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Z U S A M M E N FA S S U N G

Narben wirken sich oft negativ auf die individuelle Selbstwahrneh-
mung von Schönheit, Lebensqualität und Selbstvertrauen aus. Um
diese negativen Auswirkungen zu verringern, versuchen Forscher
die biologischen Mechanismen, die zur Narbenbildung führen, bes-
ser zu verstehen, damit wirksamere klinische Behandlungen entwi-
ckelt werden können. Langfristige Ziele sind die Hautregeneration zu
beschleunigen und die narbenlose Heilung von Wundverletzungen.
In früheren Studien haben Forscher gezeigt, dass niedrig dosiertes
Erythropoietin (EPO) regenerative und zytoprotektive Wirkungen in
präklinischen Tiermodellen und sogar bei klinischen Patienten mit
Verbrennungen oder diabetischen Wunden hat. Allerdings sind die
molekularen Mechanismen, durch die EPO die Narbenbildung und/o-
der Wundheilung im menschlichen Hautgewebe beeinflusst, unklar.
Daher werden in diesem Forschungsprojekt die Wirkung von EPO
auf die Wundheilung von Hauttransplantaten beim menschlichen Pa-
tienten mit immunhistochemischen Methoden untersucht, und dann
zusätzliche In-vitro-Experimente durchgeführt, um zu prüfen, wie die
Wirkung von EPO durch das Vorhandensein anderer kleiner Mole-
küle, sogenannter proinflammatorischer Zytokine, beeinflusst wird.
Im Einzelnen wurde in einer Studie (i) die Wirkung einer systemi-
schen Anwendung von EPO auf immunhistochemische Indikatoren
der Wundheilung anhand von Hautproben aus einer klinischen Studie
untersucht, bei der EPO-behandelte Gruppen mit Placebo-behandelten
Gruppen verglichen wurden. In einer zweiten In-vitro Studie wurde:
(ii) die Wirkung der EPO-Verabreichung (allein und in Kombination
mit verschiedenen Zytokinen, z. B. IL-6, TNF-a) auf die Expressions-
niveaus von Genen, die mit der Wundheilung in Verbindung stehen,
getestet. In der ersten Studie ergaben die immunhistochemischen Ana-
lysen keine eindeutigen Muster, die die Behandlungs- und Kontroll-
gruppen unterschieden, mit Ausnahme des von-Willebrand-Faktor, der
Anzeichen einer verringerten Expression in der der EPO-behandelten
Gruppe zeigte. In der zweiten Studie führte die Verabreichung von
EPO und die gleichzeitige Verabreichung von EPO mit den Zytokinen
TNF-a und IL-6 zu einigen Veränderungen der Genexpression in den
Mesenchymalen Stammzellen die aus der Vorhaut gewonnen wurden.
Die Behandlung mit EPO allein und die gleichzeitige Verabreichung
von EPO mit TNF-a und IL-6 führte jedoch nicht zu statistisch signifi-
kanten Unterschieden in GO- oder KEGG-Signalwegen.

Schlagwörter: Erythropoetin, EPO, Wundheilung, Hautregeneration,
Proinflammatorische Zytokine, Genexpression
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A B S T R A C T

Scars often have a negative impact on an individual’s self-perception
of beauty, quality of life, and self-confidence. In order to reduce these
negative impacts, researchers are attempting to better understand
the biological mechanisms that lead to scar formation, so that more
effective clinical treatments can be developed. A long-term goal is to
accelerate skin regeneration and facilitate scarless healing of wound
injuries. In previous studies, researchers have shown that low dose
erythropoietin (EPO) has regenerative and cytoprotective effects in
preclinical animal models, and even in clinical patients presenting
with burns or diabetic wounds. However, the molecular mechanisms
through which EPO affects scar formation and/or wound healing in
human skin tissue remains unclear. Therefore, in this research project,
the effect of EPO on skin-graft donor site wound healing in human
patients is evaluated using immunohistochemical methods, and then
additional in vitro experiments are conducted to test how the effects of
EPO may be impacted by the presence of other small molecules called
pro-inflammatory cytokines. Specifically, in one study: (i) the effect
of systemic application of EPO on immunohistochemical indicators
of wound healing is tested using skin samples from a clinical trial
that compared EPO-treated to placebo-treated groups. In a second in
vitro study: (ii) the effect of EPO administration (alone and in com-
bination with different cytokines, e.g., IL-6, TNF-α) on expression
levels of genes linked to wound healing was tested. In the first study,
immunohistochemical analyses failed to uncover any strong patterns
that differentiated treatment and control groups, with the exception of
von Willebrand factor, which showed signs of decreased expression in
the EPO-treated group. In the second study, EPO administration, and
co-administration of EPO with TNF-α and IL-6 cytokines, led to some
changes in gene expression levels in foreskin-derived mesenchymal
stem cells. However, treatment with EPO alone, and co-administration
of EPO with TNF-α and IL-6, did not lead to statistically significant
differences in GO or KEGG signaling pathways.

