 oder einem MIF-2
Inhibitor. Wenn die Zellen mit dem MIF-2 Inhibitor behandelt wurden, sank das
Differenzierungspotential bereits bei geringer Konzentration rapide ab. Ebenso hatten
hohe Dosen vom rekombinantem MIF-2 eine partielle Reduzierung der

Differenzierbarkeit zufolge

In meiner Arbeit konnte ich zeigen, dass MIF-2 eine zentrale Rolle fur die
Differenzierung von “Wund-Fibroblasten” zu Myofibroblasten hat, welche
hauptverantwortlich sind fur die Kollagenproduktion und fir die Bildung des
Granulationsgewebes. Sowohl in dem in-vivo Wundheilungsmodel als auch in den in-
vitro Mechanismusanalysen flhrte die Deletion von MIF-2 zu einer beeintrachtigen
Differenzierung und Wundschliessung. Es scheint, dass MIF-2 den kanonischen
TGF-B/Smad-Weg, den Hauptweg flr die Differenzierung von Myofibroblasten, Gber
die ERK1/2-MAPK-Downstream-Kaskade beeinflusst und ein bisher unbekanntes
Schlusselprotein ist. Allerdings wurde in der Dissertation auch gezeigt, dass ein
Uberschuss an MIF-2 auch zu einer teilweisen Hemmung der Differenzierung fiihrt,
hdchstwahrscheinlich auch tber ERK1/2.

Zusammengefasst scheint die durch Fettleibigkeit induzierte Herunterregulation von
MIF-2 ein Hauptfaktor fur die verzogerte und unzureichende Wundheilung zu sein,
welche bei Adipositas beobachtet werden kann. Weiterhin geben meine Ergebnisse
Hinweise darauf, dass die Beeintrachtigung durch eine verminderte Differenzierung
von Myofibroblasten herfuhrt, wodurch die Bildung von Granulationsgewebe verzogert

wird.
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Introduction

1. Introduction

1.1 Cutaneous wound healing mechanism and its pathophysiology
1.1.1 Structure of the skin

The skin takes up to 16 % of the total body mass in humans. This makes it the largest
organ with versatile functionality [1, 2]. One function of the skin is the regulation of the
body temperature through sweat and hair as well as by adjusting peripheral blood flow
and fluid homeostasis [2-4]. In addition, the skin is also a sensory organ with different
external sensory receptors for temperature, vibration, pain or pressure [2-5]. The major
function of the skin, however, is to separate the underlying tissue from the external
environment. It serves as a physical barrier protecting from invasion of
microorganisms and pathogens, physical and chemical trauma and injuries, as well as

from UV-light-induced damage due [1-4, 6].

Three layers make up the skin: the epidermis, dermis, and the supporting
subcutaneous layer (Figure 1.1). The epidermis is the outermost layer and can be
subdivided in four sublayers: stratum basale, stratum spinosum, stratum granulosum
and stratum corneum. The major cell types in the whole epidermis are keratinocytes,

which appear in various states of differentiation in the single layers [1, 3, 4, 6].

The stratum basale is the first layer of the epidermis. It consists mainly of
undifferentiated, mitotically active keratinocytes able to proliferate, superficially
migrate and differentiate forming the upper layers of the epidermis. The
undifferentiated keratinocytes can be characterized by keratin 14 [3, 4]. Keratinocytes
moving up the stratum towards the upper epidermis layers start to differentiate forming
the spinous layer, stratum spinosum. In this early differentiation state, the cells make
an expression switch from keratin 14 to keratin 10, lose their mitotic ability, grow and
form robust, intercellular spine-like desmosomes. [1, 3, 4, 7, 8]. In the upper stratum
granulosum, the cells transform to an elongated, flatten shape. Intracellular
keratohyalin granules are produced containing electron dense proteins like profilaggrin
and keratin intermediate filaments. These proteins mainly form the cornified envelope
of the terminally differentiated keratinocytes [1, 3, 4, 7]. The stratum corneum,

10 — 20 ym thick, forms the outermost part of the epidermis, and is in direct contact to
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the environment making it mainly responsible for the physical protection barrier. In this
layer, keratinocytes lose their nuclei and most of the organelles and release lipids into
the intercellular space. Through interaction with the matrix protein filaggrin, the cells
are aligned in a highly condensed order and a strong, hard polymer of lipids and
proteins is formed and envelopes the cell. The keratinocytes are differentiated into
anucleate, “dead” corneocytes. Next to the cells, the stratum corneum is composed of
keratin [1, 3, 4, 6, 9].

Below the epidermis lies a thin collagen membrane. This layer, also called basal
membrane is made up of collagen type IV, endothelial cells and podocytes and
separates the epidermis and dermis [10-12]. The dermis is a mainly fibrous connective
tissue layer made of extra cellular matrix (ECM) and different cells. It can be
subdivided into the upper papillary and the lower reticular dermis. While the papillary
layer is softer, more vascular and composed of loose connective tissue, the reticular
one consists of a thick dense connective tissue making up the majority of the dermis
[4, 13]. The primary cell type of the dermis are fibroblasts, which produce chiefly ECM
components including different types of collagens, particularly type | and lll, which
make the biggest part of the layer, as well as elastin and fibrillin, which form elastic
fibers and are responsible for the elasticity of the skin. The space between these
fibrous components is filed with an aqueous, heterogenic, amorphous “ground
substance” containing glycosaminoglycans and proteoglycans like hyaluronic acid or
dermatan and keratan sulfate as well as adhesion proteins like fibronectin or
vitronectin [4, 13-15]. Other common cell types are macrophages, adipocytes, mast
cells and stem cells. Next to the cells and ECM, the dermis hosts blood vessels, nerve
endings, sensory receptors and hair follicles [1, 4, 16]. The dermis provides the
elasticity and tensile strength of the skin and supplies the epidermis with nutrients and

oxygen [1, 4, 14].

The subcutaneous tissue or hypodermis forms the bottom layer primarily composed
of adipose tissue and connective tissue consisting of collagen and elastin. It is not only
a heat insulator and mechanical cushion, but also is home to blood vessels, nerves
and regulates the dermis/epidermis with cytokines. Apart from adipocytes, mature fat

cells (ASC), other important cell types of the hypodermis are adipose-derived stromal
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cells, fibroblast, macrophages, keratinocytes and other progenitor cells, which migrate

through the subcutaneous layer to the dermis and epidermis [4, 17-19].
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Figure 1.1: Anatomical structure and cell composition of human skin. The skin consists of three layers: the
outer epidermis, the dermis and the subcutaneous tissue. The epidermis can be subdivided in basal, spinous,
granular and cornified layer. Keratinocyte is the major cell type in the epidermis and they are in various stages of
differentiation; from undifferentiated keratinocytes in the basal layer to terminal differentiated corneocytes in the
stratum corneum. The dermis is below the epidermis separated by the basal membrane and consists of fibroblast
producing the extra cellular matrix. The underlying subcutaneous tissue is mostly constructed from adipose tissue

(adipocytes and pre-adipocytes) and connective tissue.

1.1.2 Fundamentals of the wound healing process

In general, cutaneous wound healing is a complex process of skin restauration.
Although the mechanisms have been studied for a long time, several aspects remain
controversial. In particular, chronic wounds that do not undergo a physiological healing
course represent a major challenge for medicine and have therefore become for a
research focus [8-10].

Upon skin injury, the epidermis, serving as a natural protection barrier, is disrupted
and several cytokines, growth factors, proteases and inflammatory proteins are
released from the surrounding tissue initiating the reparative body response.

Classically, the repair process, is separated into four overlapping stages: hemostasis
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(or blood clotting), inflammation, proliferation, and remodeling of the tissue and skin
(Figure 1.2) [19, 20].

Immediately after injury, the initial vascular response encompasses vasoconstriction
of the damaged blood vessels. The endothelium and platelets in the vicinity of the
wound area release cytokines, growth factors and inflammatory proteins (such as
interleukin (IL)-1, thromboxane A2, fibrin-stabilizing factor XllI, tumor necrosis factor
(TNF)-a and transforming growth factor (TGF)-B) and activate the intrinsic coagulation
cascade [19, 21]. Once the platelets have changed to an amorphous shape providing
clotting, they coagulate with fibronectin, fibrinogen, thrombin and collagen to a clot,
which adheres to the endothelium of the damaged vessels aiming for primary
hemostasis [19, 21, 22]. By that, thrombin is activated to cross-link fibrinogen to fibrin
strands. These fibrin strands improve the clotted thrombus by acting as a glue and
form a scaffold for other migrating cells. This whole hemostasis phase can last from a
few minutes until an hour and in cases of severe deep injuries up to several hours or
even 2 — 3 days [19, 21-23].

Towards the end of the first vascular response when the clot closes the wound, the
inflammatory phase takes place. The blood vessels widen again (vasodilation), so that
leukocytes, mainly neutrophils and monocytes migrate into the wounded area. The
recruited neutrophils release proteolytic enzymes such as proteases and create
reactive oxygen species (ROS) to kill bacteria and degrade non-viable tissue by
digesting collagen with matrix metallo-proteases (MMPs). Furthermore, monocytes
differentiate to macrophages, absorb and remove damaged cells, cell debris, as well
as bacteria and other invading pathogens. Via this way in addition with exudation, the
leakage of fluid, the wound is cleansed and protected against infections through
pathogens [19-21]. Macrophages also release growth factors like platelet derived
growth factors (PDGF) or vascular endothelial growth factors (VEGF), cytokines like
TNF-a, IL-1 and IL-6 to attract further macrophages and other cells that are necessary
for repairing like fibroblast, keratinocytes and stem cells [24]. Vasodilation also
ensures a better influx of nutrients and antibodies and outflux of lymph from damaged
lymphocytes. As a result, the wound area is reddened (erythema) and swollen, finally

causing an edema [19, 21, 25].
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After approximately 1 - 7 days, new tissue is established by migration, proliferation
and differentiation of pro-healing cells [21]. During the up to several weeks lasting
proliferation stage, fibroblasts migrate to the damaged area where their proliferation
rate is increased by stimulation through IL-1 and IL-6. Macrophages secrete cytokines
such as PDGF and TGF-B1 activating fibroblasts to differentiate into “wound fibroblast”
and subsequently into myofibroblasts. Myofibroblasts are the major producer of
collagen, fibronectin and elastin making them responsible for the formation of ECM
and mainly the new formed tissue, also called granulation tissue. Newly built ECM
serves as a scaffold for blood vessels and promotes angiogenesis [26-29]. Thus, the
hemostasis clot is replaced by a temporary granulation tissue to ensure an adequate
supply of nutrients and oxygen. The remodeling of the epithelial layer, a process
labeled as reepithelization, does simultaneously occur on the surface of the wound to
restore a protective layer against bacteria and other pathogens. In order to decrease
the wound size, myofibroblasts “anchor” at the wound and contract. Superfluous cells
get eliminated through apoptosis [19, 20, 25-27, 30].

The proliferation phase results in a closed wound with a scar atop. At first, the scar is
light reddish and bulging but the excrescence decreases with time. The remodeling
stage is the longest period and can last years. In this process, the amorphous collagen
fibers realign along the underlying muscle fibers forming the so called Langer lines
(tension lines). The tissue adjusts to the surrounding environment, inelastic collagen
is exchanged by elastin for a higher elasticity of the tissue and new hair follicle and

sweat glands are formed [19, 20].
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Figure 1.2: Temporal description of the four wound healing phases. Hemostasis occurs immediately after the
injury to stop the bleeding with a fibrin-platelet-clot. At the same time, cytokines are released to recruit various
leukocytes such as neutrophils and monocytes. The recruited different leukocytes cleans up the wound area from
cell debris, non-viable tissue, bacteria, and other invaded pathogens by several mechanisms. In the later phase of
the inflammation phase, further chemoattractants are secreted, so that tissue-rebuilding cells migrate into the
wound area. During the proliferation stage, the granulation tissue, a transitional tissue, is formed primarily by
myofibroblasts. At the same time, the reconstruction of the epidermis, reepithelialization, takes place resulting in a
scar. Remodeling is the last and longest lasting phase, sometimes over several years. The amorphous collagen is
cross linked and partially exchanged by more elastic elastin resulting in an increase of the tensile strength. Adapted

from Przekora [31]

1.1.3 Wound healing disorder

Alone in western industrialized countries approximately 1 — 2 % of adult patients suffer
from chronic wounds which are difficult to heal or do not heal at all [32-35]. Next to the
physiological harm of the patients, the long term treatment of chronic wounds is a
financial burden to the global healthcare system, e.g. in the United States (US) these

are reported to reach up to US$ 25 billion annually [34, 36].

Chronic wounds are wounds that do not physiologically complete the entire repair
process, do not heal sufficiently in a reasonable period of time and often cause
complications such as keloids, ulcers, fistula, septic wounds and others [35, 37-39].
They mainly remain in the inflammatory phase and the expression of pro-inflammatory

cytokines is higher when compared to normal wounds leading to an increased level of



Introduction

ROS produced in neutrophils. In low concentrations, ROS eliminate and protect from
microorganisms, but superphysiological ROS concentrations caused by a hypoxic and
inflammatory environment damage cells and ECM proteins. Thereby the pro-
inflammatory cytokine levels stay high with a concomitant increase of proteases [40].
In acute wounds, proteases remain balanced with regulation of their inhibitors and the
degradation of the damaged ECM. However, this homeostasis is disrupted by the
increased level of proteases by which ECM is more strongly digested. This loop
prevents the wound from transitioning from the inflammatory to the proliferation phase
[41].

Besides the molecular level, chronic wounds are also impaired on a cellular level with
cells experiencing early senescence. Numerous studies have shown that fibroblasts,
keratinocytes, macrophages and endothelial cells lose their proliferation ability caused
through oxidative stress by ROS [42-45].

1.1.4 Obesity-induced chronic wounds

Obesity in particular has been an underestimated factor in the delay and disruption of
physiological wound healing. Several studies have demonstrated that obesity leads to
impaired wound repair [36-39, 46, 47]. Next to the epidermis and dermis, the
underlying subcutaneous tissue also influences the healing process of a cutaneous
wound (Figure 1.1). The subcutaneous layer is mainly composed of adipose tissue,
which is therefore in immediate vicinity to the wound area. It participates in wound
healing through the release of growth factors and cytokines like PDGF, VEGF, TNF-q,
IL-1 and IL-6 attracting progenitor and stromal cells such as fibroblasts, keratinocytes
and endothelial cells. A multitude of various cells migrates from the adipose tissue into
the wound area, where they proliferate and differentiate. This cell recruitment and

stimulation is essential for a proper tissue reconstruction [19, 39, 48, 49].

However, in obese patients, the adipose tissue is chronically inflamed with
pathological alteration in the secretion of chemokines and growth factors whereby the
reparative function of the subcutaneous layer is disturbed. The altered cytokine
expression leads to diminished cell migration, proliferation and differentiation resulting
in a modified cellular composition of the wound area. Furthermore, it leads to

decreased angiogenesis, i.e. an insufficient supply with oxygen and nutrients. An
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additional impaired glucose metabolism, as it often is associated with obesity,
enhances these negative effects. The pathological cytokine secretion and cell
composition, the reduced vascularity and oxygen tension ultimately lead to diminished
wound healing in obese patients [19, 36, 39, 46-50].

1.2Mouse wound model to mimic human skin reconstruction

Mus musculus, the house mouse is the most common laboratory animal to investigate
cutaneous wound healing [51-54]. The basic structure and composition of the skin and
functions of the various layers - as described above - are similar between species [55,
56]. Still, it is important to be aware of the interspecies differences and specializations

in skin evolution between the different species [57].
1.2.1 Murine skin vs human skin

Mice and humans share over 95 % genetic identity with 40 % alignment, even though
the genome of the mice is 14 % smaller [58]. In general, skin of both species is 30.2 %
identical. Genes related to structure and barrier function, structure proteins such as
type | and Il collagen, and cytokines for cell proliferation are highly conserved. Despite
the well-analyzed genomics, the function of 15 conserved genes is still unknown [52].
Nevertheless murine and human skin still differ (Figure 1.3). Beside the fact that the
human skin is more than 4 times thicker than mouse skin (human: ~100 ym; mouse:
<25 ym), mice do also have less epidermal layers, by which the function of protection
is reduced and percutaneous absorption is increased [52, 54, 59-61]. Furthermore,
mice have an addition muscle layer, the panniculus carnosus, within the subcutaneous
tissue. The panniculus carnosus causes the skin to contract and changes the
biomechanics compared to humans, in whom this layer is missing [52]. Another
obvious difference is the amount of hair follicles. Mice have fur and are covered in hair
follicles, while in humans the hair follicles are sparse and irregularly distributed [52,
61]. In contrast, human skin is permeated with eccrine sweat glands, which are
involved in body temperature control and innate immune system [52]. While mice —

like most mammalians —solely have apocrine glands in breasts [54, 55].
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Figure 1.3: Comparison of human (left) and murine (right) skin morphology. At the cellular level, different
layers of skin are shown and compared between humans and mice. Human skin is 4-times ticker than murine skin
and has more epidermal layers. On the other hand, mice have an additional muscle layer, panniculus carnosus,
within the subcutaneous tissue and the skin is rich on hair follicle. While the panniculus carnosus is absent in
humans and they have only a few hair follicles spread over the body. Furthermore, humans have eccrine sweat

glands, which are absent in mice. They have apocrine sweat glands only in the breast.

1.2.2 Differences in murine and human wound healing

The skin of mice and humans is not identical. Thus, particular consideration should be
given to the regeneration of the skin after an injury - the process in mice is similar but
not identical to that in humans, but the basic 4 overlapping phases are mostly the
same on molecular and cellular levels [19, 51, 62, 63]. The primary difference is wound
contraction. The panniculus carnosus, which is absent in humans, has a great
contraction potential. This plays an important role in wound closure in mice. Large
excisional wounds are closed up to 90 % by skin contraction. The contraction in human
skin varies and is minimal when compared with that of mice [52, 64]. Wounds of men,
on the other hand, heal only by granulation tissue formation and reepithelialization [19,
26, 27, 30, 65]. Despite the wound contraction in mice, the formation of granulation
tissue and epithelial layer is highly conserved and identical in both species [52]. In
mice, hair follicles regenerate in renewed tissue after an injury, while humans do not

rebuild hair follicles, so that scars remain hairless [51, 63].

Furthermore, the source of stem cells partially differ between mice and humans. Mice

have two kinds of epidermal stem cells: heterogeneous progenitor cells in the basal
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membrane, which differentiate into keratinocytes during wound healing, and quiescent
undifferentiated stem cells at hair follicles that are activated after injury [66]. The
presence of epidermal stem cells in human skin and their role in wound repair process
is controversy discussed [55, 67, 68]. On the other hand human have stem cells, which
participate in reepithelialization, near sweat glands, which are lacking in mice [69].
However, the participation of these epidermal stem cells and mesenchymal stem cells

(MSC) derived from fat tissue or skin is not yet clarified [70].