Keywords: Erythropoetin, EPO, wound healing, skin regeneration, pro-
inflammatory cytokines, gene expression
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1
E P O A N D W O U N D H E A L I N G

1.1 introduction

In many cases, damage or trauma to human skin can be repaired
through natural regenerative mechanisms. However, in some cases,
an abnormal and unwelcome healing process may occur, resulting in
the formation of excessive scar tissue. The formation of scar tissue
is a complex process, made up of different cellular and extracellu-
lar mechanisms. A variety of biochemical regulatory processes have
been shown to impact scaring, including the synthesis of extracellular
matrix (ECM) [11].

For many years, little progress was made in identifying treatments
for wound injuries that can eliminate scaring. However, over many
years, promising techniques have been developed in the field of re-
generative medicine. These techniques include: (i) using skin tissue
transplanted from other donor sites (e.g., foot or forearm) to close and
repair wound injuries, (ii) using laboratory-created skin cells derived
from stem cell cultures to mitigate the need for donor tissue, and
(iii) using topical application of bioactive molecules to trigger the
regenerative effects of endogenous stem cells and decrease the period
of wound healing [124, 162].

In preclinical studies, Günter et al. [45] were able to show that a
number of cytokines and growth factors play a role in stem cell acti-
vation at wound sites. It is even suggested that erythropoietin (EPO)
is one of the key active agents in skin regeneration [45]. EPO plays a
key role in skin regeneration, especially in treating acute and chronic
tissue injuries [6, 38]. Studies have shown that adding EPO to mes-
enchymal stem cell (MSC) cultures under hypoxic conditions increases
the proliferation rate of MSCs [45]. EPO stimulates angiogenesis, mi-
tosis, vascularization, and cell-cycle activation [45]. EPO is expressed
in hematopoetic and several non-hematopoietic tissues, where it plays
a role in improving cell survival and delaying inflammation processes
caused by hypoxia, toxicity, or injury [45]. It has even been suggested
that EPO might have a potential to restore impaired wound healing
and stimulate angiogenesis and cell-cycle in burn-damaged tissues [5].

Understanding the molecular and cellular mechanisms responsible
for wound healing may provide clues that enable us to develop faster—
and possibly scar-less—wound healing treatments. The development
of such alternative, rapid, efficient, and cost-saving therapies to treat
wounds is a goal of some medical research. Herein, we focus on
reviewing the molecular and cellular basis of regeneration and skin
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tissue repair, with special attention to dermal mesenchymal stem cells
(MSCs). Differences in the speed of healing in various regenerative
models can provide key insights for the development of therapeutic
strategies that may alleviate some of the morbidity associated with
scarring after traumatic injuries.

1.2 aims of the project

1.2.1 Motivations

The Department of Cell Techniques and Applied Stem Cell Biology
at the Centre for Biotechnology and Biomedicine at the University of
Leipzig has been engaged in the field of skin regeneration for several
years. Their research interests have focused especially on the accelera-
tion of wound healing and skin regeneration in traumatic ulcers and
severe burn or scald injuries. In order to investigate the mechanisms
responsible for wound healing, in vitro cell cultures of mesenchymal
fibroblasts (FMSCs) were isolated from human skin donors, cultured,
and maintained under normal and trauma conditions with the addi-
tion of certain proinflammatory cytokines, like IL-6 and TNF-α. The
extent of cell proliferation with and without EPO co-administration
was measured and compared. Although the stimulation of FMSCs
with EPO alone had an inhibitory effect on stem cell growth in vitro, a
significant increase in fibroblast growth was observed after 7 days of
EPO-cytokine co-administration. Similarly, the administration of IL-1β,
IL-6, and/or TNF-α with EPO helped to encourage cell replication.
Furthermore, expression of the EPO receptor at the mRNA level was
improved [6, 38].

In animal experiments carried out in cooperation with the Depart-
ment of Plastic and Hand Surgery, University of Lübeck, Lübeck,
Germany, recombinant human EPO (rHuEPO) was applied to mice
with deep second-degree scald injuries by infusion pump (contin-
uous systemic application). Vascularization was remarkably higher
in the rHuEPO treatment group than in the control group [38]. In
another study, local topical application of rHuEPO gel was given in
deep second-degree scald injury sites in rats [38]. Histological analysis
showed that the rate of epithelialization was significantly higher in
the rHuEPO gel-treated group than in the control group. Additionally,
immunohistochemical studies have revealed that rHuEPO gel-treated
groups show higher expression of key cell-surface markers (such as
CD31, CD90, CD71, and nestin) than control groups [6, 38]. Here, we
aim to study how such results generalize to treatments in clinical
settings.
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1.2.2 Methodological outline

This dissertation focuses on the role that recombinant human ery-
thropoietin (rHuEPO) plays in wound healing and gene expression.
Two analyses are presented here. The first is a subanalysis from the
“EPO in Burns” project [45–48] that investigates the effect of EPO on
vasscularization, re-epithelialization, and dermal stem cell activation
at skin-graft donor sites. The second study is a novel in vitro test
of how gene expression is impacted by co-application of EPO and
pro-inflammatory cytokines. Before presenting these empirical stud-
ies, a review of the literatures on skin structure, wound healing, scar
formation, and the biology of proinflammatory cytokines and EPO is
presented.

In the first study, skin samples from the donor sites of skin grafts
were used to test if systemic application of EPO can accelerate wound
healing. Specifically, in both treatment and placebo groups, we quan-
tified the expression of cell surface markers over a duration of 16

days. To conduct this quantification of cell surface marker expression,
histology, immunohistochemistry, and image analysis were used.

In the second study, foreskin mesenchymal stem cell cultures were
used to study how the expression of genes involved in wound healing
is affected by in vitro administration of EPO and trauma cytokines. To
conduct this analysis, foreskin mesenchymal stem cells were isolated
from human skin samples and were then cultured with and without
EPO and trauma cytokines. RNA from the samples was extracted and
used for microarray analyses.

The data from both studies were analysed using the R software
package [114]. In the second study, data from various bioinformatics
databases (e.g., the Gene Ontology Consortium and the Kyoto En-
cyclopaedia of Genes and Genomes) were integrated into the study,
in order to investigate whether genes linked to specific functions
(e.g., wound healing, skin fibrosis, or apoptosis) are up-regulated or
down-regulated by treatment with EPO.

In the following chapters, the literature reviews, materials and meth-
ods, and results and discussion for each of the studies are described
in detailed.
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2
S T U D Y 1 : E P O A N D C L I N I C A L W O U N D H E A L I N G

2.1 study 1 : literature review

In this section, the structure and function of human skin is first de-
scribed. Then, a review of the literature on the general biology of cuta-
neous wound healing is presented. Finally, the literature on wound
healing at skin graft donor sites is discussed.

2.1.1 Skin structure and function

The skin is the largest organ, and the most important protective layer
of the human body. It varies in thickness from less than a millimeter
(on the lower eyelid) to several millimeters (on the soles of the feet)
[30, 77]. The skin is a defensive barrier against external microbes, and
protects the body against mechanical, chemical, osmotic, thermal, and
ultraviolet (UV) damage. It has self-healing and renewable properties.
The skin is also a sensory organ that allows individuals to sense
the environment, react to important stimuli, and avoid potentially
dangerous circumstances—e.g., touching toxic plants or hot surfaces.
Additionally, the skin stores lipids (fats) and water for the body. Sweat
glands, blood vessels, and adipose tissue are involved in the regulation
of body temperature, metabolism, and excretion of various substances
[30, 77]. The details are reviewed below.

2.1.1.1 Skin Structure

The skin is a complex organ. An average of one square inch of skin
contains 650 sweat glands, 20 blood vessels, and more than 1,000 nerve
receptors [17, 30, 77]. Although the skin is only a few millimeters thick,
it makes up about one-seventh of our body weight. The skin also
makes up part of the body’s immune system. The skin has different
thicknesses in different areas of the body. For example, the skin is
thinnest under the eyes and thickest on the back, and on the soles of
the feet and palms [22, 77].

The dermal structure consists of three main layers: epidermis, der-
mis, and hypodermis [22, 77].

epidermis :
The outermost layer of the skin is known as the epidermis. It has an
ectodermal origin and consists of epithelial tissue. The epidermis is
responsible for regenerating new skin cells, producing pigmentation,
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and creating a protective barrier between the body and the external
environment. The main function of the epidermis is to build new skin
cells at the boundary of the dermal and epidermal layers. It takes
about a month for these cells to reach the top layer of the epidermis,
where old cells are replaced with new cells. Epidermal cells produce
protein that strengthens the skin and protects the skin from drying
out [22, 77, 158].