At the immunological level, there are also some differences between wound healing
in human and mouse. Contribution of the various leucocytes already varies between
both species: humans have 50 % — 70 % neutrophils and 30 % — 50 % lymphocytes,
while mice have 10 % — 25 % neutrophils and 90 % — 25 % lymphocytes [71].
Furthermore, only mice skin harbors yd dendritic epidermal T cells (DETCs), which
are crucial for murine wound healing and skin homeostasis [61, 72]. They secret
fibroblast growth factor (FGF)-9 that subsequently activates secretion of more FGF-9
by dermal fibroblasts resulting in regeneration of hair follicle [73]. In contrast, human
neutrophils and eccrine sweat glands produce antimicrobial peptides, defensins, such
as dermocidin. They prevent pathogens to invade wounds and trigger cells to migrate,

proliferate and differentiate [74, 75]. These defensins are not secreted by mice [52].
1.3Fibroblasts
1.3.1 Fibroblasts in the human body

Fibroblasts are the major cell type in connective tissue and found in several tissues
such as the dermis of the skin, lung or heart [1, 14, 76, 77]. They belong to the group
of embryonic, mesenchymal cells that are derived from three sources: epithelial-
mesenchymal transition (EMT), bone marrow- and tissue-derived MSC [14, 26, 76,
78-81]. While fibroblast differentiate directly from bone marrow- and tissue-derived
MSCs through stimulation mainly by TGF-B, in the EMT process fibroblasts arise
through dedifferentiation from epithelial cells [81-83].

Although fibroblasts have different origins and are found in various tissues, the main
function is the same. They are responsible for the synthesis of ECM. This is made up
of different collagen types, elastin, fibronectin and proteoglycans [13, 15]. An

additional function is maintaining the homeostasis of ECM by degradation through

10
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release of proteases like MMPs and their inhibitors like tissue inhibitors of
metalloproteinase (TIMPs). The whole production and homeostatic mechanism is
regulated by cell-cell and cell-matrix interactions [14, 26, 82]. Fibroblasts also take part
in regulation of volume and pressure of interstitial tissue fluid. The cells interact via 1
integrin receptors with the ECM and anchor themselves to the endothelium of blood

vessels whereby they narrow the lumen of the vessels [26, 77, 84].
1.3.2 Fibroblasts and their role in wound repair

As fibroblasts form ECM, they play also a crucial role in wound repair after an injury
when the connective tissue composed mainly of ECM is damaged. Already in the early
state after injury, fibroblasts are recruited through chemotaxis caused by cytokines
and growth factors like platelet factor IV released by platelets [22]. Endothelial cells
secret IL-1 stimulating macrophages to express more chemoattractant cytokines and
growth factor like TNF-a, IL-6, granulocyte-colony stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) as well as PDGF which
is the most important macrophage-derived growth factor for fibroblast proliferation.
Also fibroblasts themselves stimulated by IL-1 release growth factors and cytokines
which activate fibroblast from surrounding tissue to migrate to the wound in an
autocrine manner [24, 27, 85, 86]. A secondary function of fibroblasts during
inflammatory state is to support monocyte differentiation to macrophages through the
expression of interferon (IFN)-y and the production of MMPs to clean the wound [14,
26, 87].

Fibroblasts are mainly activated in the proliferation state. Triggered by IL-1 and TNF-a
fibroblasts produce IL-6 and FGF-7 and -10, previously known as keratinocyte growth
factor (KGF)-1 and -2, stimulating keratinocytes to migrate to the wound site,
proliferate and differentiate to the different stages to build a new epithelial layer [3, 88,
89]. Fibroblasts, however, play also a direct role in wound healing. After migration and
proliferation in the wound area fibroblasts get stimulated by PDGF and endothelial
growth factor (EGF) derived from anti-inflammatory M2 macrophages and platelets to
change their phenotype to so called “wound fibroblasts”. The wound fibroblast form a
provisional matrix made of fibronectin, collagen Ill and glycosaminoglycans and
reduce their ability to proliferate [29, 90, 91]. Further triggered by TGF-31 released by
macrophages, fibroblasts differentiate to myofibroblasts, which can be characterized

11
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through a-smooth muscle actin (a-SMA). Myofibroblasts produce collagen | and lli,
enhance the synthesis of TIMPs and cell adhesion proteins and decrease the MMP
production. In addition, myofibroblasts also contract the collagen rich ECM and
promote the wound healing through mechanically wound closure [27, 28, 92-94].

1.3.3 Myofibroblast differentiation signaling cascades

TGF-B is the principal factor for myofibroblast differentiation. It stimulates
differentiation via the canonical TGF-B/Smad signaling pathway. TGF- activates
TGF-B receptors (TBRs), serine (TRRI) and threonine (TPRII) kinases. The activated
TBRs phosphorylate Smad2 and Smad3 at C-terminal SSXS motif. The
phosphorylated Smad proteins subsequently build heterotrimers with Smad4. The so
activated Smad-complex translocates into the nucleus, binds at the specific promotor
region on the DNA, and activates transcription [95-97]. Next to the Smad pathway
there are other non-Smad pathways in TGF- signaling such as the Rho-like GTPase
pathway, the phosphatidylinositol-3-kinase (PI3K) AKT pathway, and the mitogen-
activated protein kinase (MAPK) downstream cascaded through either JNK, p38, or
extracellular signal-regulated kinase (ERK) 1 and 2 (Figure 1.4) [83, 95, 98].

- miR-216a
mlR 217 -

Figure 1.4: TGF-B initiated signaling pathways for gene transcription. (A) Solely canonical TGF-g/Smad
pathway; MAPK activated pathways through (B) Erk1/2 or (C) JNK and p38; (D) activation through
phosphatidylinositol-3-kinase (PI3K) AKT pathway and (E) activation through Rho pathway. [95]
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1.4Macrophage migration inhibitor factor (MIF) protein family
1.4.1 MIF and its receptors

When macrophage migration inhibitor factor (MIF) was first described in 1966, it was
initially thought to be a soluble factor that is solely expressed in T leukocytes and
inhibits macrophage migration [99, 100]. More detailed investigations of the crystal
structure and biological function revealed that, MIF in fact is a highly conserved,
ubiquitously expressed, pleiotropic inflammatory chemokine-like protein [101, 102].
MIF appears in equilibrium as a monomer, dimer and trimer, while monomeric and
dimeric forms predominate [102-107]. Next to T leukocytes, macrophages,
monocytes, neutrophils and endothelial cell and many more cell types produce MIF
[108-112]. MIF is a crucial upstream regulator of innate immunity and regulates
essential inflammatory mediators like IFN-y or TNF-a. An overexpression of MIF
correlates with excessive inflammation and immunopathology. In addition, MIF has an

impact on cell proliferation and survival [101, 113-118].

MIF binds to four cell membrane receptors and thereby activates paracrine and
autocrine cellular processes [119-124]. The first known receptor for MIF was the
cluster of differentiation 74 (CD74), also known as human leukocyte antigen system
(HLA) class Il histocompatibility antigen gamma chain. Once MIF binds to CD74, it
forms a complex with CD44 and initiates the extracellular signal-regulated kinase
(ERK) cascade that belongs to the mitogen-activated protein kinase (MAPK) pathway
(ERK1/2-MAPK). Further pathways activated by the CD74/CD44 complex are the
PI3K-Akt signal transduction cascade, tyrosine kinase c-Src, AMP-activated protein
kinase (AMPK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) pathway. All aforementioned pathways are important for cell proliferation and
survival [118, 124-126].

The remaining three MIF receptors belong to the CXC chemokine receptor (CXCR)
class: CXCR2, CXCR4 and CXCRY7. These receptors have a high ligand specificity
and are G-protein coupled chemokine receptors [119, 120]. CXCR2 and CXCR4
stimulate the recruitment of leukocytes like T cells, neutrophils and monocytes [120].
Numerous ligands of CXCR2 such as CXC ligand (CXCL)8 incorporate the identical
N-terminal Glu-Leu-Arg (ELR) motif. This sequence facilitates the binding of the ligand
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to its receptor [127]. MIF, by contrast, does not show an ELR sequence but includes
a similar Asp-44-X-Arg-11 motif that is named pseudo-(E)LR [123]. CXCR4 has two
known chemokine ligands, stromal cell-derived factor (SDF-1a), also called CXCL12,
and MIF [120, 128]. SDF-1a has an N-terminal sequence Lys-1-Pro-2 which is
necessary to activate CXCR2. MIF interacts with CXCR4 through an N-like-loop with
an N-terminal proline and the specific amino acid sequence Arg-Leu-Arg (RLR) similar
to the ERL motif [128-130]. The interaction between CXCR7 and MIF was previously
described to be important the migration of B-lymphocytes [119].

Various studies have demonstrated that two or three receptors build complexes that
are required to stimulate specific signaling cascades. In these cases, CD74 appears
to play a pivotal role as it is a mandatory part of these receptor complexes. Next to the
already mentioned CD74/CD44 complex, CD74 establishes complexes with the CXCR
receptors. CD74/CXCR2 and CD74/CXCR4 have shown to trigger inflammatory and
atherogenic monocyte and T cell recruitments [120, 123, 131]. The three receptor
complex CD74/CXCR4/CXCR7 activates ERK1/2 and ZAP70 pathway as well as
enhances lymphocyte chemotaxis [119].

1.4.2 MIF-2, a new member of MIF-protein family

For many years, MIF was considered the only member of its protein class. Recently,
D-dopachrome tautomerase (D-DT) has been identified as a homolog of MIF due to
its similar structural and functional properties. D-DT was first described in 1993 as a
tautomerase converting D-dopachrome to 5,6-diehydroxyindole. MIF also is able to
catalyze tautomerization of D-dopachrome but in contrast to D-DT without
decarboxylation [132, 133]. While more precise crystallographic examinations of MIF
and D-DT demonstrated a shared homotrimeric structure (Figure 1.5). Due to its
similarities to MIF, D-DT was assigned to the MIF superfamily and henceforth labeled
“‘MIF-2” [102, 107, 133, 134]. Next to the same three-dimensional structure, the gene
sequence of MIF-2 is 50 % identical to the sequence of MIF [132]. Furthermore, the
two proteins also share similarities on the protein level with 35 % identity in humans
and 27 % identity in mice [135]. One important property both family members have in
common is the N-ferminal proline, which is essential for the highly conserved

tautomerase activity [136]. Nevertheless, they also differ greatly in some points in the
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amino acid sequence. One major difference is MIF-2’'s absence of the pseudo (E)LR
motif, which facilitates MIF to activate its CXC receptors like CXCR2 [132, 134].

Even though the structure of MIF-2 is well studied, little is known about its expression
and biological functions. MIF-2 is expressed in immune cells, adipocytes and many
other tissue types [137]. The circulating serum MIF-2 level is increased in septic tissue
and cancer [132, 137]. Merk et al. have demonstrated that CD74 also is a receptor for
MIF-2 through which MIF-2 initiates the ERK1/2-MAPK and other inflammatory
signaling pathways [132]. So far, MIF and MIF-2 are the only known signal activating
ligands for CD74. Due to the lack of the pseudo (E)LR sequence MIF-2 may not
interact with CXCR2 [132]. There is evidence for interaction of MIF-2 with the
chemokine receptors CXCR2, CXCR4 and CXCRY7 (personal communication).

A

Figure 1.5: X-ray structure of human MIF superfamily members; (A) D-DT/MIF-2, (B) MIF. On the left side are
monomeric panel structures and on the right side are homotrimeric structures of MIF and MIF-2. The 3D structures
show clearly the structural homology from MIF and MIF-2 [134].

1.4.3 MIF protein family in adipose tissue and obesity

In the late 90s, Hirokawa et al. first described MIF expression in adipose tissue of
rodents. The authors also demonstrated that MIF level increased after TNF-a

stimulation in 3T3L-1 cells, a murine preadipocyte cell line [138]. Several years later
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MIF was also detected in human adipose tissue. It was mainly secreted in cultured
pre-adipocytes and freshly isolated adipocytes where it was localized in the cytoplasm
in both cases. The amount of MIF varied depending on the harvest location [139]. For
instance, MIF mRNA levels in visceral fat depots were twofold higher than in deep and
superficial depots, and adipocytes from subcutaneous fat tissue secrete more MIF

when compared to mammary adipocytes [139, 140].

The expression of MIF-2 in adipose tissue has only recently been reported [141]. In
contrast to MIF, it was only found to be secreted by adipocytes from subcutaneous
and visceral fat tissue. Additional MIF-2 was also found to be secreted from immune
cells in septic adipose tissue [132, 141]. Ishimoto et al. have shown in in vitro
experiments with a human preadipocyte cell line, that MIF-2 levels are increased
during adipogenic differentiation but only in the differentiated adipocytes [142].

Although MIF and MIF-2 are structural and partially functionally homologs and are
secreted from adipose tissue, they seem to play different roles in adipogenesis and
obesity. MIF initiates clonal expansion and higher expression of the intracellular
receptor peroxisome proliferator-activated receptor (PPAR) y and transcription factors
for adipogenesis such as CCAAT/enhancer binding protein (C/EBP) a and & whereby
MIF promotes adipogenesis [143]. While Ishimoto et al. have shown that MIF-2 treated
pre-adipocytes had a reduced expression of the adipogenic transcription factors
C/EBPaq, B and d, of PPARy2 as well as of the adipokine peptide hormone adiponectin
[142]. Via this way, MIF-2 diminishes the adipogenic differentiation. An additional
difference was found in the correlation between the serum level of MIF and MIF-2 in
the body mass index (BMI) of patients. While MIF levels were increased in patients
with a higher BMI, MIF-2 levels were negatively correlated [141, 144-146].
Interestingly, MIF plasma levels in obese patients were investigated earlier in patients
before and after weight loss. The authors demonstrated that the MIF plasma level

decreased with weight loss [144].
1.4.4 MIF protein family in inflammation

MIF is a pro-inflammatory protein produced in different immune cells [108-112]. MIF
regulates pro-inflammatory cytokines such as TNF-a and IFN-y in a paracrine and

autocrine way [147]. In addition, MIF is also chemoattractant to leukocytes and

16



Introduction

influences macrophage polarization and activation as well as their survival. These
biological functions cause MIF to promote inflammation in several diseases such as
rheumatoid arthritis, sepsis, type 2 diabetes and atherosclerosis [148, 149]. An
additional unique function of MIF was reported by Calandra et al. Glucocorticoids in
low levels induce MIF expression following by a counter regulation of the
immunosuppressive effect of glucocorticoids [150]. In a murine model, Bernhagen et
al. have shown that MIF was secreted by the pituitary gland after lipopolysaccharide
(LPS) treatment [114]. In a murine wound healing model with MIF knockout (Mif)
mice and recombinant MIF treated mice, it was shown that TNF-a levels were

increased in MIF treated mice and decreased in Mif~~ mice [151].

Similar to MIF, MIF-2 is a pro-inflammatory cytokine but in contrast, its precise role in
the pathology and immune physiology is unclear. MIF-2 also interacts with the
CD74/CD44 complex initiating inflammatory signaling cascades whereby it
counter-regulates the immunosuppressive function of glucocorticoids. In clinical
studies, MIF-2 serum level was increased in systemic inflammation, sepsis or
metastatic cancer [132]. Furthermore, it was shown that upon LPS stimulation MIF-2
expression also was enhanced [114, 132, 152]. The immune inhibition of MIF and MIF-

2 solely or combined lead to a diminished, not lethal endotoxemia [132, 152, 153].

However, Kim et al. recently discovered a different behavior of MIF and MIF-2 in an
LPS induced murine endotoxemia model [152]. In the visceral fat depot, MIF
expression was increased according to previous results, but MIF-2 was reduced when
compared to the control group. An additional difference was the polarization of adipose
tissue macrophages (ATM). Deletion of Mif-2 polarized ATMs towards the
pro-inflammatory M1 phenotype whereas ATMs of Mif*~ mice were skewed towards
the anti-inflammatory M2 phenotype. As MIF is increased while MIF-2 is decreased in
septic visceral adipose tissue, ATMs are driven towards an M1 polarization ending in

excessive pro-inflammatory cytokine expression.

1.4.5 The MIF protein family in wound healing

As an important pro-inflammatory cytokine, MIF also was intensely investigated in the

context of cutaneous wound healing. MIF is expressed in mature and developing skin
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and shows increased cutaneous expression in pathologies such as carcinogenic,
autoimmune and allergic skin diseases. Most importantly, the expression of MIF is
increased in skin during wound repair, although its exact role is controversial [154].
There are several studies showing a beneficial effect of MIF during wound healing.
Abe et al. have demonstrated that female rats treated with anti-rat MIF antibody
showed delayed wound healing. Moreover, harvested keratinocytes treated with
recombinant MIF had an increased migration tendency [155]. Built on that, the effect
of MIF on fibroblast was examined by Zhao et al.. Mif"~- mice showed diminished
wound healing as in the study of Abe et al.. Furthermore, fibroblast isolated from Mif-
~ mice proliferated less upon LPS treatment when compared to fibroblast from wild
type mice [156]. A positive effect of MIF could also be demonstrated in wound healing
in other tissues such as lung or cornea [157, 158]. By contrast, there are also several
groups claiming a negative effect of MIF in skin during the healing process of incisional
wounds [154, 159, 160]. Interestingly, Kim et al. could show that the healing of
excisional wounds of Mif~ mice was improved when compared to the control group.
Wound healing of wild type mice treated with recombinant murine MIF, by contrast,
delayed [151]. In general, we can postulate that the role of MIF in wound healing is

still unclear and might differ in distinct phases and different tissue types.

With regards to MIF-2, there are only two reported studies of skin damage. Sonessen
et al. radiated healthy human skin with ultra violet (UV) B-light to induce a cutaneous
inflammation and collected the fluids of the blisters. MIF and MIF-2 levels in the fluids
were elevated [161]. In the most recent in vitro study, human dermal fibroblasts were
treated with recombinant MIF-2 protein leading to an improved proliferation [162]. As
already described above, MIF and MIF-2 influence macrophage polarization in
opposite ways. A prolonged excess of M1 macrophages is considered as an evidence

for non-healing wounds [163].
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2. Aims

Wound repair is a complex process of tissue regeneration. Although cutaneous wound
healing has long been studied, there are still several unclear mechanisms to be
explored. Above all, wound healing disorders and chronic wounds, as they often occur

in obese patients, are still a major challenge for medicine and research.