There are different cells located in the epidermis—e.g., keratinocytes,
melanocytes, langerhans cells, and merkel cells. Keratinocytes are the
most common cell type within the epidermis. Langerhans cells in the
epidermal layer of the skin are part of the immune system and protect
the body against pathogens. Melanocytes are cells that are present
in the epidermal layer and control skin pigmentation. They produce
a pigment called melanin, which provides extra protection from the
sun’s UV rays. The epidermis has no blood vessels, and so epidermal
cells must exchange materials with dermal blood vessels. Between the
epidermis and the dermis is a thin sheet of fibers called the basement
membrane, which attaches the epidermis and dermis together [158].

The epidermis is divided into five layers; from outer to inner, these
layers are known as the stratum corneum, stratum lucidum, stratum
granulosum, stratum spinosum, and stratum germinativum [158]. The
outermost layer of the epidermis is called the stratum corneum, and
consists of 20–30 layers of dead keratinocytes. These dead cells are
constantly shed and replaced with new cells that are made in the inner
layers of the epidermis. Within a period of about 4 weeks, new skin
cells emerge, pass towards the outer surface of the skin, harden, and
are finally shed. Keratinocytes in this layer release defensins, and so
this layer is the first part of body’s immune defense [158].

The stratum lucidum is composed of two to three cell layers of dead
keratinocytes, which are located under the stratum corneum [158].

The stratum granulosum is located under the stratum lucidum, and
consists of three to five cell layers. Cells in this region have a diamond
shape and contain keratohyalin granules and lamellar granules [158].

The stratum spinosum is composed of 8–10 layers of cells. In this
region, desmosome structures attach keratinocytes together. These
structures help to maintain the integrity of the skin. Also, dendritic
cells might appear in the stratum spinosum [8, 158].

The stratum germinativum, or stratum basale, is the deepest layer
of the epidermis. It is attached to the basement membrane (basal
lamina) by hemidesmosomes, which form the boundary between the
epidermis and the dermis. This region consists of different cell types,
including stem cells, keratinocytes, and melanocytes [158].

dermis :
The dermis is the middle layer of skin, and is also the largest. Approx-
imately 90% of the weight of the skin is located beneath the epidermis
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and above the hypodermis [105]. The dermis has a mesodermal origin
and consists of connective tissue.

The dermal–epidermal junction of human skin occurs between the
basal epidermis and the papillary dermis, and consists of networks of
finger-like protrusions [22]. This thick connective membrane is com-
posed of an interconnected network of blood and lymph capillaries,
nerves, sensory fibers and terminals, collagen, and elastin proteins
that support nerve fibers [145].

The dermis consists of different cell types, glands, vessels, and
other materials (e.g., extracellular matrix or ECM). The cells in the
dermis include fibroblasts, langerhans cells, melanocytes, endothelial
cells, smooth muscle cells, neurons, and tissue-resident immune cells.
Fibroblasts are the main cells located in the dermis, and they are
responsible for producing ECM, elastin, collagen, growth factors, and
cytokines. The dermis is mostly made up of a collagen-protein layer
linked in strong networks of collagen and elastin protein fibers, which
provide elasticity, resilience, and strength to the skin tissue [145].

ECM components, blood vessels, and lymphatic vessel components
are also located in the dermis [87]. Hair follicles, sebaceous glands,
and sweat glands can also be found in this layer. The dermis is rich
in proteoglycans and glycosaminoglycans that protect the body from
fluid waste and act as a water storage source. These same chemicals
also help to protect the skin from mechanical damage [87, 145]. The
main task of the dermis is to maintain the firmness and elasticity of
the skin [145].

The dermis also plays an important role as a sensory receptor and
internal regulator [145]. The nerves in dermis contain receptors that
transmit signals relating to pain, pressure, touch, itching, and temper-
ature to the brain. It is a place for production of sweat and fat. The
sweat glands help cool the body, and the sebaceous glands produce
soft, moist fats for the skin. The hair follicles in the dermis cause hair
growth on the body. Hair also helps to control body temperature and
protect the body against damage. Blood vessels in the dermis nourish
the skin and help control body temperature. These vessels nourish
the epidermis. When the skin gets too hot, blood vessels dilate to
release heat from the surface of the skin. On the other hand, when
the skin gets too cold, blood vessels constrict to keep the body warm.
Lymphatic vessels, which are an important part of the immune system,
are located in the dermis. They protect the body against infection
[145].

subcutaneous tissue or hypodermis :

The deepest innermost layer of the skin is called the subcutaneous
tissue or the hypodermis. This layer is not structurally part of the
skin; however, it helps to connect the skin to the underlying bones and
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muscles. The hypodermis is mostly made up of fat, such as panniculus
and adiposus. It is also composed of loose connective tissue and elastin
protein. Elastin fibers help tissues return to their normal positions after
stretching. Fat layers can protect the body against heat and cold, and
are especially suited at preventing excessive heat loss. This layer is very
elastic due to the abundance of fat cells, and acts as a shock absorber
as well, protecting bones and muscles from the shocks associated with
falls. Neurons and blood vessels are also located in subcutaneous
tissues [152].

2.1.1.2 Wound healing

Cutaneous wound healing is a complex of biological and physiol-
ogy processes in the body that involves multiple cell populations,
interaction between epidermal and dermal cells, chemotaxis, mitosis,
angiogenesis, ECM synthesis, and the action of soluble mediators,
such as growth factors and cytokines [144].

The skin constitutes the most important barrier between the body
and outside environment. The epithelium is the first, and most critical
layer in the body’s defensive barrier. When skin becomes injured or
cut, pathogens can enter the body and cause infection. It is, therefore,
essential that the skin can quickly repair itself via re-epithelialization
during wound healing [122].

The repair process in the skin occurs in four overlapping phases,
consisting of coagulation and haemostasis, inflammation, prolifera-
tion, and tissue remodeling. The aim of tissue repair is generally to
achieve tissue haemostasis, and a return to elasticity and integrity.
However, sometimes excessive or pathological scar formation may
occur, especially when the trauma to the skin is severe [36].

Tissue injuries cause mechanical stress in the tissue, can change
ECM components, and create inflammation in the environment sur-
rounding the damaged area. One of the key factors that may lead to
excessive scar formation is prolonged and acute inflammation. Stud-
ies comparing scar-free embryonic wound healing to the formation
of scar tissue in adults, show that the undeveloped immune system
present in the embryo may be responsible for reduced scar formation
[45]. Also, inflammatory cascades in the embryo are not advanced,
and the immune reaction is greatly reduced and shorter in duration,
compared to wound healing in adults. The embryonic wound healing
environment is rich in platelet-derived growth factor (PDGF) and
transforming growth factors (e.g., TGF-β3). It has been suggested
that adding PDGF and TGF-β3, as well as neutralizing TGF-β1 and 2,
can promote wound healing in adults [e.g., 45], but more research is
needed.

At wound sites, fibroblasts activate, proliferate, release ECM, and
differentiate into a contractile phenotype, called myofibroblasts. Fi-
broblasts and myofibroblast express contractile microfilament bundles,
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α-SMA, and ECM at the site of injuries [56, 125]. Myofibroblasts mi-
grate to wound sites, proliferate, and contract the wound. Wound
closure is essential for the haemostasis needed to restore damaged
tissue. However, accumulation, persistence, and excessive activity of
myofibroblasts during tissue repair and healing can cause fibrotic scar-
ring. In addition, excessive production of ECM and rarification of the
microvasculature can transform granulation tissue into a hypertrophic
scar [56, 125].

In the following subsections, the phases of wound healing are dis-
cussed in more detail.

the haemostasis phase :
When tissue injury occurs, blood vessels may be damaged and blood
may flow into the wound area. The body responds by constricting
blood vessels and thus restricting blood flow. Platelets can then ag-
gregate together and create clots in the wall of the injured vessels,
in order to stop the bleeding. Fibrin clots are composed of platelets,
thrombin, fibronectin, and collagen [37]. Afterwards, the dilation of
blood vessels allows the influx of white blood cells and thrombocytes
to the wound site.

In short, platelet activation leads to production of a scaffold of fibrin
clots and granulation tissue. This tissue then facilitates repair of the
vascular system of the injured tissue [37].

the inflammatory phase :
An inflammatory response happens when haemostasis is achieved and
chemotaxis is initiated. Platelet-derived growth factor (PDGF) stimu-
lates chemotaxis and proliferation, activates cells with mesenchymal
origin, attracts fibroblasts, and enhances fibroblast mitosis [110]. Dam-
aged tissue releases damage-associated molecular patterns (DAMPs),
including ATP, DNA fragments, and interlukines like IL-33 and IL-1α.
DAMPs can stimulate inflammatory effects and immune cells [71].