The chemokine-like protein macrophage migration inhibitor factor (MIF) is a well
known pro-inflammatory atypical cytokine. MIF plays a crucial role in various
inflammatory diseases such as rheumatoid arthritis, atherosclerosis, sepsis, as well
as in obesity and importantly in chronic wounds. Recently a second member of the
MIF protein family was discovered, the MIF homolog D-dopachrome tautomerase, also
known as MIF-2. Similar to MIF, MIF-2 also is a pro-inflammatory cytokine, but less is
known about its role in inflammation. MIF and MIF-2 seem to act in reciprocal ways in
obesity and adipose tissue inflammation. MIF is elevated in obese patients whereas
MIF-2 level is reduced. The impact of MIF on wound healing is still controversial but it
appears to be dependent on the wound location and the phase of the healing process.
In contrast, MIF-2 has been sparsely studied for wound healing. In previous in vitro
data, we have shown that MIF-2 enhances fibroblast proliferation and promotes anti-
inflammatory M2 macrophage polarization.

Thus, the aim of my thesis was to discover the function of MIF-2 in cutaneous wound
healing and its role in obesity-induced wound healing disorders. At first, | went to
investigate how a Mif-2 knockout influences the healing process in a murine excision
wound model under regular and high fat diet. Tissue samples harvested at different
time points were analyzed on protein and gene level. Next, | focused on the
differentiation from fibroblast into myofibroblasts under supplementation with
recombinant MIF-2 protein and MIF-2 specific inhibitors. Furthermore, | questioned the
pathway and the mechanism how MIF-2 interacts and exerts its function on the
myofibroblasts differentiation. Finally, | questioned the therapeutic approach of
recombinant MIF-2 as a potential treatment for cutaneous wound healing. Freshly
isolated human fibroblasts were incubated in medium conditioned with the stroma
vascular fraction from obese and lean patients and supplemented with various

concentrations of MIF-2.
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3. Materials

3.1Mouse strains

Table 3.1: Mouse strains used in this thesis.

Mouse strain | Origin

Total number of

used animals

C57BL/6 Charles River Laboratories Germany GmbH, | 29
Sulzfeld, Germany

C57BL/6 Animal facility LMU Munich, Germany 29

Mif-2-"~ Breeding in the BZL animal facility

3.2Mouse chows

Table 3.2: Various mouse chows for the regular and high fat diet used in this thesis.

Chows

Manufacturer

Chows for high fat diet (60 kJ % fat)

ssnif  Spezialdiaten GmbH, Soest,

Germany

for diet

Extrudate)

Chows regular (Breeding

Kliba Nafag, Kaiseraugst, Switzerland
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3.3 Patient characteristics

Table 3.3: Details of patient characteristics from which the stromal vascular fraction (SVF) was isolated to

generate SVF conditioned media. Patients with a body mass index (BMI) > 25 were considered obese and

patients with a BMI < 25 were considered lean.

Obese patients

Number Age | Gender | BMI
PAT-52 30 f 327
PAT-54 42 f 28.6
PAT-56 42 f 34.9
PAT-57 51 f 27.5

Lean patients

Number | Age | Gender | BMI

PAT-48 38 |f 22.5
vs.

PAT-50 45 | f 22.2

PAT-63 29 |f 21.8

PAT-64 33 |f 24.5

3.4Chemicals, reagents, media and drugs

Table 3.4: Chemicals, reagents, media and drugs used in this thesis.

Chemicals/reagents/media/drugs

Manufacturer

2-(4-(2-Hydroxyethyl)-1-piperazinyl)-
ethansulfonsaure (HEPES)

Sigma Aldrich, Steinheim, Germany

2-Propanol, = 99.8 % purity

Sigma Aldrich, Steinheim, Germany

3,3-Diaminobenzidine tetrahydrochloride
(DAB)

Agilent DAKO, Santa Clara, CA, USA

4-(3-Carboxyphenyl)-2,5-
pyridinedicarboxylic acid (4-CPPC)

Adipogen AG, Liestal, Switzerland

alamarBlue® Cell Viability Assay

G-Biosciences, St. Louis, MO, USA

Bepanthen® Salbe

Bayer AG, Leverkusen, Germany

bFGF

LuBioScience GmbH, Zurich,
Switzerland

Bovine Serum Albumin (BSA)

VWR Life Science, Solon, OH, USA
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Chloroform, 99 % purity

Sigma Aldrich, Steinheim, Germany

Clostridium histolyticum Collagenase
Type Il

MP Biomedicals SARL, lllkirch-
Graffenstaden, France

DAB Substrate Buffer

Agilent DAKO, Santa Clara, CA, USA

Dispase® |l

Sigma Aldrich, Steinheim, Germany

Dithiothreitol (DTT), 0.1 M

Invitrogen, Waltham, MA, USA

Dulbecco's Modified Eagle's Medium
(DMEM) - F12 w/stable Glutamine
w/15 mM Hepes

Biowest, Nuaillé, France

DMEM - low glucose, 10 x

Sigma Aldrich, St. Louis, MO, USA

w/Sodium Pyruvate

DMEM High Glucose w/stable Glutamine

Biowest, Nuaillé, France

dNTP Mix Invitrogen, Waltham, MA, USA

Eosin Agilent DAKO, Santa Clara, CA, USA
Ethanol Merck, Darmstadt, Germany
FACSClean BD, Allschwil, Switzerland

FACSFlow BD, Allschwil, Switzerland
FACSRinse BD, Allschwil, Switzerland

Flex Hematoxylin

Agilent DAKO, Santa Clara, CA, USA

Flex Wash Buffer (20 x)

Agilent DAKO, Santa Clara, CA, USA

Foetal bovine serum (FBS), South
American origin

Biowest, Nuaillé, France

Hydrogen peroxide (30 %)

Merck, Darmstadt, Germany

Isofluran

JD Medical Distributing Co., Inc.,
Phoenix, AZ, USA

NaCl 0.9 % sodium chloride solution
sterile, 100 mL

B.Braun, Sempach, Switzerland

Normal Goat Serum Blocking Solution

Vector Laboratories, Burlingame, CA,
USA

Oligo(dT)12-18 Primer

Invitrogen, Waltham, MA, USA

Penicillin-Streptomycin Solution 100 x
(pen/strep)

Biowest, Nuaillé, France

Phosphate-buffered saline (PBS),
pH 7.2, Gibco

Thermo Fische Scientific, Schwerte,
Germany

RBC Lysis Buffer

G-Biosciences, St. Louis, MO, USA
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Recombinant macrophage migration
inhibitor factor 2 (rMIF-2), human

Produced in laboratory of Prof.
Bernhagen at the LMU

Recombinant macrophage migration
inhibitor factor 2 (rMIF-2), murine

Produced in laboratory of Prof.
Bernhagen at the LMU

Recombinant transforming growth factor
B1, murine

Bio-techne, Zug, Switzerland

Rnase AWAY

Molecular BioProducts, San Diego, CA,
USA

Rnase Inhibitor

Applied Biosystems Invitrogen, Waltham,
MA, USA

Rotor-Gene SYBR Green PCR Kit
(2000)

QIAGEN, Hilden, Germany

RPMI 1640 w/stable Glutamine

Biowest, Nuaillé, France

Shutdown Solution

BD, Allschwil, Switzerland

SuperScript™ |II Reverse Transcriptase

Invitrogen, Waltham, MA, USA

Target Retrieval Solution high pH 9.0

Agilent DAKO, Santa Clara, CA, USA

Target Retrieval Solution low, pH 6.0

Agilent DAKO, Santa Clara, CA, USA

TeloCol® - 3, Type | Bovine Collagen
Solution

Advanced BioMatrix, Carlsbad, CA, USA

Temgesic® solution for injection,
0.3 mg/mL Amp.

Indivor Schweiz AG, Baar, Switzerland

TRIzol Reagent

Invitrogen, Waltham, MA, USA

Trypan Blue Soution, 0.4 %

VWR Life Science, Solon, OH, USA

Trypsin-EDTA (1 x), 0.25 %, phenol red

Biowest, Nuaillé, France

Water Molecular biology grade
(DNases/Rnases/Proteases free)

PanReac AppliChem GmbH, Darmstadt,
Germany

Xylol-1VD for Microscopy

Merck, Darmstadt, Germany
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3.5Cell culture media and buffers

3.5.1 Cell culture media

Table 3.5: Components of the various media used in this thesis.

Culture media

Components

NIH/3T3 & Fibroblast culture

medium/proliferation medium

DMEM High Glucose
10 % FBS
1 % pen/strep

Fibroblast basic medium

DMEM High Glucose
1 % pen/strep

SVF culture medium

DMEM - F12
10 % FBS
1 % pen/strep

SVF-conditioned medium

DMEM High Glucose
1 % pen/strep
5 x 10° SVF cells

AlamarBlue medium

DMEM High Glucose
1 % pen/strep

10 %AlamarBlue reagent

3.5.2 Buffer for the gel contraction assay

Table 3.6: Components of the buffer for the gel contraction assay.

Buffer

Components

Buffer for gel contraction assay

20 % v/v 0.2 M HEPES solution

4.33 % v/v 10 x DMEM - low glucose

2.67 % vlv sterile H20

24



Materials

3.6Primers
Table 3.7: Primers used in this thesis.
Gene Name | Forward primer (5-3’) Reverse primer (5°-3’)
TGC CAG GAT GAC CTT AGT CAG AGT GACTGT GGT TCC
CD11c GTC G GTAG
GAC TGAGTTCTC GCC TCT CTG GGA AGG AAT TAG AGC
CD301b GG AAA CT
C CTGGCGGTT CAGGTCCAA |GAAGCCTCGGTGTCCCTT
ollagen | TG CA
GAC CAAAAG GTGATGCTG [CAAGACCTCGTGCTC CAG
Collagen lll |GAC AG TTAG
C GGT GTGCGG TTT GTGAAG |[TGG CGT GGG CTT CTT GAA
ollagen IV CA CA
TCC TGG GAT TGG AGG CAT |[ACCAGG CACTAAACCTCC
Elastin TGC A AGC A
. : CGGACGCTG CGAAAAGAT [(ACTTGGCTGGCAACCCTT
Fibronectin GA cT
TAC CAC TTC ACA AGT CGG CTG CAA GTG CAT CAT CGT
IL-6 AGG C TGT TC
TCG CAAGGATGC TGAAGA |GGACTGTAGTTC AAT CTC
Keratin 10 |[GTG G CAG AC
TGT TCT GTC GCA CCC AGT TTC CAACTG CCACGGTCC
KGF1/FGF7 |GGT A TGAT
KGF2/ CAACTCCGATTT CCACTG GCT GTT CTC CTT CAC CAA
FGF10 ATGT GT
MIF CGCTTTGTACCGTCCT CGT GCC GCT AAA AGT CA
CTCTTC TCC CGC TAA CAT TCATGC CAG GTC GTATCG
MIF-2/D-DT |GC TA
CAG CCA ACT ATG ACC AGG
MMP-9 AT CTG CCA CCA GGA ACA GG
GCAAGACCAGGACGGTCA |TGTTCAGGAATGTCACAC
PDGF A TTT AC GCC
TTC CTT TCT CCT CGT TGG TTC AGC CCG TATTTG CGG
RPS29 GC AT
TGA TAC GCCTGA GTG GCT [CAC AAG AGC AGT GAG CcGC
TGF-B1 GTCT TGA A
CAT CCAGGC TGT GCT GTC |GAT CTT CAT GGT GCT AGG
B-actin CCT GTATGC AGC CAG AGC
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3.7 Antibodies

Table 3.8: Primary antibodies used in this thesis.

Antibody Host species |Dilution|Use Manufacture
rabbit Abcam,
CD31 1:50 Immunohistochemistry [ Cambridge,
(polyclonal)
England
CD7.4 rat . Immunofluorescence for [ BD, Allschwil,
(conjugated (monoclonal) 1:50 FACS analysis Switzerland
to BB700)
BMA
F4/80 rat 1:400 Immunohistochemistry Biomedicals,
(monoclonal) Augst,
Switzerland
oat Abcam,
F(ab) 9 1:50 Immunohistochemistry [ Cambridge,
(polyclonal)
England
rabbit Abcam,
Ki67 1:200 Immunohistochemistry [ Cambridge,
(monoclonal)
England
mouse Abcam,
a-SMA 1:2 Immunohistochemistry [ Cambridge,
(monoclonal)
England
rabbit Abcam,
TNF-a 1:100 Immunohistochemistry [ Cambridge,
(monoclonal)
England
Table 3.9: Secondary antibodies used in this thesis.
Antibody Host species [Use Manufacture
anti-rabbit goat Immunohistochemist Agilent DAKO, Santa
IgG (polyclonal) Y| Clara, CA, USA
: rabbit . . Merck, Darmstadt,
anti-rat IgG (polyclonal) Immunohistochemistry Germany
anti-mouse |goat Immunohistochemist Agilent DAKO, Santa
IgG (polyclonal) Y Clara, CA, USA
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3.8Consumables

Table 3.10: Consumables used in this thesis.

Consumables

Manufacturer

Aspirating pipette, 2 mL

Falcon Corning, Corning, NY, USA

Cell culture flasks T-75; filter cap

Sarstedt AG, Sevelen, Switzerland

Cell strainer, 70 um, Nylon membrane

Falcon Corning, Corning, NY, USA

Centrifuge tube, 15 mL

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

Centrifuge tube, 50 mL

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

Cryotubes

VWR, Dietikon, Switzerland

Filter tips, clear, sterile, 0.5 - 10 uL

Axygen Corning, Corning, NY, USA

Filter tips, clear, sterile, 2 — 20 pL

Axygen Corning, Corning, NY, USA

Filter tips, clear, sterile, 2 — 100 uL

Axygen Corning, Corning, NY, USA

Filter tips, clear, sterile, 2 — 200 uL

Axygen Corning, Corning, NY, USA

Filter tips, clear, sterile, 100 — 1000 pL

Axygen Corning, Corning, NY, USA

Filter-Tips, 50 uL QlAgility

QIAGEN, Hilden, Germany

Insulin syringe, 1 mL

BD, Allschwil, Switzerland

Mesh woven filters 1000 um, nylon,
Spectra Mesh®

Spectrum LifeSciences, Los Angeles
County, CA, USA

Microtiter plate PS, F-form (96-wells)

Semadeni AG, Ostermundigen,
Switzerland

Opsite Flexifix

Smith & Nephew Orthopaedics GmbH,
Tuttlingen, Germany

Parafilm "M" - Laboratory Film

American National Can, USA

Pipettes, Research™ Plus Pipetters,
0.1-10 uL

Research™ Plus Pipetters

Pipettes, Research™ Plus Pipetters,
0.5-20 uL

Research™ Plus Pipetters

Pipettes, Research™ Plus Pipetters,
1-100 pL

Research™ Plus Pipetters

Pipettes, Research™ Plus Pipetters,
1-200 uL

Research™ Plus Pipetters

Pipettes, Research™ Plus Pipetters,
100 — 1000 uL

Research™ Plus Pipetters
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Reaction tube, 0.5 ml, PP

Sarstedt, Sevelen, Switzerland

Reaction tube, 1.5 ml, PP

Sarstedt, Sevelen, Switzerland

Reaction tube, 2.0 ml, PP

Sarstedt, Sevelen, Switzerland

Rotor-Disc 100

QIAGEN, Hilden, Germany

Rotor-Disc Heat Sealing Film

QIAGEN, Hilden, Germany

Scalpel blade no. 11

Swann-Morton, Sheffield, England

Scalpel blade no. 21

Swann-Morton, Sheffield, England

Serological Pipette, 5 mL

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

Serological Pipette, 10 mL

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

Serological Pipette, 25 mL

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

Skin biopsie punch (6 mm)

Kai medical, Seki, Japan

Surgical forceps

B.Braun, Sempach, Switzerland

Surgical scissors

B.Braun, Sempach, Switzerland

Syringe Filter, 0.22 pym pore size

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

Syringe, Luer-lock, sterile, 5 mL

B.Braun, Sempach, Switzerland

Syringe, Luer-lock, sterile, 10 mL

B.Braun, Sempach, Switzerland

Syringe, Luer-lock, sterile, 20 mL

B.Braun, Sempach, Switzerland

Syringe, Luer-lock, sterile, 50 mL

B.Braun, Sempach, Switzerland

Tissue culture dishes (100 mm)

VWR, Dietikon, Switzerland

Tissue culture dishes (150 mm)

VWR, Dietikon, Switzerland

Tissue culture plates ( 6-well)

VWR, Dietikon, Switzerland

Tissue culture plates (12-wel)

VWR, Dietikon, Switzerland

Tissue culture plates (24-wel)

VWR, Dietikon, Switzerland

Tissue grinding CKMix50-R, 2 mL tubes

bertin Instruments, Montigny-le-

Bretonneux, France

3.9Devices

Table 3.11: Devices used in this thesis.

Devices

Manufacturer

Biological Safety Cabinets, Safe 2020
Class Il

Thermo Scientific, Langenselbold,
Germany
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-20 °C Freezer Premium NoFrost

Liebherr, Bulle, Switzerland

4 °C Fridge GRAM

GKM, Sarnen Germany

-80 °C Freezer HeraFreeze HFU T

Thermo Scientific, Asheville, NC, USA

Autostainer Link48

Agilent DAKO, Santa Clara, CA, USA

Camera stative

house intern workshop from USZ, Zurich,
Switzerland

Capsulefuge (Centrifuge PMC-060)

Tomy Kogyo, Tokyo, Japan

Centrifuge 5417R

Eppendorf, Hamburg, Germany

Centrifuge Rotina 35 R

Hettich Kirchlengern, Germany

COz2-Incubator, Forma™ Steri-Cult™

Thermo Fisher Scientific, Asheville, NC,
USA

Digital Camera EOS 4000D

Canon, Tokyo, Japan

Electronic veterinary weighing scale for
small animals

Soehnle Industriel Solution GmbH,
Backnang, Germany

FACSCanto™ ||

BD, Allschwil, Switzerland

Handling Tube Tunnel

ZoonLab GmbH, Castrop-Rauxel,
Germany

Minilys Personal Homogenizer

bertin Instruments, Montigny-le-
Bretonneux, France

NanoDrop 2000 Spectrophotometer

Thermo Scientific, Langenselbold,
Germany

Pipettor Turbo-Fix

TPP Techno Plastic Products AG,
Trasadingen, Switzerland

QlAgility

QIAGEN, Hilden, Germany

Rodent heating pad

Stoelting co, Wood Dale, IL, USA

Rodent shaver

AgnTho, Lidingd, Sweden

Rotor-Disc® Heat Sealer

QIAGEN, Hilden, Germany

Rotor-Gene Q

QIAGEN, Hilden, Germany

Shaking Water Baths, THERMOLAB®,
Typ 1083

GFL, Burgwedel, Germany

SimpliAmp™ Thermal Cycler

Thermo Fisher Scientific, Asheville, NC,
USA

Thermomixer comfort

Eppendorf, Hamburg, Germany

Vortex Genie 2™

Bender & Hobein AG, Zurich,
Switzerland
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3.10 Software

Table 3.12: Software used in this thesis.

Software

Use

Manufacturer

GraphPad Prism 8

Data and statistical analyses
Generate graphs for

publication and dissertation

GraphPad Software,
La Jolla, CA, USA

ImageJ

e Measurement of wound areas
e Measurement of gel area
e Analysis of histochemical

stained tissue slights for
collagen participation

e Analysis

ofimmunohistochemically
stained slights

Schneider et al. [164]

Adobe Photoshop CS6

Quantification of the fluorescence
signal

Adobe Inc., San José,
CA, USA

Zeiss Zen 3.1 Airyscan

Processing of scanned tissue
slights

Carl Zeiss AG,
Oberkochen, Germany

FlowdJo v10

Data analysis of FACS samples

FlowJo, Becton,
Dickinson & Company,
Franklin Lakes, USA
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4. Methods

4.1in vivo techniques

C57BL/6 wild type (WT) mice were used for mouse experiments. WT mice were
purchased from Charles River Laboratories. In addition, a C57BL/6 Mif-2-- strain was
bred in the animal facility. All mice were housed under the regular 12:12 h light:dark
cycle in the animal facility of the institute of Biologisches Zentrallabor (BZL) of
University Hospital Zurich (USZ). The mice had access ad libidum to water and food.
All in vivo experiments were approved by the Cantonal Veterinary Office, Zurich
(ZH004/19) and was in accordance with the Swiss Animal Protection Law and the
European Directive 2010/63/EU of the European Parliament and of the Council on the

Protection of Animals used for Scientific Purposes.

4.1.1 High fat diet (HFD) and weight measurement

In order to mimic the state of obesity in humans a high fat diet (HFD) model to induce
obesity using chows consisting of 60 % fat per kilocalorie was used [46, 165]. One WT
mice group (n = 15) and one group of C57BL/6 Mif-2- mice (n = 13) were put on HFD
at an age of 4 weeks, a second WT group (n = 14) and a second Mif-2-- mice (n = 16)
were fed with regular chows (RD, regular diet) containing 4.5 % fat per kilocalorie.
Each mouse group had access ad libitum to chows. The weight gain was determined

by weekly weight measurements with a rodent scale.
4.1.2 Wound healing model

The major focus from the in vivo experiments was on the well established wound
healing model. Thirteen-week-old mice from each group underwent wounding. Two
dorsal incision wounds and two dorsal excision wounds were set per mouse (Figure
4.1). Both wound models were chosen as Ansell et al. have shown that excision
wounds show less variety in wound closure and planimetric measurements but high
fluctuations in histological analysis, while incision wounds vary strongly in planimetry
but are more stable in histology as excisional wounds [166].
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Figure 4.1: Incisional and excisional wound model. In the incision wound model, two 1 cm long wounds are
created on the left side of the dorsum of mice with a scalpel blade. In the excision wound model two defined circular
6 mm wounds are created on the right side of the dorsum of mice with a standard punch biopsy device. The wounds

penetrate the epidermis, dermis, hypodermis and panniculus carnosus muscle.

After the mouse was injected subcutaneously with buprenorphine (0.1 mg per kg body
weight) as analgesic and was anaesthetized with 5 % isoflurane the back was shaved
and cleaned with warm water and a tissue. During the whole surgery, the mouse laid
on a heating pad set to 37 °C to keep constant body temperature. To maintain the
anesthesia a rodent gas mask was placed on the nose of the mouse with a steady
flow of 3 — 5 % isoflurane. Two 1 cm long incisions wounds were set on the left side
of the dorsum reaching subcutaneous adipose tissue using a scalpel. Two dorsal
6 mm circular excision wounds were inflicted by a biopsy puncher. The tissue was

carefully cut off with a surgical scissor including panniculus carnosus muscle.

After infliction of wounds they were covered by a transparent plaster and
buprenorphine (0.1 mg per kg body weight) was injected for postoperative follow-up
care. The mice were single housed to prevent fights between wounded mice.
Furthermore, the mice were put into a warm chamber at 29 °C with a humidity of 60 %

over night. Afterwards they were housed under regular conditions.
4.1.3 Macroscopic analysis of the wounds and wound scoring

To assess the healing process photos of incision and excision wounds were taken
daily and closure were monitored through planimetry. The wound size was digitally
determined using Adobe Photoshop and Imaged. To ensure always the same distance
between wound and camera a device was designed in collaboration with the technical
service of the USZ (Figure 4.2). In short, a metal plate with a rectangle cutout (screen)
was fixed on a metal rail. The camera could be fixed on the rail and the distance
between camera and the metal screen was adjustable. A scale placed around the

cutout was used to calculate the wound area.
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Figure 4.2: Picture of the designed device to ensure always the same distance from camera to the wound.

Furthermore, the wounds and the mice respectively were monitored for wound
state/inflammation, weight, activity, physical appearance and posture daily (see

Appendix).
4.1.4 Sample collection

Mice were euthanized by CO2 fumigation at day 1, 3, 7, 14 and 21 after wound
infliction. Days were chosen in order to cover each wound healing phase [46]. Wound
tissue including surrounding area and underlying subcutaneous tissue was collected
and either flash frozen in liquid nitrogen or fixated in 4 % paraformaldehyde overnight.
After the fixation, water was removed from the samples and they were embedded in

paraffin for further histological analysis.

4.2Histology and immunohistochemistry

All histological and immunohistochemical stains were carried out by Ines Kleiber-
Schaaf and Andrea Garcete-Barschi of the histology service of the Center for Surgical
Research. The paraffin-tissue blocks were cutinto 5 ym slides using a microtome. The
tissue slides were placed on microscope slides. The stained tissue slides were

scanned at 10-fold magnification and analyzed as described below.
4.2.1 Masson-Goldner’s trichrome staining

In order to visualize the different skin layers of the wounds tissue slides were stained

via Masson-Goldner’s trichrome technique [167]. All steps were done at room
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temperature (RT). First paraffin was removed incubating twice in xylene for 5 min.
Subsequently the tissue was rehydrated in 100 % ethanol (EtOH) three times for
2 min, in 96 % EtOH for 2 min and finally in 70 % EtOH for 2 min. Afterwards the tissue
was incubated with Weigert's haematoxylin solution for 8 min. Following washing in
water for 5 min, the slide was stained in ponceau acid fuchsin solution (Goldner
solution 1) for 15 min. After washing briefly in 1 % acetic acid, the tissue slide was
treated with phosphomolybdic acid-orange G solution (Goldner solution Il) for 5 min.
Consecutively the tissue slide was washed briefly with 1 % acetic acid and stained
with light green solution (Goldner solution Ill). After the tissue was washed in 1 %
acetic acid for 1 min, it was dehydrated in 96 % EtOH for 2 min and twice in 100 %
EtOH for 2 min. At the end, the tissue slide was washed three times in 100 % xylene

and a coverslip was mounted over the tissue.
4.2.2 Immunohistochemical staining

As described in the Masson-Goldner’s trichrome staining the paraffin was eliminated
from the tissue section and the tissue section was rehydrated. Afterwards the tissue
was treated with 3 % H202 for 5 min and washed with distilled (d)H20 for 5 min.
Following incubation in Normal Goat Serum for 30 min and a washing step with
supplied wash buffer for 3 min, the antibody solution was added onto the tissue slide
and incubated for 60 min (see antibody list with appropriated dilutions in Table 4.1). A
pretreatment with goat F(ab) anti-mouse immunoglobulin G (IgG) for 30 min was
necessary in case of anti-a-smooth muscle actin (SMA) antibody. After washing with
wash buffer for 3 min the staining procedure for all samples was as following. The
tissue slide was incubated in the desired primary antibody for 30 min and washed with
wash buffer for 3 min. The secondary horseradish peroxidase (HRP) conjugated
antibody was added and after 20 min the slide was washed for 5 min in washing buffer.
It followed an incubation in 3,3'-diaminobenzidine (DAB) solution for 10 min and a brief
washing step with wash buffer. Afterwards the tissue was treated with flex hematoxylin
solution for 10 min and washed with the wash buffer for 5 min. At the end, the slide
was dehydrated by incubation in EtOH with increasing concentration (70 — 96 - 100 %)
followed by washing three times with xylene (100 %) and mounted as described in the

Masson-Goldner’s trichrome technique.
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Table 4.1: Antibodies used for immunohistochemical staining.

primary antibody host species used dilution | secondary antibody-HRP
CD31 rabbit (polyclonal) 1:50 anti-rabbit

F4/80 rat IgG (monoclonal) 1:400 anti-rat 1IgG

F(ab) goat IgG (polyclonal) 1:50 -

Ki67 rabbit (monoclonal) 1:200 anti-rabbit

a-SMA mouse (monoclonal) 1:2 anti-mouse

tumor necrosis factor-a | rabbit (monoclonal) 1:100 anti-rabbit

4.3 Molecular biological analyses of the wound tissue
4.3.1 RNA isolation from mouse wound tissue

RNA was isolated from the sampled wound tissue based on the work of P.
Chomczynski and N. Sacchi [168]. After adding ceramic beads and 1 mL TRIzol the
tissue was homogenized using a tissue homogenizer for 3 min at 5,000 rpom and 4 °C.
After homogenization of the tissue, the samples were incubated for 15 min at 300 rpm
at 23 °C in a thermomixer. The suspension was transferred into a microcentrifuge tube
(tube) and centrifuged for 10 min at 12,000 x g and 4 °C. The cleared supernatant was
transferred into a new tube, 200 uL chloroform was added and the sample was
incubated for 3 min at 300 rpm at 23 °C in a thermomixer. To separate the aqueous
phase containing the RNA from the organic phase the samples were centrifuged for
15 min at 12,000 x g and 4 °C.

RNA was precipitated by adding 500 yL 100 % isopropanol and centrifuged for 10 min
at 12,000 x g and 4 °C. Supernatant was discarded. RNA pellet was washed twice
with 1 mL 75 % EtOH and centrifuged 5 min at 7,500 x g and 4 °C. Precipitated RNA
was dried at RT and afterwards resuspended in RNase-free water followed by an
incubation step at 57 °C for 15 min at 1000 rpm in a thermomixer. RNA concentration

was measured using a NanoDrop spectrophotometer.
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4.3.2 Reverse transcription and real-time quantitative polymerase chain
reaction (RT-qPCR)

Gene expression in wound tissue was analyzed by real-time quantitative polymerase
chain reaction (RT-gPCR). cDNA was synthesized by reverse transcription using
500 ng of isolated total RNA. Synthesis was performed with oligo-dT primers
(0.5 pg/uL), dNTP-mix (10 mM), DTT (1,4-dithiothreitole, 0.1 M), 5 x FS buffer, RNase
inhibitor (20 U/pL), SuperScript® Il (200 U/puL) and dH20 using a GeneAMP PCR
System (2 h 50 °C, 10 min 72 °C).

RT-gPCR was performed using a Rotor Gene PCR machine. Specific primers (Table
3.7) were premixed with dH20 and 50 v/v % SYBR green mix to an end concentration
of 0.25 uyM. 2 pL of transcribed cDNA was used per analysis. Each sample was
performed in triplicates. The cycling conditions were 95 °C for 5 s followed by 45
cycles of 60 °C for 30s and 72 °C for 30s. Through analysis of melting curves,
unspecific amplifications and primer dimer formations were excluded. The gene
expression was normalized to RPS29 and B-actin after the method of Taylor et al.
[169].

4.4 Murine fibroblast cell line NIH/3T3 differentiation

Murine NIH/3T3 fibroblasts were used for differentiation studies of fibroblasts into
myofibroblasts [170]. The cells were incubated at 37 °C in an atmosphere with 95 %
humidity and 5 % CO2. Dulbeccos’s modified eagle’s medium (DMEM) high glucose
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin
(pen/strep) solution served as culture medium. Culture medium was changed twice a
week. If the cells reached 80 — 90 % confluency, they were passaged. Therefor the
cells were incubated with 1 x Trypsin (EDTA) for 10 — 15 min at 37 °C. The cell
suspension was transferred to a centrifugation tube and centrifuged for 5 min at
500 x g. The supernatant was removed and cells were resuspended in culture medium

and split 1:3.

In order to differentiate the cells into myofibroblasts, the culture medium was removed

and the cells were washed with sterile phosphate buffered saline (PBS). Afterwards
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the cells were incubated in myofibroblasts differentiation medium. The differentiation
medium (DM) based on DMEM high glucose medium supplemented with 1 %
pen/strep solution. Furthermore, recombinant mouse tumor growth factor (TGF)-{31
was added with a final concentration of 2 ng/mL to initiate the differentiation [96, 170].

The cells were incubated under regular incubation conditions for at least one day.
441 FACS-flow cytometry

In order to analyze the CD74 receptor expression during differentiation of NIH/3T3
cells fluorescence associated cell sorting (FACS) flow cytometry was performed with
undifferentiated and differentiated cells. 100’000 cells of both groups were incubated
in 100 yL anti-mouse CD74 antibody solution (4 pg/mL in PBS) for 60 min at 4 °C in
the dark. The antibody was linked to the fluorophore BD Horizon Brilliant™ Blue 700
having an excitation maximum at Aex=476 nm and an emission maximum at
Aem =695 nm.

The same amount of cells was treated equivalently lacking the antibody as the control
group. After incubation the cells were washed twice with PBS, resuspended in 500 yL
PBS and filtered through a 35 pm mesh cell strainer. The samples were excited with
Aex =488 nm and fluorescence was detected via the PerCP Cy5.5 channel at
A =695 nm.

4.4.2 Collagen gel contraction assay

The collagen gel contraction assay was performed to examine the contractility of the
differentiated NIH/3T3 cells [171]. A 24-well plate was treated with 1 % BSA solution
dissolved in PBS for 30 min at 37 °C. Afterwards the BSA solution was removed. The
collagen-cell-mixture consisted of 20 % v/v 0.2 M HEPES buffer (pH 8.0), 4.33 % v/v
10 x DMEM (low glucose), 2.67 % v/v sterile H20, 33 % v/v TeloCol® collagen solution
(3 mg/mL) and 40 % v/v cell suspension (4.2 x 10° cells/mL suspended in culture
medium). First, HEPES was mixed with 10 x DMEM and H20 and the mixture was
transferred in 1.5 mL tubes, one tube per sample. Afterwards cells were diluted in
culture medium to a concentration of 4.2 x 10° cells/mL and added to the tubes. In
case of gel without cells, only culture medium was added. As the final step, collagen
solution, which was stored on ice, was mixed into the cell-buffer-mixture and 500 pL

of the finished collagen-cell solution was immediately transferred into one well. The
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plate was incubated for 30 min at 37 °C so that the solution forms a gel. Afterwards
1 mL of the desired medium was added to the gel and the gel was softly detached

from the walls of the wells using a sterile pipette tip.

As negative controls, gel without cells was incubated in DM as well as gel with cells in
culture medium(basic medium, BM) without TGF-B1. Gel with cells in DM acted as
positive control. For the experiment, mouse recombinant MIF-2 (m-rMIF-2) was added
in different concentrations (10 ng/mL, 50 ng/mL, 100 ng/mL, 200 ng/mL and
400 ng/mL) to DM. All samples were carried out in triplicates. The size of the gel was
daily analyzed by taking pictures of each gel and calculating the gel size using Adobe

Photoshop and ImageJ.

In an additional experiment the collagen-cell gel was incubated in DM supplemented
with increasing concentrations (5 yM, 10 uM, 15 uM, 30 uM, 60 pM) of 4-CPPC, a
selective inhibitor for MIF-2-CD74 interaction [172]. The controls were the same as

previously described.

4.5 Human primary cells

The use of patient tissue and non-personal data which were used in this work were
approved by Kantonale Ethik Kommision (KEK) Zurich Swiss (KEK-ZH: StV 7-2009),
the Swiss ethics (BASEC-Nr.: 2019-00389), and the international ethical guidelines
(ClinicalTrials.gov; ldentifier: NCT01218945).

Cell were always cultured in an incubator at 37 °C in an atmosphere with 95 %

humidity and 5 % COz unless otherwise stated.
4.5.1 Isolation and culture of human fibroblasts

Human fibroblasts were isolated from fresh skin received from surgeries.
Subcutaneous fat tissue was removed and skin was cut in small strips (approximately
10 mm x 2 mm). The strips were incubated in Dispase Il solution (5 ug/mL in RPMI
medium) for 1 h at 37 °C followed by 4 °C overnight. Next day, the solution was
removed and epidermis and dermis were separated using two surgery forceps. In

order to isolate the fibroblasts from the dermis the tissue pieces were incubated in
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Collagenase Il solution (2 mg/mL in RPMI) at 37 °C for 1 h. Afterwards the solution
was filtered through a mesh filter with 1000 pym pore size to take out undigested tissue
and the cell suspension was centrifuged for 10 min at 300 x g. Supernatant was
removed and the cell pellet was resuspended in 10 mL PBS and centrifuged for 10 min
at 300 x g. After the PBS has been removed, the cell pellet was resuspended in
fibroblast culture medium (DMEM high glucose supplemented with 10 % FBS and 1%
pen/strep antibiotics), transferred into a 150 mm cell culture dish and cultivated in the
incubator. The culture medium was changed twice per week. When fibroblast reached

90 % confluency, they were passaged 1:3 as described above.
4.5.2 Isolation of human stromal vascular fraction (SVF)

Human stromal vascular fraction (SVF) was isolated from fat tissue received from
surgeries. Fat tissue was cut into small pieces with a surgical scissor and digested in
sterile 2 mg/mL collagenase |l solution at 37 °C for 45— 60 min shaking. After
digestion solutions was further homogenized through pipetting up and down and
undigested pieces were removed by filtering through a 200 ym mesh filter. In order to
separate adipocytes and oil from isolated cells the solution was centrifuged at 300 x g
for 10 min. The four phases (Figure 4.3) from bottom to top were as follows: SVF cell
pellet ,aqueous phase containing medium, serum etc., layer of adipocytes, and on top
an oily fat phase of triglycerides. All phases apart of the SVF cell pellet were discarded.
Cell pellet was resuspended in 5 mL erythrocyte lysis buffer and incubated on ice for
10 min. Afterwards PBS was added ad 40 mL and the cell suspension was centrifuged
for 10 min at 300 x g. The cell pellet was resuspended in 5 mL PBS and filtered
through a cell strainer with 70 ym pore size. Cell suspension was centrifuged for
10 min at 300 x g. Isolated cells were resuspended either in 5 — 10 mL PBS to count

them or directly in culture medium.
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Figure 4.3: Phases of digested fat tissue after centrifugation. After collagenase |l digestion of fat tissue, the
solution was centrifuged to separate the different phases. On top was the oily fat phase followed by a thin layer of
adipocytes. The biggest phase was the liquid phase containing medium, collagenase solution, serum etc. At the

bottom, the SVF cell pellet was formed.