At wound sites, immune cells recognize pathogens and DAMPs
through toll-like receptors (TLRs) [40]. TLRs are located on different
immune and non-immune cells, such as dendritic cells, macrophages,
natural killer cells (NK), T cells, B cells, epithelial cells, endothelial
cells, cardiomyocytes, astrocytes, and fibroblasts [26, 157].

Spontaneously, leukocytes, such as neutrophils and macrophages, in-
filtrate and clean the wound environment of cell debris, damaged cells,
and pathogens [110]. Monocytes and tissue-resident macrophages dif-
ferentiate. They synthesize pro-inflammatory cytokines, such as IL-1α,
IL-1β, IL-6, IL-17, TNF-α, and IFN-γ, which increase inflammation. In
this phase, the M1 macrophage phenotype is most common [71].

Thrombocytes and white blood cells release mediators, like sero-
tonin, histamine, and cytokines to accelerate the inflammation process.
Cells involved in healing and repair migrate to the wound site. At
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the site of injury, damaged cells release some cytokines, such as trans-
forming growth factor (TGF-β), platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), fibroblast growth factor (FGF), and
interleukin 8 (IL-8/CXCL-8) that create an inflammatory response.
In fact, damaged cells and fibrin clots recruit immune cells, such as
neutrophil cells and macrophages, by sending chemical signals to the
body. The key goal of the inflammation process is the prevention of
infection and the cleaning of the wound environment [71, 110].

During the inflammatory phase, the wound site is generally swollen,
due to the presence of growth factors, enzymes, and increased blood
flow, which increases the heat, pain, and redness of the wound site
[110]. The duration of this stage normally depends on the size of
the wound. It can be problematic when this phase takes an exces-
sive period of time, as prolonged inflammation can have negative
consequences. For example, a long inflammatory period may lead to
hypertrophic scar formation [71].

the proliferative phase :

Around 2-10 days after an injury, the proliferation phase typically
starts. The important events that occur in this phase consist of vas-
cularization, ECM deposition, granulation tissue formation, and re-
epithelialization [71].

Proliferation begins with the infiltration of fibroblasts and the re-
lease TGF-β to the wound area. Fibroblasts then deposit a collagen-I
scaffold [71]. Additionally, some cytokines—such as IL-6— trigger a
change from the inflammatory phase to the proliferative phase. IL-6,
as a profibrotic cytokine, induces differentiation, activation, and prolif-
eration of leukocytes, endothelial cells, keratinocytes, and fibroblasts
in the wound site [71]. These changes also cause the M1 macrophage
phenotype to shift to the M2 phenotype. This new phenotype drives
the profibrotic signalling necessary for scaring and wound repair [71].

Keratinocytes in the epidermis migrate to the damage site, and—in
addition—angiogenesis begins. Angiogenesis results from the stim-
ulation of bone marrow and endothelial progenitor cells at normal
concentrations of oxygen. It is important that during the proliferation
phase, new blood vessel networks rebuild. Then, the granulation tis-
sue can receive nutrients, exchange O2/CO2, and dispose of waste
materials via the blood stream. Fibroblasts, macrophages, and cap-
illary sprouts grow and replace the granulation tissue. Fibroblasts
are modified to the myofibroblast phenotype, which has a role in
wound closure during the proliferative phase. Both fibroblasts and
myofibroblasts synthesize ECM proteins and deposit collagen into
damaged areas [65].

During wound healing, growth factors also bind with ECM proteins
in the wound microenvironment and modulate vascularization [65].
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Fibroblasts also secrete glycosaminoglycans, which together with col-
lagen, create a scaffold in the wound bed and stabilize the wound area.
In this stage, myofibroblasts, collagen, and ECM contract the wound,
and new tissue is rebuilt. Collagen fibers in the wound create thick
and disorganized networks. Although wound closure is very critical
to wound healing, an undesirable complication of these components
can create excessive contractual scarring. Therefore, it is important
to maintain a balance between deposition and degradation of ECM
proteins to avoid the risk of abnormal scar formation at the healing
site [21].

the remodeling or maturation phase :
The last phase of wound healing is the remodeling or maturation
phase. Depending on the size of the damaged area, this phase can last
several months or years. In this stage, the wound is fully closed with
long-lasting tissue. ECM production is considerably reduced, but not
stopped. Fibroblasts degrade and remodel collagen type III (which is
a major component of granulation tissue) to type I (which is the main
structural component of the dermis). Afterwards, collagen fibers are
arranged in orderly cross-linked networks, and the fibers are closer
together, which can improve scar flexibility and lead to the return
of tissue function. Vessel networks are shaped by the aggregation of
smaller vascular tissues [25, 71]. At this stage, the wound area has
more strength and flexibility than it had in previous stages. However,
the tissue cannot typically return completely to normal physiology
[71]—e.g., especially when the area affected was large, or the trauma
severe.