4.5.3 Producing of SVF-conditioned medium (SVF-CM)

SVF-conditioned medium (SVF-CM) was created from obese patients with a BMI
(body mass index) >25 and lean patients with a BMI <25.In order to produce SVF-CM,
freshly isolated cells were resuspend in 5 — 10 mL sterile PBS and counted using a
Neubauer chamber. The cell suspension was centrifuged for 10 min at 300 x g. PBS
was removed and the cells were resuspended in SVF culture medium (DMEM/F12
supplemented with 10 % FBS, 1 % penicillin/streptomycin antibiotics and 5 ng/mL
basic fibroblast growth factor) to a cell concentration of 5 x 10° cells/mL. One milliliter
of the cell suspension was transferred into a T75-cell culture flask and 9 mL SVF
culture medium was added. After incubation over night in the incubator SVF culture
medium was removed and cells were washed twice with PBS. Afterwards 10 mL of
DMEM high glucose medium supplemented with 1 % pen/strep antibiotics were add
to the cells and the cell culture flask was incubated for 3 days. SVF-CM was
centrifuged for 5 min at 500 x g, sterile filtered through a 0.22 ym syringe filter and
stored at -20 °C (for long term storage at -80 °C) [173].

4.5.4 Viability assay with SVF-CM and rMIF-2 treatment

To evaluate the effect of SVF-CM from obese and lean patients supplemented with

different concentrations of human recombinant MIF-2 (h-rMIF-2) on fibroblast an
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Alamar Blue viability assay was performed. Fibroblasts were seeded in a 24-well plate
in a concentration of 40°000 cells/well and cultivated in fibroblast culture
medium/proliferation medium (PM) overnight in the incubator. On the next day the
culture medium was removed, the cells were washed with PBS and 0.5 mL SVF-CM
was added to the cells. In addition, h-rMIF-2 was added to the cells in concentrations
of 0 ng/mL, 50 ng/mL, 100 ng/mL, 200 ng/mL and 400 ng/mL based on the work of
Kim et al. [162]. Cells cultured in basic medium (BM, DMEM high glucose medium with
1 % pen/strep) and PM served as negative and positive controls. Each condition was

carried out in triplicate.

To assess cell viability under the different conditions at different time points, the
medium was removed and cells were washed twice with PBS and incubated in 500 pL
PM with 10 % alamarBlue reagent for 3 h in the incubator. Afterwards 100 pL
supernatant was transferred into a 96-well plate to measure fluorescence with
excitation at Aexc = 555 nm and emission at Aem = 596 nm. Each sample was measured
as a technical triplicate and the average was calculated. After each alamarBlue assay
cells were washed with PBS and treated as described above. Cell viability was

measured at day 3 and day 7 and day 0 before the first treatment as reference.

4.6 Statistics

GraphPad Prism8 was used for statistical analysis and to plot the graphs. Graphs are
shown as mean + SEM. Statistical variance between groups were calculated by either
student’s unpaired two-tailed t-test or one-way or two-way ANOVA. Tukey-test were

used as post hoc test. A p-value < 0.05 was considered as statistically significant.
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5. Results

5.1In vivo experiments

Several clinical studies have shown that obese patients have a diminished wound
repair up to formation of ulcer [37-39]. This negative effect was also investigated and
verified in different in vivo mouse models with no conclusive results provided to this
day [46, 47, 174]. It is well described, that cytokine secretion is altered in adipose
tissue and causes a worsened wound healing response. One impactful cytokine is the
pro-inflammatory chemokine-like mediator macrophage migration inhibitor factor
(MIF)-2, whose expression and serum level is decreased in obese individuals [50,
141].

Thus, next to the impact of MIF-2 on wound healing, one focus of my dissertation was
to study the impact of obesity on wound healing and the correlation with MIF-2. To
evaluate specific effects of obesity on wound healing, a regular diet (RD) and a high-
fat diet (HFD) model of diet-induced obesity (DIO) in wild type (WT) and Mif-2-"-
C57BL/6J male mice to mimic the state of obesity in humans [46, 165, 175]. Solely
male mice were selected as the female mice in a previous pilot study did not respond
to the HFD and did not develop an appropriate state of obesity. First, the course of
HFD-induced obesity was followed as basis for the following in vivo wound healing

experiments.
5.1.1 Weight gain of C57BL/6 wild type and Mif-2~- mice under RD or HFD

The various diets started from week 4, one week after weaning. The weight was
weekly measured using a rodent scale. The data were plotted as weight gain vs age
(week). On the one hand, the different diet groups were compared within the same
strains (Figure 5.1) and, furthermore, the different genetic strains under the same diet
(Figure 5.2) were compared. Up to week 8, the two WT mice groups showed no
difference in weight gain (Figure 5.1 A). The HFD group then began to put on more
weight, from week 11 on, the difference became significant. There was no increased
weight gain in Mif-2—" mice under HFD compared to RD (Figure 5.1 B). The WT
mice under RD slowly gained more weight from week 8 — 9 than Mif-2-~ mice under
RD, but the difference did not reach statistical significance until the end (Figure 5.2 A).

In contrast to mice fed with HFD (Figure 5.2 B), in this case, wild type mice gained
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significantly more weight than the Mif-2-- mice from week 8 onwards. The difference

became even more significant from week to week.
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Figure 5.1: Weight gain of (A) wild type (WT) and (B) Mif-2- C57BL/6 male mice under regular diet (RD) and
high fat diet (HFD). Four-week-old male mice were fed either with regular chows or with high fat chows containing
60 % fat/kcal for 9 weeks. The weight gain was determined through weekly weight measurements. n (WT RD) = 14;
n (WT HFD) = 15; n (Mif-2"- RD) = 16; n (Mif-27- HFD) = 13. Statistical differences were calculated within the two
groups for each day using two-way ANOVA followed by post hoc Tukey-test. Significance are indicated by *p < 0.05
and **p < 0.01.
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Figure 5.2: Weight gain of wild type (WT) and Mif-27- C57BL/6 male mice under (A) regular diet and (B) high
fat diet. Four-week-old male mice were fed either with regular chows or with high fat chows containing 60 % fat/kcal
for 9 weeks. The weight gain was determined through weekly weight measurements. n (WT RD) = 14; n (Mif-2~-
RD) = 16; n (WT HFD) = 15; n (Mif-27~- HFD) = 13. Statistical differences were calculated within the two groups for
each day using two-way ANOVA followed by post hoc Tukey-test. Significance are indicated by *p < 0.05,
**p <0.01 and ***p < 0.001.
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5.1.2 Wound size measurement

To investigate the impact of obesity and MIF-2 on wound healing, a well-established
model of excisional wound healing was carried out [151]. Two 6 mm diameter wounds
were placed on the dorsum of each mouse with a biopsy puncher. Photos of the
wounds were taken on certain days to calculate the wound size. Representative
sample photos for each group are shown in Figure 5.3 from day O to day 7. The N-
numbers are shown in table. The initial wound size on day 0 was set as 100 % and
served as a reference for the following days. While the wound size of WT mice
continuously decreased under RD up to complete closure after 14 days, the wound
size in the other groups initially increased and began to decrease again after about

three days until the wounds were closed after 14 — 17 days (Figure 5.4).

day O
o

WTRD

WTHFD

Mif-2" RD

Excisional wounds were placed on the backs of WT mice and Mif-27- mice fed either an RD or an HFD using a 6

mm diameter biopsy punch to assess wound healing. Wound photos were taken at day 0, 1, 3, 7, 14 and 21 to
determine the wound area. Representative wound photos from one mouse for each group are shown on day 0, 1,
3and?7.
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Table 5.1: n-value of wounds of each mice group on the specific days of the wound size measurement.

Since mice were euthanized on days 1, 3, 7, 14 and 21 after wounding, the n-value was depending on day of

experiment.
Day 0 1 3 7 10 (14 (17 | 21
WT ND 28 |28 |22 |16 |10 |10 |4 4

HFD 30 |30 |24 (18 |12 |12 |6 6
Mif_z_/_ ND 32 |32 |32 |26 |16 |16 |6 6
HFD 26 |26 |26 |26 |16 |16 |6 6
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Figure 5.4: Wound area in an excisional wound model in wild type (WT) and Mif-2"- C57BL/6 male mice
under regular diet (RD) and high fat diet (HFD). Excision wounds were set on the back of mice using a 6 mm
diameter biopsy puncher to evaluate wound healing under various diets. The wound size were regularly determined
photographically. The wound size was calculated in relation to the initial wound in %. Data of the days 17 and 21
are not displayed due to zero value. Statistical analysis is omitted here due to the multiple comparison and the

resulting overloaded representation. They are shown in the individual separate comparisons in the following figures.

In Figure 5.5, the data of the wild type groups were plotted and compared. During the
first 10 days after the wounding, the wound size of the HFD group was significantly
increased compared to the WT RD mice. After three days, the wound size in the HFD
group was similar to that at day 0 in the RD group. After 10 days, the HFD mice still
had wounds with an area greater than 50 % of the initial wound size. While the RD
mice have shown less than a third of the wound size from the HFD group. From the
10" to the 14t day, the wound size of the HFD group shrank from over 50 % to about
10 % and the wound was completely healed after 17 days.
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Figure 5.5: Wound size in an excisional wound model in wild type C57BL/6 male mice under regular diet
(RD) and high fat diet (HFD). Excisional wounds were set on the back of mice using a 6 mm diameter biopsy
puncher to evaluate wound healing under different diets. The wound size were regularly determined
photographically. The wound size was calculated in relation to the initial wound in %. Statistical analysis was
calculated for each day between the groups using two-way ANOVA followed by post hoc Tukey-test. Significance
are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

In contrast to WT mice, Mif-2- mice have shown a similar wound healing process
under the two different diets (Figure 5.6). With the exception on day 1, where the
wound size was significantly enlarged in the HFD group compared to the RD group.
After 3 days, the wounds of the obese mice were still bigger although this trend did
not reach statistical significance. After one week of healing, there was no difference

anymore.
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Figure 5.6: Wound size in an excisional wound model in Mif-2"- C57BL/6 male mice under regular diet (RD)
and high fat diet (HFD). Excisional wounds were set on the back of mice using a 6 mm diameter biopsy puncher
to evaluate wound healing under different diets. The wound size were regularly determined photographically. The
wound size was calculated in relation to the initial wound in %. Statistical analysis was calculated within each day
between the groups using two-way ANOVA followed by post hoc Tukey-test. Significance are indicated by
*p <0.05, **p < 0.01 and ***p < 0.001.

The different mice strains were also compared under the same diet. Like the WT mice
under HFD, the Mif-2* RD mice showed a strongly significantly diminished wound
healing compared to the WT mice under RD (Figure 5.7). Interestingly, the wound size
was already at the same level after 10 days, while the WT mice that were fed with high
fat chows had significantly larger wounds. After two weeks, the wounds were
completely healed in both cases, the WT RD and the Mif-2-- RD mice.
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Figure 5.7: Wound area in an excisional wound model in wild type (WT) and Mif-2"- C57BL/6 male mice
under regular diet. Excisional wounds were placed on the back of mice using a 6 mm diameter biopsy puncher to
investigate the role of MIF-2 on wound healing. The wound size were regularly determined photographically. The
wound size was calculated in relation to the initial wound in %. Statistical analysis was calculated within each day
between the groups using two-way ANOVA followed by post hoc Tukey-test. Significance are indicated by
*p <0.05, **p < 0.01 and ***p < 0.001.

Under HFD the Mif-2-- mice had even larger wounds than the WT HFD mice at day
one after wounding (Figure 5.8). Afterwards, the Mif-2-- mice healed faster compared
to the WT group. After 3 days, the wound area of the knockout mice were still
significant wider but after 7 days the wound area was on the same level. At day ten,
they changed and the WT mice had the slightly larger wounds. At both groups, the

wounds were closed after 17 days.

In general, the healing process of the Mif-2-~ mice was similar to the healing process
of the WT mice under HFD (Figure 5.4). There was still a difference, however. While
the HFD WT mice showed continuously diminished wound healing, both Mif-2--
groups only had delayed healing in the first week. From day 7 to 10 the wound areas
suddenly shrank, in case of the Mif-2-~ RD group even on the WT RD size, while the
HFD WT mice group still had a wound area of 50 %.

Thus, the in vivo excisional wound healing experiment indicates that a HFD exerted a
negative effect on the wound healing, delaying healing by about 3 — 7 days. A similar

conclusion in the Mif-2-- mice, but with an even stronger impact during the first 3 days.
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This implies that MIF-2 had a crucial role in the wound healing process, especially in

the first 7 days and a lacking of MIF-2 diminished the wound healing in the early state.

e mm WT
200% o
. 1 Mif-2
Q
N
< 150%= I
[
=}
o]
> 100%{ @
2
©
® 50%-
I
0%=+=q T T T T ﬁ|
0 1 3 7 10 14 17 21

days after wounding

Figure 5.8: Wound area in an excisional wound model in wild type (WT) and Mif-2"- C57BL/6 male mice
under high fat diet. Excisional wounds were set on the back of mice using a 6 mm diameter biopsy puncher to
analyze the role of MIF-2 on wound healing in obese individuals. The wound size were regularly determined
photographically. The wound size was calculated in relation to the initial wound in %. Statistical analysis was
calculated within each day between the groups using two-way ANOVA followed by post hoc Tukey-test.
Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

Mif-2- mice on HFD showed a comparable healing process to Mif-2#- mice on a RD.
Therefore, HFD Mif-2-- mice would not afford any additional insight into wound healing

and they were omitted from the following experiments.

5.2lmmunohistochemical and immunocytochemical staining of wound tissue

In addition to the macroscopic examination of wound closure, incisional wounds were
also analyzed at protein level by means of histological and immunohistochemical
staining. Wound tissue was harvested at specific time points and fixed in
paraformaldehyde. Tissue samples were then drained overnight and embedded in
paraffin. The staining was carried out by Ines Kleiber-Schaaf and Andrea Garcete-
Bartschi from the histological laboratory of the Research Surgery Center. Since the

HFD WT mice and the Mif-2-~ mice under RD had no proper wound tissue to stain
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and analyze at day 1, tissue stains were focused on wound tissue harvested three

days after wounding in further analysis.

5.2.1 Collagen determination in wound tissue via Masson-Goldner’s trichrome

staining

The trichrome staining according to Masson-Goldner was carried out because with
this method collagen, the main component of the connective tissue of the skin can be
made visible [13, 167, 171]. Via this way, newly formed granulation tissue could be
visualized and compared with native connective tissue in terms of its quality (Figure
5.10). In addition, | was able to determine the amount of newly regenerated tissue
based on its thickness (Figure 5.11). For this reason, | analyzed wound tissue from

mice, which were euthanized after 1, 3 or 7 days (Figure 5.9).

Both the WT HFD group and Mif-27- RD group did not form any new tissue one day
after wounding. In contrast to them, the WT mice under RD have already formed
granulation tissue with about 45 — 50 % of the thickness of the original dermis. The
new tissue had 20 % proper connective tissue compared to healthy tissue. On day
three, the RD WT mice had already 80 % of granulation tissue thickness. It was
significant in comparison to the Mif-2-~ mice that had less than 20 % of thickness of
granulation tissue. Granulation tissue of the WT HFD mice was about 45 — 50 % tissue
thickness at the level of the WT mice under RD on day 1, but reduced compared to
WT RD mice on day 3. The Mif-2-- mice built up even less granulation tissue than the
WT HFD mice. The tissue quality of the WT RD group was significantly increased
compared to the other two groups. The quality of the knockout group was even
significantly lower than that of the HFD mice. After one week (day 7), the newly build
tissue of the WT RD group was almost as thick as the surrounding healthy tissue. With
regard to tissue thickness, the WT mice under RD were slightly increased compared
to the other groups, while they were still significantly enhanced with regard to quality.
However, the WT mice under HFD and the Mif-2-- mice under RD were on an equal
level in terms of granulation tissue thickness and its quality on day 7. Their thickness

level was similar to that of the RD WT mice at day 3.

In general, the granulation tissue of the WT mice was rapidly regenerated under RD

and was of the same quality as healthy tissue after one week. In the WT HFD mice,

50



Results

the production of the tissue appeared to be delayed by 3 — 4 days but at the same
growing speed. While in the Mif-2~ mice, the inhibition of tissue formation was
stronger, but only at the beginning. Later it suddenly rose to the level of the control
mice. The different behavior of the Mif-2-- strain and the wild type strains could also
be observed with regard to the quality (amount of collagen) of the granulation tissue

formed.

day 7

day 3

WTRD I.

WTHFD

Mif-27- RD

Figure 5.9: Representative tissue slights stained by the Masson-Goldner’s trichrome procedure. Wound
tissue from WT RD, WT HFD, and Mif-27~ RD mice was collected 1, 3, and 7 days after intervention and tissue
slights were stained by the Masson-Goldner’s trichrome procedure. WT HFD and Mif-2-- RD mice did not form any

tissue to analyze after 1 day. Connective tissue/collagen: turquoise, keratin and muscle fibers: red, nuclei: black.
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Figure 5.10: Quality of newly formed granulation tissue in an incisional murine wound model. Wound tissue
from wild type C57BL/6 (WT) mice under regular diet (RD) or high fat diet (HFD) and Mif-27- mice under RD was
stained by the trichrome method according to Masson-Goldner. The tissue was sampled after 1, 3 and 7 days of
wound healing. WT HFD and Mif-27- RD mice had no tissue to stain at day 1. Healthy connective tissue consists
principally of collagen types. That is why the amount of collagen is a quality indicator. The regenerated tissue was
compared with healthy tissue regarding to the quality of connective tissue by measuring collagen. Statistical
analysis was performed within the day of sample harvesting between the groups. Two-way ANOVA followed by

post hoc Tukey-test was used for calculation. Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.
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Figure 5.11: Determination of tissue thickness of newly formed granulation tissue in an incisional murine
wound healing model. Wound tissue from wild type C57BL/6 (WT) mice under regular diet (RD) or high fat diet
(HFD) and Mif-2"- mice under RD was stained by the trichrome method according to Masson-Goldner. The tissue
was sampled after 1, 3 and 7 days of wound healing. WT HFD and Mif-27- RD mice had no tissue to stain at day

1. The thickness was determined as formed tissue from the panniculus carnosus muscle to epidermis. The
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calculated distance was set in relation to healthy tissue next to the wound. Statistical calculations were done using
two-way ANOVA followed by post hoc Tukey-test within the different days between the groups. Significance are
indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

Like the wound healing model, tissue analysis with Masson Goldner's trichrome stain
revealed the delayed tissue regeneration caused by HFD or the absence of MIF-2.
This confirms the macroscopic analysis from the wound model. In addition, the amount
of collagen was strongly reduced in the new formed tissue in the WT HFD group and
in the Mif-2-- RD group. The reduced tissue quality indicates that obesity and a lack
of MIF-2 cause diminished collagen production, which leads to a delay in tissue

formation.

5.2.2 Myofibroblast determination in wound tissue via expression of a-smooth

muscle actin

Myofibroblasts are the primary cell type producing collagen for wound repair. They
play a crucial role in the proliferation and rebuilding phase in wound healing [94]. A
specific marker for myofibroblasts is alpha smooth muscle actin (a-SMA). Wound
tissue was stained with anti-a-SMA antibody to determine the amount of
myofibroblasts in the wound area (Figure 5.12 and Figure 5.13). Since collagen
production of Mif-2-- and WT HFD mice on the third day was similar to that of WT RD
mice on day 1, tissues from all groups after three days of wound healing and tissues

from the WT RD group after one day were used.

The a-SMA levels decreased about a third within the WT RD group from day 1 to day
3. Both mice groups, the obese WT mice and the Mif-2-- mice under RD had no tissue
to analyze at day 1. However, day 3 a-SMA expression in Mif-2-- mice increased
rapidly to day 1 levels in WT RD mice. While WT HFD mice still showed low a-SMA

levels, half of those from Mif-2-~ mice on day 3.

The low a-SMA level in the HFD and the Mif-2-- group mean that the myofibroblast
differentiation was reduced in these groups. This indicates a negative impact of obesity
on myofibroblast differentiation and that MIF-2 playes either a direct or an indirect role

in the myofibroblast differentiation pathway.
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Figure 5.12: Representative tissue slides stained by anti-a-smooth muscle actin (a-SMA). Wound tissue from
WT RD, WT HFD, and Mif-2- RD mice was collected 1 and 3 days after intervention and tissue slights were
stained by anti-aSMA antibody. WT HFD and Mif-27~ RD mice did not form any tissue to analyze after 1 day.

a-SMA: brown; nucleus: blue.
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Figure 5.13: Expression of a-SMA protein in wound tissue by IHC. Wound tissue of wild type (WT) mice under
regular diet (RD) and high fat diet (HFD) and Mif-2”- mice under RD was harvested on day 3 after wounding. Tissue
samples were stained with anti-aSMA antibody to determine the amount of myofibroblasts. n = 6 for each group.

Students unpaired two-tailed t-test was used for statistical analysis.
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5.2.3 Cell proliferation in wound area via expression of Ki-67

Cell proliferation is an important step in wound healing to regenerate tissue. Ki-67 is a
well-known proliferation marker and established in wound healing assays [176, 177].
The wound tissue of all three mice groups was treated with anti-Ki67 antibody and
visualized with DAB (Figure 5.14). Ki67-levels were measured in wound areas and
healthy tissue. The expression of Ki67 was at a similar level in healthy tissue in all
groups. In Mif-2-~ mice, Ki67 levels were slightly reduced compared to both WT
groups, but without any significance. Both WT groups had same Ki67 expression in
wound tissue. From this, it can be concluded that the delayed wound healing was not

caused by impaired cell proliferation either in the HFD group or in the MIF-2 knockout

group.
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Figure 5.14: Expression of Ki67 protein in healthy skin tissue and wound tissue by IHC. Healthy skin tissue
and wound tissue of wild type (WT) mice under regular diet (RD) and high fat diet (HFD) and Mif-27- mice under
RD was harvested on day 3 after wounding. Tissue samples were stained with anti-Ki67 antibody to determine

general cell proliferation. n = 6 for each group. Students unpaired two-tailed t-test was used for statistical analysis.

5.2.4 Inflammation and macrophage infiltration via expression of TNF-a and F4/80

Inflammation plays a crucial role in the wound repair process. In the inflammatory
phase, the wound area is cleaned of bacteria, cell debris and other pathogens by
neutrophils and macrophages. Tumor necrosis factor (TNF)-a is a chemoattractant for
macrophages and neutrophils and is involved in their activation and regulation. [21,
24]. Therefore, TNF-a is a common marker for inflammation in tissue analysis. Another

typical inflammation marker is F4/80, which is specific for macrophages [178]. A
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prolonged inflammation state, however, leads to a diminished wound healing or even

a non-healing, chronic wound [40].

Expression of TNF-a was determined in wound tissue and healthy tissue in all three
mouse groups on day 3 after wound setting (Figure 5.15). All groups showed higher
TNF-a levels in the wound tissue. Thereby both groups, the WT HFD mice and the
Mif-2-- RD mice, showed greater increase in TNF-a expression than the WT RD mice.
In the Mif-2-- group, TNF-a levels were even higher as the WT HFD group. The
differences to the WT RD mice were significantly. TNF-a levels of the healthy tissue,
however, were similar in the WT RD mice and Mif-2-- RD mice and slightly decreased
at the WT HFD.
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Figure 5.15: Expression of TNF-a protein in healthy skin tissue and wound tissue by IHC. Healthy skin tissue
and wound tissue of wild type (WT) mice under regular diet (RD) and high fat diet (HFD) and Mif-2”- mice under
RD was harvested on day 3 after wounding. Tissue samples were stained with anti-TNF-a antibody to determine
inflammation. n = 6 for each group. Students unpaired two-tailed t-test was used for statistical analysis. Significance

are indicated by *p < 0.05 and **p < 0.01.

Furthermore, tissue samples were also stained with anti-F4/80 antibody (Figure 5.16).

The degree of expression of F4/80 was used to determine the number of macrophages
per wound area. In contrast to TNF-a expression, WT mice showed a similar
expression of F4/80 regardless of the diet. While Mif-2~ RD mice showed a

significantly higher expression of F4/80, even though the wound area was larger.
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Figure 5.16: Expression of F4/80 protein in wound tissue by IHC. Wound tissue of wild type (WT) mice under
regular diet (RD) and high fat diet (HFD) and Mif-2-- mice under RD was harvested on day 3 after wounding. Tissue
samples were stained with anti-F4/80 antibody to determine indirectly the number of macrophages per wound area.
n = 6 for each group. Students unpaired two-tailed t-test was used for statistical analysis. Significance are indicated
by *p < 0.05.g

The increased TNF-a levels as well as the elevated macrophage recruitment in the
Mif-2-- group imply that the Mif-2-~ mice had an increased inflammation degree when
compared to the WT RD mice and might be still in the inflammation phase. The WT
HFD mice only showed an increased TNF-a levels, but less than the Mif-27- mice
indicating that both obesity and lack of MIF-2 have a pro-inflammatory effect, MIF-2

however even more.

5.2.5 Angiogenesis via expression of CD31

Proper angiogenesis is essential to ensure that formed granulation tissue is
adequately supplied with nutrients and oxygen. Platelet endothelial cell adhesion
molecule (PECAM-1), also called CD31, is a protein on the surface of endothelial cells
from blood vessels [179]. Hence, wound tissue samples were stained with anti-CD31
antibody and the number of blood vessels in the newly formed tissue was counted
(Figure 5.17). The number of blood vessels per newly formed tissue is given in mm?2.

With over 40 blood vessels per wound area, the WT RD mice produced the most blood
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vessels. The WT mice under HFD only had about half of newly formed blood vessels
and were significantly reduced. Blood vessel production in Mif-2-- mice under RD was
greatly decreased, less than a quarter of the WT RD mice. Even though the Mif-2-"-
group had half of the WT mice under HFD, the difference was not significant. These
results imply that blood vessel production is impaired by both HFD and the absence
of MIF-2.
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Figure 5.17: Blood vessel production in newly formed granulation tissue. Wound tissue of wild type (WT)
mice under regular diet (RD) and high fat diet (HFD) and Mif-2"- mice under RD was harvested on day 3 after
wounding. Tissue samples were stained with anit-CD31 antibody. Blood vessels were counted and indicated per
area in mm? of newly formed granulation tissue. n = 6 for each group. Students unpaired two-tailed t-test was used

for statistical analysis. Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

5.3 Wound tissue analysis on genetic level via RT-qPCR

Real-time quantitative polymerase chain reaction (RT-qPCR) is a technique for the
quantitative measurement of gene expression. Via this way, downregulation or
upregulation of certain genes due to the HFD or the MIF-2 knockout can be determined
in comparison to control WT RD mice. All genes were normalized to two housekeeping
genes (RPS29 and 3-actin) [169].

5.3.1 Expression of genes coding for collagen types

The extracellular matrix (ECM) consists largely of different types of collagen. The
composition of the different types changes during wound healing. In early wound state,
type Ill collagen is more strongly expressed and decreases over time. While type |
collagen is the principal type in healthy tissue and is at a lower level in early stages of
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the healing process [4, 13]. Thus, the major types of collagen were examined in the
wound tissue (Figure 5.18). Type | collagen was determined through the Col/1A-gene
and type lll collagen through the Col3Al-gene. Both groups, the HFD WT and the RD
Mif-2- mice, had lower Col1A and Col3AI gene expression compared to WT mice
under RD. The knockout mice even had lower expression levels than the WT HFD
mice, the expression was about half of the WT RD mice. In the case of Col3Al, the

difference between the Mif-27- RD mice and the WT RD mice was significant.

In addition to collagen | and lll, collagen IV is another important protein in the skin and
in skin wound healing. The basal membrane connects the dermis and epidermis and
consists mainly of type IV collagen. To determine the collagen IV level the expression
of the Col4A gene was measured. In contrast to expression of type | and Il collagen,
the expression of type IV collagen was upregulated to a similar level in the WT mice
under HFD and the Mif-2-~ mice when compared to the WT RD group.
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Figure 5.18: Relative mRNA expression of three collagen types in wound tissue from an incisional wound
model. Wound tissue from wild type (WT) mice under regular diet (RD) or high fat diet (HFD) and Mif-2”- RD mice
was harvested on day 3 after wounding. Tissue samples were homogenized and mRNA levels of genes coding for
collagen type | (Col1A), type Il (Col3Al) and type IV (Col4A) were measured by RT-qPCR. Genes were normalized
to two housekeeping genes (RPS29 and B-actin). Tissue samples from WT HFD mice and Mif-27- RD mice were
compared to WT RD mice. n = 6 for each group. Students unpaired two-tailed t-test was used for statistical analysis.

Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.
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Tissue analysis at the genetic level confirmed the histological results. Collagen
production was diminished in the early state of wound healing in the obese WT mice
and even more in the Mif-2-~ mice. However, it appeared that collagen IV was
increased in these groups to compensate for the decreased amount of collagen | and
Il

5.3.2 Expression of various genes related to extracellular matrix

Beside the various types of collagen, ECM consists of elastin, which is mainly
responsible for the elasticity of skin, and adhesion proteins such as fibronectin [4, 13].
Fibronectin occurs in the hemostasis phase of wound healing, as part of the clot, and
in the early stages of tissue regeneration. While elastin is mainly produced at the end
of the proliferation phase and in the final remodeling phase. Elastin is coded on the
Ein-gene and fibronectin on the Fn1-gene. Other important proteins, which have an
impact on ECM, are matrix metallo-proteases (MMPs), especially MMP9. MMP9

mainly digests collagen from damaged tissue [19].

The ElIn expression levels of the Mif-2- RD mice were similar to that of the WT RD
mice, while the levels were slightly downregulated in the WT HFD mice. Fn1, however,
was upregulated in both groups, the Mif-2-~ RD and the WT HFD mice. In case of the
WT HFD mice, the levels were seven times higher and the difference to the other two
groups was significant. While the Mif-2-~ mice had only 1.5 times higher levels than
the WT RD mice, but with no significance. Mmp9 was slightly upregulated only in the
WT HFD mice. The expression was unchanged in the Mif-2-~ mice compared to the
WT mice under RD.
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Figure 5.19: Relative mRNA expression of extracellular matrix related proteins in wound tissue from an
incisional wound model. Wound tissue from wild type (WT) mice under regular diet (RD) or high fat diet (HFD)
and Mif-2”- RD mice was harvested on day 3 after wounding. Tissue samples were homogenized and mRNA levels
of genes coding for elastin (EIn), fibronectin (Fn1) and matrix metallo protease-9 (Mmp9) were measured by RT-
gPCR. Genes were normalized to two housekeeping genes (RPS29 and B-actin). Tissue samples from WT HFD
mice and Mif-2"- RD mice were compared to WT RD mice. n = 6 for each group. Students unpaired two-tailed t-

test was used for statistical analysis. Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

5.3.3 Expression of genes related to growth factors that activate fibroblast

differentiation

Fibroblasts play an important role in the cutaneous wound repair process, as they are
the major producer for proteins forming the ECM. Therefore, they are recruited
immediately after being wounded and encouraged to reproduce even more in the later
course [22, 26]. Transforming growth factor (TGF)-B is a fibroblast stimulating cytokine
secreted directly after an injury, while platelet-derived growth factor (PDGF) recruit
fibroblast during the end of the inflammation phase of wound healing [19, 24]. In
addition, both cytokines stimulate fibroblasts to differentiate. PDGF causes fibroblasts
to change their phenotype to "wound fibroblasts" and TGF-B then initiates
myofibroblast differentiation. Myofibroblasts have increased protein production to build
new tissue [27-29]. Hence, gene expression of TGF- was measured via the Tgf-G1-
gene and of PDGF via the Pdgf-A-gene. The gene coding for TGF-B was slightly
increased in the Mif-2- RD mice, while it was at a similar level in the WT HFD group

compared to the WT RD mice. The Pdgf-A levels were also only slightly elevated in
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the Mif-27- RD mice compared to the WT RD mice. The WT mice under HFD,
however, showed significantly upregulated Pdgf-A levels.
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Figure 5.20: Relative mRNA expression of proteins triggering fibroblast differentiation in wound tissue
from an incisional wound model. Wound tissue from wild type (WT) mice under regular diet (RD) or high fat diet
(HFD) and Mif-2"- RD mice was harvested on day 3 after wounding. Tissue samples were homogenized and mRNA
levels of genes coding for transforming growth factor-g (Tgf-B1) and platelet derived growth factor (Pdgf-A) were
measured by RT-gPCR. Genes were normalized to two housekeeping genes (RPS29 and 3-actin). Tissue samples
from WT HFD mice and Mif-2”- RD mice were compared to WT RD mice. n = 6 for each group. Students unpaired
two-tailed t-test was used for statistical analysis. Significance are indicated by *p <0.05, **p <0.01 and
***p < 0.001.

5.3.4 Expression of genes related to re-epithelization

Besides production of new connective tissue, re-epithelialization is also a crucial step
in the wound healing process. Keratinocytes are recruited for re-epithelialization by
released fibroblast growth factor (FGF)7 and FGF10 [3, 89]. During the formation of
the upper epidermal layers, keratinocytes differentiate, lose their mitotic ability, and
form robust, intercellular spine-like desmosomes. Meanwhile they also produce

keratin 10, which is encoded on the Krt10-gene [3].

In both cases, Fgf7 and Fgf10, the expression in the WT HFD group was
downregulated compared to the WT mice under RD. The Mif-2#- mice under RD had
similar Fgf7 gene levels, but strongly downregulated FGF10 levels compared to both
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WT groups. The expression of Krt10 was upregulated by 50 % in the Mif-2-~ RD mice
compared to the WT RD mice; the WT mice under HFD had the same Krt10 levels as
the WT RD mice.
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Figure 5.21: Relative mRNA expression of proteins related to re-epithelialization in wound tissue from an
incisional wound model. Wound tissue from wild type (WT) mice under regular diet (RD) or high fat diet (HFD)
and Mif-2”- RD mice was harvested on day 3 after wounding. Tissue samples were homogenized and mRNA levels
of genes coding for fibroblast growth factor 7 (FGF7), FGF10 and keratin 10 (Krt10) were measured by RT-qPCR.
Genes were normalized to two housekeeping genes (RPS29 and B-actin). Tissue samples from WT HFD mice and
Mif-2- RD mice were compared to WT RD mice. n = 6 for each group. Students unpaired two-tailed t-test was used

for statistical analysis. Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

5.3.5 Expression of genes related to macrophages

Macrophages play also an important role in wound healing. They have various
functions. On the one hand, they act as cleaning system and free the wound area from
pathogens and cell debris and produce reactive oxygen species. These are pro-
inflammatory macrophages, which have the phenotype M1. They can be detected by
CD11c or IL-6. Furthermore, macrophages can be skewed towards the M2 phenotype,
which is anti-inflammatory and can be detected via CD301. The M2 macrophages
secret cytokines to recruit more cells and turn off the damaging immune system [180].
Hence, the expression of M1 and M2 markers was measured.

The expression of /-6 was upregulated almost twice in both groups, the WT HFD and
the Mif-2-- RD mice, compared to the WT RD group, but not significantly. Cd77c
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expression was similar in all three groups, only slightly upregulated in the Mif-2-- RD
mice. The Cd307b gene levels were strongly significantly downregulated in the Mif-2-
~ mice, less than 10 % of the WT RD group. Cd3071b levels were also significantly

reduced in the WT HFD mice, but still significantly higher than in the knockout mice.
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Figure 5.22: Relative mRNA expression of proteins related to macrophages in wound tissue from an
incisional wound model. Wound tissue from wild type (WT) mice under regular diet (RD) or high fat diet (HFD)
and Mif-27- RD mice was harvested on day 3 after wounding. Tissue samples were homogenized and mRNA levels
of genes coding for interleukin 6 (1-6), CD11 (Cd11c) and CD301 (Cd301b) were measured by RT-gPCR. Genes
were normalized to two housekeeping genes (RPS29 and B-actin). Tissue samples from WT HFD mice and
Mif-2- RD mice were compared to WT RD mice. n = 6 for each group. One-way ANOVA followed by post hoc

Tukey-test was used for statistical analysis. Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

5.3.6 Expression of genes coding for macrophage migration inhibitor factor protein

family

Since the macrophage migration inhibitor factor (MIF) -2 is the main topic of this work,
the gene expression of MIF and MIF-2 in wound tissue was investigated. The MIF-2
expression was determined exclusively in the WT mice, since the Mif-2-- mice had a
global Mif-2 knockout. Gene levels of MIF were examined to assess whether there is
a counter-upregulation in the mice, since MIF has the same receptor as MIF-2 [132].
In the WT HFD group, the Mif levels were greatly significantly upregulated compared
to the WT RD and Mif-27~ RD mice. Whereas the Mif-2 levels were significantly

downregulated in less than a quarter of the WT mice under RD. The Mif-27- mice
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showed slightly upregulated Mif levels compared to the WT RD mice and no Mif-2

expression.
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Figure 5.23: Relative mRNA expression of macrophage migration inhibitor factor (MIF) protein family in
wound tissue from an incisional wound model. Wound tissue from wild type (WT) mice under regular diet (RD)
or high fat diet (HFD) and Mif-2”- RD mice was harvested on day 3 after wounding. Tissue samples were
homogenized and mRNA levels of genes coding for MIF and MIF-2 were measured by RT-qPCR. Genes were
normalized to two housekeeping genes (RPS29 and B-actin). Tissue samples from WT HFD mice and Mif-27- RD
mice were compared to WT RD mice. n = 6 for each group. One-way ANOVA followed by post hoc Tukey-test was

used for statistical analysis. Significance are indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

5.4CD74 receptor expression during differentiation of NIH/3T3 cells

To ensure that the used NIH/3T3 cells expressed the CD74 receptor and whether the
expression changed during the differentiation, fluorescence associated cell sorting
(FACS) flow cytometry was carried out with undifferentiated and differentiated cells
(Figure 5.24). Both, the undifferentiated (Figure 5.24 A) and the differentiated (Figure
5.24 B) cells, expressed the CD74 receptor in low levels. The expression did not
change during the differentiation into myofibroblasts (Figure 5.24 C).
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Figure 5.24: CD74 receptor on undifferentiated and differentiated NIH/3T3 cells. Cell surface expression of

CD74 receptor on undifferentiated (A) and differentiated (B) NIH/3T3 cells measured via FACS flow cytometry.