2.1.2 Clinically significant injury types and the effect of EPO on wound
healing

Although the skin is able to heal itself, even after severe trauma,
wound areas may be impacted by severe scarring. As such, researchers
have begun to study how different chemicals or treatments might
improve clinical outcomes for patients affected by skin injuries. This
subsection will focus specifically on reviewing the literature on the
biology of EPO and its receptors. Special attention is paid to the role
of EPO in wound healing. Interventions that may be able to improve
clinical outcomes and change/accelerate the body’s natural wound
healing responses are overviewed.

2.1.2.1 Erythropoietin (EPO)

EPO is recognized as an evolutionarily conserved hormone, growth
factor, and type 1 cytokine. EPO is a 30.4 kDa glycoprotein and is
composed of 165 amino acids that form four α helices [32]. EPO as
a hormone is involved in the regulation of erythrocyte proliferation
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and differentiation, and the maintenance of a physiological level of
circulating erythrocyte mass. The EPO gene is expressed in interstitial
fibroblast cells located in the kidneys, a primary site of EPO produc-
tion, and in the liver, a secondary site of EPO production in adults [28,
119]. In fetal life, however, the liver produces the majority of body’s
EPO [119].

When the level of erythrocytes decreases in circulating blood, oxy-
gen delivery to specialized cells in the kidneys is decreased. Renal
tubular interstitial fibroblast cells secrete EPO, which circulates in
the blood, and then binds to the erythropoietin receptor (EPOR) on
erythroid progenitor (CFUe) cells—which are located in the bone
marrow—and therefore promotes erythropoiesis. As such, EPO ex-
pression and secretion is increased. As the mass of red blood cells
increases, EPO expression and secretion then becomes down-regulated
[16, 18].

In addition, studies have shown that EPO gene expression depends
on hypoxic conditions in two hepatoma cell lines (HepG2 and Hep3B).
These cells are sensitive to oxygen (O2) tension variation [31].

Moreover, EPO is expressed in several non-hematopoietic tissues.
The nonhematopoietic effects of EPO in skin regeneration and repair
has been the center of attention for many years. Specifically, the tissue
protective role of EPO in inflammation has been a target of many
research projects [18, 89]. During skin injury, many tissues are under
hypoxic, traumatic, and inflamed conditions, and release EPO, which
might then play an important role in tissue regeneration and protection
[18, 89]. For example, in animal models, EPO has been shown to play
a role in protecting tissues from apoptosis and inflammation due to
hypoxia, toxicity, or injury conditions [18, 89].

2.1.2.2 EPO receptors

EPO can bind to two different receptors, the homodimeric EPO recep-
tor (EPOR) and the tissue protective receptor (TPR). EPORs are widely
expressed in non-erythroid cells or tissues, such as those found in the
cardiovascular system (cardiac myocytes, endothelial cells, smooth
muscle cells), the brain (asterocytes, neural progenitor cells, neurons,
oligodendrocytes), the uterus (cervix, endometrerium, ovary, oviduct),
and the endocrine system (insulin-producing cells of the pancreatic
islets) [18, 89]. It has also been shown that EPOR is expressed on
fibroblasts, keratinocytes, endothelial cells, macrophages, mast cells,
melanocytes, and hair follicles [12, 57, 66, 126].

EPO promotes erythropoeisis by binding to EPOR, but when EPO
binds to TPR it can act differently—for example, by suppressing pro-
inflammotory cytokines, promoting wound healing, protecting cells
from apoptosis, and modulating the activation, differentiation, and
function of immune cells. Both EPOR and TPR are expressed on
different innate and adaptive immune cells, and EPO can directly reg-
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ulate the immune system through TPR. However, the affinity of EPO
towards EPOR is higher than towards TPR. The healing, immunoreg-
ulatory, and tissue protective effects of EPO at injury sites depend
on high concentrations of EPO and elevated expression of the TPR
receptor, so that EPO can bind to TPR effectively. In the absence of
TPR and EPO-TPR, the healing and protective effects of EPO is dimin-
ished [156]. When EPO binds to TPR, it activates signalling pathways
in different cells that suppress pro-inflammatory cytokines, alter the
inflammatory response, and regulate the immune system. As a result,
the immunoregulatory effects of EPO can down-regulate apoptosis,
promote tissue survival, and accelerate wound healing [108].