Cells were marked with fluorescently labelled CD74 antibody. black: unstained and grey: stained (C)
Undifferentiated stained NIH/3T3 cells (black) compared to differentiated stained NIH/3T3 cells (grey).

5.5Collagen gel contraction assay

During the wound healing process, fibroblasts differentiate into myofibroblasts, which

have two main roles. On the one hand, they are the main producer of compounds for
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the newly formed granulation tissue and, on the other hand, they are responsible for
wound contraction [26, 27]. To investigate the differentiation of fibroblast into
myofibroblasts, NIH/3T3 cells, an immortal murine fibroblast cell line, were used. The
differentiation was initiated by treatment with murine TGF-31 [170]. The differentiation
state and the contractile activity of the cells were determined by performing a collagen
gel contraction assay [171]. In order to gain a more detailed insight into the role of
MIF-2 in fibroblast differentiation and the contractile activity of differentiated
myofibroblasts, the cells were treated with either the MIF-2-selective competitive
inhibitor 4-CPPC [172] to decrease the MIF-2 levels in the cells or with additional

murine recombinant MIF-2 (rMIF-2) to increase the cellular levels (Figure 5.25).

The two negative controls, collagen gel incubated in differentiation medium (DM) and
cells incubated in basic medium, showed no contraction of the gel. The cells that were
incubated only in DM showed the highest contractile activity and were set as
100 %.When cells were treated with DM and 4-CPPC, the contractile activity
decreased in a dose-response manner. A 4-CPPC concentration of 5 yM still showed
sufficient contractile activity of 50 %. While treatment with 15 yM 4-CPPC led almost
to no contraction and 30 uM 4-CPPC led to complete inhibition of contractile activity.
Treatment with DM supplemented with murine rMIF-2 has shown an effect similar to
that of 4-CPPC treatment. The supplementation of only 10 yg/mL m-rMIF-2 resulted
in a similar contractile activity as the untreated cells incubated in DM. While with
increasing protein concentration, the activity decreased to a value of about 50 %
activity at 400 ng/mL m-rMIF-2.

These results indicates that MIF-2 was essential for the NIH/3T3 cells to differentiate
into myofibroblasts. Not only did decreased MIF-2 levels impair differentiation, but
increasing MIF-2 also resulted in decreased differentiation potential. Either MIF-2
appears to play a regulatory role in myofibroblast differentiation, and alterations in
MIF-2 homeostasis, by increasing or decreasing MIF-2 levels, caused reduced
differentiation potential.
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Figure 5.25: Contractile activity after myofibroblasts differentiation under different treatments. NIH/3T3
cells were mixed with collagen to form a collagen-cell gel. The cells were incubated in basic medium (BM) as
control or in differentiation medium (DM). Cells in DM medium were additionally treated with either 4-CPPC, a MIF-
2 inhibitor, or recombinant MIF-2 (rMIF-2). The size of the gels were determined at day 0 and day 1. The contractile
activity of the cells incubated in DM without further treatment was set as 100 % contractile activity. Statistics were
calculated within a treatment group and cells in DM. n = 3 for each treatment. One-way ANOVA followed by post
hoc Tukey-test was used for statistical analysis. Significance are indicated by *p <0.05, **p <0.01 and

*** < 0.001.

5.6Ilmpact of rMIF-2 on primary human dermal fibroblast (HDF) proliferation

In obese people, the adipose tissue is often chronically inflamed and the secretion of
cytokines and growth factors is pathologically altered. Thus, cytokine secretion of the
stromal vascular fraction (SVF) derived from adipose tissue is pathologically changed
compared to lean patients [50, 181]. This also includes MIF and MIF-2 levels. Kim et
al. have already shown that treatment with supernatant from inflammatory adipose
tissue from chronic wounds has a negative impact on cell viability and proliferation of
human dermal fibroblasts (HDFs) compared to supernatant from healthy adipose
tissue. Furthermore, they showed that supplemented rMIF-2 enhanced proliferation in
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a dose dependent manner after treatment with supernatant from inflammatory adipose
tissue [162].

To assess whether this negative effect on cell viability also occurs in adipose tissue
from obese persons, HDFs were incubated with SVF conditioned medium (SVF-CM)
from obese patients (BMI > 25) with additional rMIF-2 in different concentrations
based on previous works (Figure 5.26). The viability was measured via alamar Blue
assay on day O (reference), day 3 and day 7. Cell were also treated with culture
medium/proliferation medium (PM) as positive control as well as with medium without
fetal bovine serum (FBS) (starvation medium, SM). The measured values are given
as a percentage increase or decrease in relation to day 0 and normalized to positive

control (PM treated cells).

The viability of HDFs was strongly decreased after treatment with pure SVF-CM similar
to treatment with SM. After 7 days, the viability was even less than about 25 % of the
initial value. The negative impact of SVF-CM appeared to be reversed after the
addition of rMIF-2. After 3 days, the viability was even higher than that of PM treated
cells (> 100 %). Furthermore, a slight dose dependency could be observed from
50 ng/mL rMIF-2 up to the higher concentrations. On day 7, the viability of cells that
were incubated in CM plus rMIF-2 was lower compared to PM treated cells (< 100 %),
but the difference to pure CM and SM was even more significant. On day 7, however,

viability decreased with increasing rMIF-2 concentration, in contrast to day 3.
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Figure 5.26: Viability assay of HDFs treated with SVF-CM derived from 4 obese patients (BMI > 25) and
additional rMIF-2. HDF viability was measured by alamar Blue® assay on day 0 as base value, day 3 and day 7.
The values were set in relation to that on day 0 and normalized to cells that were incubated in culture medium.
Medium without FBS (starvation medium, SM) served as negative control. Fibroblasts were treated with SVF-CM
derived from 4 obese patients (BMI > 25) with or without additional rMIF-2 in a concentration of 50 ng/mL,
100 ng/mL, 200 ng/mL or 400 ng/mL. n = 4 for each treatment. Statistical analysis were determined within each
day between the groups using two-way ANOVA followed by Tukey’s-test as post hoc test. Significance are indicated
by *p < 0.05, **p < 0.01 and ***p < 0.001.

In addition, the same experiment was performed, but with SVF-CM from lean patients
(BMI = 25) under the same conditions, to investigate whether additional rMIF-2 had
the same positive effect on viability in lean patients as in obese patients (Figure 5.27).
Here, the cell viability of all treatments was reduced compared to PM treated cells.
After 3 days, additional rMIF-2 diminished cell viability to similar levels to that of SM
treated cells. Interestingly, 200 ng/mL and 400 ng/mL rMIF-2 showed an even worse
effect than 50 ng/mL and 100 ng/mL rMIF-2. On day 7, cell viability of HDFs that were
incubated with CM and rMIF-2 were decreased to about 20 — 25 %, with the value of
the CM plus 50 ng/mL samples being lower than that of the samples treated with CM
plus 400 ng/mL. In contrast, HDFs incubated in SM and CM were more viable with a
value of about 40 %.
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Figure 5.27: Viability assay of HDFs treated with SVF-CM derived from 4 lean patients (BMI < 25) and
additional rMIF-2. HDF viability was measured by alamar Blue® assay on day 0 as base values, day 3 and day 7.
The values were set in relation to day 0 and normalized to cells which were incubated in culture medium. Medium
without FBS (starvation medium, SM) served as negative control. Fibroblasts were treated with SVF-CM derived
from 4 lean patients (BMI < 25) with or without additional rMIF-2 in a concentration of 50 ng/mL, 100 ng/mL,

200 ng/mL or 400 ng/mL. n = 4 for each treatment. Statistical analysis were determined within each day between
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the groups using two-way ANOVA followed by Tukey’s-test as post hoc test. Significance are indicated by *p < 0.05,
**p <0.01 and ***p < 0.001.

To get a better overview of the different effects of SVF-CM from lean and obese
patients with and without rMIF-2, results were also presented as lean vs. obese (Figure
5.28). At both time points, the viability ratio between the two CM groups was the same.
The cell viability of cells incubated in pure CM was significantly higher in the lean group
(p <0.001). In contrast, after adding rMIF-2, the effect was reversed. SVF-CM from
obese patients supplemented with rMIF 2 showed a strongly significantly better
influence on cell viability compared to SVF-CM from lean individuals regardless of the
rMIF-2 concentration. After 7 days, the difference was even more significant
(p <0.001).
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Figure 5.28: Viability assay of HDFs treated with SVF-CM derived from 4 lean patients (BMI < 25) and 4
obese patients (BMI > 25) with or without additional rMIF-2. HDF viability was measured by alamar Blue® assay
on day 0 as base values, day 3 and day 7. The values were set in relation to day 0 and normalized to cells which
were incubated in culture medium. Fibroblasts were treated with SVF-CM derived either from lean patients (n = 4)
(BMI < 25) or from obese patients (n=4) (BMI > 25) with or without additional rMIF-2 in a concentration of
50 ng/mL, 100 ng/mL, 200 ng/mL or 400 ng/mL. Statistical differences were calculated within each day between
the lean and the obese group in the single conditions using student unpaired two-tailed t-test. Significance are
indicated by *p < 0.05, **p < 0.01 and ***p < 0.001.

The treatment of fibroblasts with SVF-conditioned medium with additional rMIF-2
indicates that MIF-2 has a crucial role in cell viability. SVF-CM gained from obese
individuals, which had a reduced MIF-2 level, showed and decreased cell viability but
as soon as rMIF-2 was added the viability elevated strongly. This supports the
hypothesis that reduced MIF-2 levels are a major factor in reduced cell viability.
However, too high a level of MIF-2 also leads to a deterioration in cell viability as was
indicated in the treatment of fibroblast with SVF-CM gained from lean individuals with
additional amount of rMIF-2. Thus, it seems MIF-2 has a regulatory role in cell viability.
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6. Discussion
6.1 Obesity and Mif-2- results in delayed wound healing

Wound healing disorders and chronic wounds present a major challenge in today’s
medicine. Since they often manifest as keloids, ulcers, fistula, or septic wounds they
pose a heavy burden on the patients and the global healthcare system [34, 35, 37-39].
Several studies have shown that obese patients are more prone to wound healing
disorders [36-39, 46, 47]. Obesity leads to altered secretion levels of chemokines such
as macrophage migration inhibitor factor (MIF) and its structural homolog D-
dopachrome tautomerase, so called MIF-2. While MIF levels are elevated in obese
individuals, MIF-2 levels are decreased as compared to lean patients [141, 144, 146].
In previous studies however, first results hinted that MIF-2 has a positive influence on
wound healing [152, 162]. Based on these findings, the goal of this work was to
examine the role of MIF-2 in wound repair more closely and prove the hypothesis that
diminished wound healing in obese patients is partially caused by a lack of MIF-2.

The effect of diminished wound healing after high fat diet (HFD) or in genetically
modified obese mice has previously been shown by other groups [46, 174, 182]. In a
murine wound healing model, such findings of obesity leading to delayed wound repair
were reproduced. Furthermore, it was shown in this thesis that wounds in wild type
(WT) mice under HFD widen before they start healing. Global Mif-2 knockout in mice
also initially resulted in enlarged wounds - even more so than in obese WT mice -
before wounds began to heal and reduce in size. However, already after 10 days,
unlike the obese WT mice, Mif-2-- mice that were fed a regular diet (RD) showed
wound sizes similar to WT mice under RD and wounds of both groups were closed at
the same time. This means that the delay in the wound healing process only occurred
during the first days after intervention in Mif-2-- mice, while the delay under HFD

lasted for the entire healing process.

Obesity is associated with several pathologically altered factors, resulting in reduced
angiogenesis or a systemic, chronic inflammation of subcutaneous adipose tissue as
previously mentioned. Altered secretion levels of several chemokines, such as MIF
and MIF-2 due to obesity lead to impairment of migration, proliferation, and
differentiation of cells essential for wound repair such as fibroblasts, keratinocytes,
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stem cells, or monocytes [39, 46, 48, 49, 144, 146]. This may explain the difference in

wound healing between knockout mice and HFD fed mice.

Knockout of Mif-2 seems to play an important role in the early phases of wound repair
as the organism finds alternative mechanisms to compensate. In a previous study,
deletion of the Mif-2 gene led to increased pro-inflammatory M1 polarization of
macrophages and lower levels of the anti-inflammatory phenotype M2 macrophages
[152]. A dominant M1 polarization results in an elevated pro-inflammatory cytokine
expression causing a prolonged inflammation state and impaired wound healing [35].
Furthermore, mainly M2 macrophages secrete the platelet derived growth factor
(PDGF) and the transforming growth factor (TGF)-B which play major roles in fibroblast
activation and differentiation relating to wound healing [28, 29, 183]. It may appear
that a lower M2 phenotype polarization leads to reduced TGF- and PDGF expression,
resulting in delayed or impaired activation of fibroblasts for differentiation and
production of components to rebuild the extracellular matrix (ECM). However, it was

shown in this work that expression levels of Tgf-8 and Pdgf were not impacted.

6.2Consequences of impaired Mif-2 expression
6.2.1 Influence of MIF-2 on the differentiation of myofibroblasts

Granulation tissue, a transitional connective tissue present before the wound has
completely healed, mostly consists of ECM. Myofibroblasts produce the individual
components to form the ECM and form granulation tissue [26-28, 92]. Therefore, the
wound tissue of the Mif-2#- mice under RD and both WT groups (RD and HFD) was
analyzed for myofibroblasts. The lack of MIF-2 seemed to negatively influence the
myofibroblast differentiation. Mif-2-- mice presented significant a-smooth muscle actin
(SMA) levels only after three days, as compared to WT RD mice, which already

reached high levels after one day.

Since the WT HFD mice had an even lower a-SMA level on day 3 after intervention,
other factors besides reduced Mif-2 expression must be involved in the differentiation

impairment. Seitz et al. have shown that delayed myofibroblast differentiation in obese
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mice lasts for almost the entire repair process [46]. This long-lasting delay could also

be observed in the wound closure of the WT HFD group.

The major growth factors that initiate the differentiation from fibroblasts to “wound
fibroblasts” and finally myofibroblasts are PDGF and TGF-f3 [28, 29, 90, 183]. A lack
of MIF-2 does not affect the expression of these initiating growth factors themselves,
since both growth factors were not downregulated but rather slightly upregulated in
Mif-2- mice. In case of the WT HFD mice, Pdgfis expressed even more compared to
lean mice, analogous to Cheng et al. who have recently shown that obesity leads to
elevated PDGF expression [184]. Hence, MIF-2 might be a previously unknown key

protein within the differentiation pathway.
6.2.2 MIF-2 and the myofibroblast differentiation pathway

As MIF-2 is known to interact with CD74 which subsequently activates the extracellular
signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) cascade, the
ERK/MAPK signaling pathway is a likely mechanism for the influence of MIF-2 on
myofibroblast differentiation [132]. The TGF/Smad signaling cascade is the canonical
pathway for myofibroblast differentiation [95, 96]. In addition, the differentiation
triggered by TGF-B also runs through non-Smad pathways such as MAPK
downstream via ERK1 and/or ERK2, among others [83, 95, 98]. The MAPK signaling
cascades are not only activated by TGF-B, but also by other stimulating cytokines and
growth factors [185]. However, several groups have demonstrated that inhibition of the
ERK/MAPK pathway greatly diminishes myofibroblast differentiation and their
contractile activity. Particularly in mesenchymal cell types like fibroblasts, ERK is
critical for signaling, especially for the Smad pathway as shown by Hough et al. [98,
186-189]. Furthermore, Hayashida et al. have shown positive crosstalk between
ERK/MAPK and the Smad pathway for collagen production. [190]

In this thesis, it was shown that the contractile activity of the differentiating NIH/3T3
cells was strongly inhibited in gel contraction assays when treated with 4-CPPC, a
specific MIF-2 antagonist to block CD74 activation [172]. The previously mentioned
studies and the results that were generated in this thesis support the hypothesis that
MIF-2 is an essential protein in TGF- initiated myofibroblast differentiation, as it may

interfere within the pathway presumably through ERK1/2 signaling.
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6.2.3 Direct consequences of diminished myofibroblast differentiation

As mentioned earlier, granulation tissue is a transitional connective tissue consisting
mainly of ECM, myofibroblasts, stem cells, and keratinocytes [26, 27, 92]. Impaired
myofibroblast differentiation means that proteins such as type 1 and 3 collagen and
fibronectin for rebuilding the ECM are not produced, or are produced in insufficient
quantities [98, 174, 186, 188, 191]. The diminished myofibroblast differentiation
caused by a Mif-2 knockout has been shown to lead to delayed formation of
granulation tissue in the early healing phases. In later healing phases, granulation
tissue was on a similar level as in control animals but with significantly lower collagen
participation. In addition, mRNA levels of type 1 and 3 collagen, the major types for
tissue reconstruction, were reduced to about 50 % while fibronectin expression was
increased. Fibronectin is not synthesized by terminal myofibroblasts but by “wound
fibroblasts”, a premature differentiation phenotype, which is triggered by PDGF [29]. |
conclude that the delayed granulation tissue formation in the Mif-2#- mice is not
caused by a general inhibition of ECM proteins, but rather the diminished collagen
production and subsequent fibronectin overexpression, which seems triggered to

compensate for this deficiency in collagen levels.

On the other hand, obese mice, which still showed low Mif-2 expression, built up to
three times more granulation tissue with a significantly higher participation of collagen
compared to mice that did not express Mif-2 on day 3. Nevertheless, the tissue quality,
measured by collagen content, was still strongly diminished compared to lean mice. It
seems that obesity leads to a general retardation of 3 —4 days regarding tissue
restoration and wound closure [46, 47, 174, 182]. Even though WT HFD mice had less
granulation tissue than Mif-2-- mice on day 7 post intervention, they produced more
collagen. On the other hand, collagen production was reduced when compared to WT
RD mice. The delay of granulation tissue formation and collagen production in obese
mice is only partially diminished through lower levels of MIF-2, but also by other factors
since the delay persisted as has also been described in previous studies [46, 47, 174,
182, 192, 193]. Similar to the Mif-2- mice, obese mice compensated for lower
collagen production by an overexpression of fibronectin. Elevated fibronectin levels
caused by obesity have also been shown in other studies including in humans [194-
196]. However, unlike in the knockout strain fibronectin expression was abnormally
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increased in obese mice, which can partly be explained by elevated PDGF levels. An
excess of fibronectin may be an additional reason for the impaired wound healing in
obese mice and helps to explain the difference in the healing process of Mif-2-~ mice
in the later phases [197, 198].

6.2.4 Further consequences of a delayed myofibroblast differentiation

The delay of granulation tissue formation caused by a Mif-2 deficit results in further
impairment of wound healing: The ECM serves as a scaffold for vascular endothelial
cells supporting neovascularization. Newly formed blood vessels are crucial for wound
healing as they supply the wound area with oxygen, nutrients, and additional cells for
the repair process [199]. Reduced granulation tissue is associated with a decreased
angiogenesis [46, 200]. It appears that the formation of granulation tissue and
neovascularization is proportionally related, since Mif-27~ mice formed even fewer
blood vessels than the obese mice. Nevertheless, a reduced angiogenesis is not only
caused by low Mif-2 expression and impaired granulation tissue formation. The altered
chemokine secretion and the chronic inflammation state of adipose tissue also
negatively influence vascularization. [39, 201, 202]

The basal membrane separates the dermis and the epidermis. Endothelial cells and
podocytes synthesize collagen type IV, the major component of this layer. Although
the basal membrane is just a thin separating layer, it is still essential for proper wound
healing. A disorder in basal membrane formation may have a negative impact on the
entire repair process [10-12]. Both mice groups, WT HFD and Mif-2-- expressed more
collagen IV than the control group. Obesity leads to elevated collagen IV levels in
subcutaneous fat tissue. Reggio et. al. assume that an increased TGF-31 and -3 level
as well as insulin resistance result in increased collagen IV production. [203]
Nevertheless, the underlying mechanism is not yet verified. As the collagen IV levels
in Mif-2-- mice and obese mice are similar and the TGF-B1 expression is not increased
in either group, there must be further reasons for the excess of collagen IV. One
explanation could be a compensating reaction from the organisms for the low collagen
| and Il production. However, more research is needed to investigate whether MIF-2

has an impact on collagen |1V synthesis and how obesity disrupts it.
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6.2.5 Impact on re-epithelialization and keratinocytes associated growth

factors

Re-epithelialization is a critical step for sufficient wound healing, as the epidermis as
the most superficial skin layer is rebuilt and serves as the outermost protection barrier
of the body. The predominant cells in the epidermis are keratinocytes. They occur in
different degrees of differentiation: from undifferentiated, mitotic keratinocytes in the
deepest layer, to anucleate, terminally differentiated keratinocytes/corneocytes in the
outermost layer [3, 4, 7, 9]. During the differentiation process, keratinocytes change
the expression of keratin type from keratin 14 to keratin 10 [1, 8]. However, stromal
cells particularly fibroblasts and endothelial cells secrete fibroblast growth factors
(FGF)-7 and FGF-10 (previously known as keratinocyte growth factor 1 and 2)
stimulating keratinocytes to migrate into the wound area and proliferate [89, 204-206].
In general, re-epithelialization as well as keratinocyte migration and differentiation did
not appear to be strongly influenced neither by the HFD nor by the Mif-2 knockout.
Rather, it seems that the expression of keratin 10 was minimally elevated in the Mif-
27~ strain. The consensus of existing literature is that obesity impairs the
reepithelialization and disturbs the homeostasis of the epidermis [39, 206-208].

Nevertheless, it was found that this disturbance is not associated with a low Mif-2 level.

Interestingly, the Fgf-10 expression seemed to be greatly influenced by MIF-2.
Although FGF-7 and -10 are homologues and bind to the same FGFR2iiib receptor,
FGF-10 expression is not stimulated by inflammatory cytokines after an injury unlike
FGF-7. [205, 209]. Therefore, MIF-2 might be a hitherto unknown regulator for
FGF-10, as the expression levels of Fgf-10 were similar to those of Mif-2 in all three
groups. Furthermore, several studies have reported a positive impact from FGF-10 on
wound healing. In addition to its effect on re-epithelialization, it also plays a role in
collagen production and granulation tissue formation. FGF-10 treatments enhanced
healing in injured lungs and skin wound models of mice, rats, and rabbits [89, 210-
213]. However, there is evidence that FGF-10 affects collagen production intrinsically
via two MAPK pathways: ERK1/2 and PI3K/Akt [213-217]. Perl and Gale have also
shown that FGF-10 is essential for a-SMA expression in myofibroblast progenitor cells
during alveolar regeneration [218]. Nevertheless, nothing has been reported about the
role of FGF-10 and a-SMA production during wound healing. Thus, | hypothesize that
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MIF-2 might be a previously unknown regulator for Fgf-10 expression after injury and
that FGF-10 also triggers the a-SMA synthesis of myofibroblasts via ERK/MAPK and
PI3K/Akt pathways as described above. Further investigation is necessary to examine

this proposed signaling cascade.

6.3Increased wound tissue inflammation caused by low MIF-2 levels

Inflammation is an important phase in the wound repair process. It is a stage of purge.
Here, previously recruited neutrophils secrete proteolytic enzymes to kill bacteria and
other invading pathogens as well as to digest damaged tissue. Monocytes differentiate
into pro-inflammatory M1 macrophages to clean cell debris and kill pathogens [19-21].
In the late inflammatory phase monocytes differentiate into anti-inflammatory M2
macrophages, release several growth factors and cytokines such as PDGF and TGF-$3
to stimulate further cells which then migrate to the wound area, proliferate, and
differentiate [24, 29, 183]. MIF is known to elevate the secretion of pro-inflammatory
factors such tumor necrosis factor (TNF)-a and interferon (IFN)-y resulting in an
increased M1 polarization of macrophages [147, 149, 151, 152]. Our group recently

discovered an M2 driving effect of MIF-2 in a murine endotoxemia model [152].

In general, the macrophage recruitment measured by F4/80 was only increased in
Mif-2- mice, in contrast to obese mice where this level was minimally reduced [178,
219]. In addition, TNF-a levels were slightly but not significantly reduced in uninjured
skin tissue of the WT HFD group. Seitz et al. have demonstrated that the TNF-a serum
levels in HFD mice were similar to those in lean mice; moreover, the genetically
modified obese ob/ob mice had a reduced baseline level of TNF-a [46]. In contrast,
several studies have shown an increased inflammation in obese individuals
particularly after wounding [39, 47, 49, 50, 182, 220]. The results of this thesis agree
with those studies, except for the chronic low-grade inflammation in healthy tissue of
the obese mice model (WT under HFD). As mice of this group were set on HFD at the
early age of 4 weeks at a total experimental duration of 9 weeks, the mice may have

developed chronic adipose tissue inflammation at a later stage.

The HFD mice did show a shift in the ratio of MIF to MIF-2. Just like obesity changes

their levels in humans, it also led to a dramatic increase in Mif and a decrease in Mif-
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27 in mice. [141, 144-146]. Only one M1 marker was upregulated in the WT HFD
mice, while the CD301b gene, a M2 marker, was downregulated. Lumeng et al.
demonstrate the general shift towards M1 macrophages correlated with obesity.[220]
The same was observed for Mif-2#~ mice, which showed minimal Mif increase
compared to lean WT mice, but in the knockout strain both M1 markers were elevated
and the M2 marker was even more downregulated than in the HFD mice. Thus, |
propose that obesity causes a disturbed MIF-MIF-2 relationship, which in turn skews
macrophages towards the pro-inflammatory M1 phenotype, which subsequently

secrete more pro-inflammatory cytokines like TNF-a.

6.4 Obesity-induced secretion changes without MIF-2 influence

As already mentioned, obesity alters several different cytokines, growth factors, and
other proteins. The secretion of matrix metallo-proteases (MMPs), collagen digesting
enzymes, is increased in obese individuals. MMP-9 is one major protease responsible
for the digestion of ECM [19, 221-223]. Various stromal cell types such as fibroblasts,
adipocytes, neutrophils, and M1 macrophages secrete MMPs through TNF-a
stimulation. [14, 19, 180, 222, 223]. However, the increase in MMP-9 in the obese
(HFD) mice in the wound healing model could not be attributed to the M1-shifted
macrophage polarization caused by low MIF-2 level, as the Mif-2-- mice had the same
MMP-9 levels as the lean control WT mice. Therefore, | conclude that neither
fibroblast- nor neutrophil-secretion are responsible for the elevated MMP-9 level, since
TNF-a levels were even higher in Mif-2-~ mice than in obese (HFD) mice. Rather, |
propose that the obesity-induced excess is related to adipocytes, whose number in
adipose tissue is increased due to the HFD, but not in the genetically modified group

[224]. Further studies are required to verify this hypothesis.

Elastin is an additional protein important in the repair process. It is produced by
fibroblasts and myofibroblasts during the remodeling phase when the wound is already
closed. The inelastic, collagen rich granulation tissue is slowly exchanged with elastic
elastin fibers to enhance the tension strength and elasticity. [19, 20, 225]. As the
analyzed wound tissue had been sampled 3 days after intervention, during the

inflammation and proliferation phase, a proper statement about the influence of elastin
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synthesis during wound healing is not possible. However, obesity diminishes the
general elastin secretion especially in the subcutaneous adipose tissue. Lin et al.
showed that the decrease of elastin in adipose tissue is due to an upregulation of
MMPs caused by obesity. [226-228]. The downregulation of elastin in the obese mice

in their study appears to result from the elevated MMPs production in adipose tissue.

6.5The right amount of MIF-2

In addition, treatment of myofibroblasts and fibroblasts with recombinant MIF-2
(rMIF-2) also has been examined to evaluate a potential therapeutic effect of MIF-2.
An improved myofibroblast differentiation was assumed from additional rMIF-2, as a
reduction in MIF-2 diminishes differentiation. In previous studies, our group
demonstrated a positive impact of rMIF-2 treatment on the viability of primary human
dermal fibroblasts [162]. Building on this, we further analyzed whether rMIF-2
improved viability, when dermal fibroblasts were treated with medium conditioned with

stromal vascular fraction (SVF) obtained from obese or lean patients.
6.5.1 Inhibitory alternative pathway of MIF-2 in myofibroblast differentiation

Supplementary rMIF-2 decreased the contractile activity in the collagen gel contraction
assay in a dose dependent manner. Thus, MIF-2 not only supports myofibroblast
differentiation as mentioned previously. In contrast, at higher dosage MIF-2 appears
to partially inhibit the differentiation via an alternative pathway. Oncogenic cells show
counter regulation of the phosphorylated receptor-activated Smad2/3 complex [229-
231]. In these studies, not only TGF-B phosphorylated Smad proteins: Smad2 and
Smad3 also contain a MAPK/CDK (cyclin-dependent kinase) phosphorylation site, at
which Erk1/2 is able to transfer phosphate groups. In that case, the activity of the
Smad complex is inhibited. Hence, | propose that, while excess of MIF-2 leads to an
elevated ERK activity, not only does ERK activity support differentiation but also a
second effect occurs: the inhibition of the TGF-B/Smad pathway (Figure 6.1). To verify
this proposed side effect, further investigation into the TGF-/Smad pathway are

essential.
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Figure 6.1: Two postulated mechanisms for the regulation of the TGF-f/Smad signaling pathway by MIF-2
via Erk1/2. MIF-2 binds to the CD74 receptor initiating an intracellular phosphorylation of CD74. CD44 is
subsequently recruited and phosphorylated followed by the activation of Src kinases. This in turn activates the Ras
downstream MAPK cascade ending in Erk1/2 phosphorylation. With an adequate amount of phosphorylated Erk,

a cofactor is formed downstream which, together with the activated Smad complex, regulates gene transcription.

If Erk1/2 is excessively activated, Smad2/3 are phosphorylated and thus inhibited. Adapted from Zhang [83, 232].

6.5.2 The positive and negative influence of MIF-2 on cell viability

The subcutaneous tissue contains a heterogeneous cell population. These include
mesenchymal progenitor cells, pericytes, pre-adipocytes, endothelial cells, M2
macrophages, and T cells. Through secretion of many cytokines and growth factors,
it is responsible for homeostasis of the skin. Thus, the stromal cells play a crucial role
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during wound healing as they stimulate fibroblast migration and neovascularization,
among other things. [233-235] However, in obese individuals, cytokine and growth
factor secretion of the SVF is altered, such that the positive impact on wound healing
is diminished. [50, 181, 236]. It has also been shown that the viability of dermal
fibroblasts is reduced when cells are treated with SVF conditioned medium (CM)
obtained from obese patients compared to that of lean patients. Since MIF-2 levels
are decreased in obese individuals and our group showed a positive impact of MIF-2
on fibroblast viability [141, 162], rMIF-2 was added to the SVF-CM. The viability of the
cells treated by SVF-CM from obese individuals strongly increased, but interestingly,
when added to the lean SVF-CM treated cells, the viability decreased in a dose depend
manner. In addition, the long-term treatment with SVF-CM of obese individuals still
showed a positive effect but this effect was slowly diminished with higher rMIF-2
concentrations. So, it seems that MIF-2 only has a positive influence on cell viability in
the "correct concentration" as a negative influence was observed in the event of an

“overdose”, similar to its effect on fibroblast differentiation.

How MIF-2 exerts its function in cell viability is not yet clear, but; as already mentioned,
it could bind to the CD74 receptor and most likely the thus activated mechanism acts
via the ERK/MAPK pathway. Erk1/2 are involved in the regulation of cell proliferation,
in contrast, it is shown that excessive Erk1/2 phosphorylation also triggers cell
apoptosis [237-240]. Various signaling cascades are described for Erk initiation of
intrinsic and extrinsic apoptotic pathways [241]. Tang et al. demonstrated that a DNA
damage induced overactivation of ERK results in cell arrest or apoptosis [242].
However, more detailed investigations are needed to make a clear statement about
the MIF-2 induced pathway.

6.6 Conclusion and outlook

In my thesis, | could verify the hypothesis that macrophage migration inhibitor factor
(MIF)-2 plays a crucial role in wound healing. Furthermore, | showed that the
decreased MIF-2 levels in obese individuals are partially responsible for obesity-
induced wound healing disorders. Deletion or reduction of MIF-2 decrease and inhibit

“‘wound fibroblasts” to differentiate into myofibroblasts. Myofibroblasts are the major
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protein producer for formation of granulation tissue. Wound contraction is another role
of myofibroblasts. In mice, it is essential for a sufficient healing process, but in human,
this function is not as dominant as in the mouse. Diminished wound contraction caused
mainly the delayed wound closure in Mif-2- and HFD fed mice. Nevertheless,
reconstruction of granulation tissue and especially contribution of collagen is identical
in both species. Myofibroblast secretion of proteins to rebuild the renewable tissue
was also strongly impaired in both mice groups as compared to lean control mice and
caused the diminished wound healing. These results can be transferred to humans.
Obesity-related low MIF-2 levels lead to impaired myofibroblast differentiation and,

subsequently, to insufficient formation of granulation tissue.

MIF-2 primarily interact via the CD74 receptor activating mitogen-activated protein
kinase downstream cascades including the extracellular signal-regulated kinase
(ERK)1/2 pathway. Furthermore, ERK1/2 interacts and regulates the transforming
growth factor (TGF)-B/Smad pathway, which is the canonical signaling cascade that
triggers myofibroblast differentiation. Therefore, | propose that MIF-2 is a still unknown
essential regulatory cytokine for TGF-B/Smad initiating differentiation of
myofibroblasts and their homeostasis. MIF-2 activates ERK1/2 via CD74 and MAPK
downstream. Either phosphorylated ERK1/2 results in an unknown cofactor needed
for gene transcription or it phosphorylates and inhibits Smad2/3, whereby the cascade
is blocked.

Nevertheless, interaction between ERK1/2 and Smad proteins are sparsely
investigated and the mechanisms is not completely identified. The proposed pathway
in which MIF-2 functions is based on initial results from this work and previous studies
on the mechanism of MIF-2 downstream via ERK1/2 and ERK1/2 and Smad
interactions. In particular, the mentioned cofactor for gene transcription is still unknown
and a “black box”. Thus in order to verify the hypothesized pathway, more detailed
analysis on both downstream cascades, TGF-B/Smad and MIF-2 initiated ERK/MAPK,
are necessary, especially the interaction between them. There were no direct evidence
about the correct concentration on MIF-2 or phosphorylated ERK1/2, when the second
inhibitory function is addressed. Furthermore, fibroblast growth factor (FGF)-10
appeared to be directly influenced by MIF-2 levels. Several studies proved the critical
role of FGF-10 on formation of granulation tissue. As underlying mechanism, they also
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assumed MAPK downstream cascades. Even though, there is no reported connection
between MIF-2/CD74 and FGF-10, the downregulation may give evidence that MIF-2
plays a role in FGF-10 expression. However, further investigations for the underlying
pathway are needed.

Since | have mainly focused on wound healing including the mechanisms in mice and
the results cannot be transferred one-to-one to humans, it is necessary to prove the
results on humans and human cells. Treatment with MIF-2 requires additional in vivo
experiments on mice in addition to the previous in vitro experiments. The question
arises whether topical or systemic treatment with recombinant MIF-2 can improve the
diminished wound healing caused by obesity. In general, my model and work only
partially explain obesity-induced wound healing disorder. Even though this complex
field has been studied for a long time, much is still missing to fully understand the

pathological mechanisms behind it.
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Score Legend

Score Legende

kdrperliches

Erscheinen

KG-Verlust

“Iitlales KiE: Kpergewicht diekt vor der Operation

Ein Veterindr wird kontaktiert, sobald mindestens ein Score bei 2 beobachtet wird. Wenn nétig wird das Tier euthanasiert.

Wenn ein Score von 1 oder 2 bei "korperliches Erscheinen” beobachtet wird, werden die betroffenen Stellen zweimal taglich mit Salbe {Bepanthen, Merfen, o.i.f behandelt Sofern notig.
wird unter Absprache mit dem Veterindr das Tier zusdtzlich mit Buprenorphin (0.1 mg/kg KG) analgetisch behandelt. Nach 2 h wird das betroffene Tier erneut begutachtet. Ist keine
Besserung zu erkennen, wird das prechende Tier euth iert.

Wenn ein Score von 1 oder 2 bei "Aktivitat™ oder "Kirperhaltung” beobachtet wird, wird das betroffene Tier alle 3 hiiber den Tag kontrolliert und g dok tiert. Geg enfalls
wird Rat eines Veterindrs hinzugezogen. Zusatzlich werden Schiisseln mit aufgeweichtem Futter und Wasser in den Kafig gestellt. Ebenfalls bekommt es eine zusdtzliche Analgesie
mittels subkutaner Injektion won Buprenorphin (0,1 mgikg KG). Sollte sich dabei nach 2 h keine Besserung zeigen, wird das Tier euthanasiert

Wenn ein Score von 1 oder 2 bei "Wundstatus™ beobachtet wird, wird die Wunde mit frischer, steriler Saline von aussen behandelt und mit einem neuen, transparentem Plaster

abgedeckt.

Das Tier wird euthanasiert, sobald ein Score von 2 in einem Bereich iiber drei Tage lang trotz entsprechenden Gegenmassnahmen anhalt.
Das Tier wird sofort euthanasiert, sobald ein Bereich ein Score von 3 aufweist.
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