2.1.2.3 EPO signaling pathways

When EPO binds to EPOR, EPOR undergoes a conformational change
that leads to dimerization and Janus Kinase-2 (JAK2) phosphorilation.
As a result of JAK2 activation, three main downstream effects are
triggered. The first cascade is called the signal transducer and activator
of transcription (STAT) pathway. It includes STAT3 and STAT5 [16, 18,
134]. JAK2 phosphorylation enables phosphorylation and dimerization
of STAT transcription factors, including STAT1, STAT3, and STAT5a/b.
STAT is located in the nuclei and activates regulated genes. EPO-
mediated activation of JAK2/STAT5 leads to up-regulation of the anti-
apoptotic Bcl-XL and Bcl-2 genes, which then protect pro-erythroblasts
from apoptosis [16, 18, 89].

The second cascade consists of the phosphatidylinositol 3-kinase
(PI3K) and protein kinase B (Akt) pathways. The PI3K/Akt pathway
promotes cell survival and cell growth. Also, PI3K/Akt activates en-
dothelial nitric oxide synthase (eNOS), which promotes the production
of nitric oxide (NO), increases blood flow, reduces regional injury, and
induces endothelial cell proliferation, migration, and healing [134]. In
addition, activation of Akt signaling increases the phosphorylation
of STAT5 [157]. It has also been suggested that EPO can stimulate
the AMP-activated protein kinase (AMPK) pathway that is located
downstream of βCR, and activates eNOS and NO production [134].

The third cascade consists of the mitogen-activated protein kinase
(MAPK) pathway. MAPK inhibits GSK3β and reduces inflammation
[134].

EPO down-regulates nuclear factorκB (NFκB), and as a result de-
creases inflammation and edema [134]. NFκB activates the expression
of genes which are associated with cell survival, production of inflam-
matory cytokines, and anti-apoptotic gene pathways [157]. During
inflammation, NFκB induces the production of cytokines, like TNF-α,
IL-1, IL-6, IL-8, and adhesion molecules that are necessary for leuko-
cyte recruitment to the wound site. It also regulates cell proliferation
and apoptosis [61].
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All of these signaling pathways are, on the one hand, known for
promoting red blood cell proliferation, and, on the other hand, known
for vasodilation, insulin-sensitization, and for having anti-thrombotic,
anti-inflammatory, and anti-apoptotic actions [89].

2.1.2.4 EPO in wound healing

Time is a key factor in wound healing. For optimal wound healing, it
is critical that the inflammatory phase is shifted to the proliferative
phase as soon as possible. A long inflammatory phase can lead to a
delay in wound healing, wound distress, an increased risk of infection,
and hypertrophic scars [71]. The wound repair process requires careful
management during both inflammatory and proliferation phases. At
the beginning of an injury, EPO may not be synthesized. On the one
hand, pro-inflamatory cytokines induce the expression and translo-
cation of EPOR and βCR on cell surfaces; on the other hand, some
pro-inflammatory cytokines, like TNF-α, may inhibit EPO production.
High concentrations of pro-inflammatory cytokines and low concentra-
tions of EPO at the site of injuries prevent binding between EPO and
TPR. Studies also show that a low concentration of pro-inflammatory
cytokines can induce EPO production and increase EPO-TPR bind-
ing; EPO-TPR activates different pathways, for example those which
suppress inflammation, promote cell survival, and help to stop the
spreading of injury to surrounding cells and tissues [15].

After an injury, the immune system creates vascular thrombosis
and edema, which increase the blood flow towards the injury site.
Although the immune system destroys pathogens and cleans the
wound bed of damaged cells, it also increases hypoxia. The immune
response can even cause apoptosis, necrosis, and damage to distant
cells and tissues. It has been suggested that EPO helps to regulate
and maintain immune homoeostasis. In wounds, macrophages play
an important role in releasing pro-inflamatory cytokines and cleaning
the wound site. A study has shown that binding of EPO to TRPs
on macrophages can block NFκB p65 activation, which then down-
regulates the expression of TNF-α, IL-6, and inducible nitric oxide
synthase (iNOS) [97]. Moreover, in the innate immune system, EPO
and its derivatives tend to shift macrophages from the M1 pheno-
type to the M2 phenotype, facilitate macrophage phagocytosis, inhibit
the maturation of dendritic cells, and down-regulate the inflamma-
tory reactions of mast cells. In the adaptive immune system, EPO di-
rectly suppresses lymphocytes and influences the balance of T-helper
cell subsets [108]. Also, EPO regulates different adhesion molecules
that have anti-macrophage accumulation effects [147]. EPO regulates
monocyte chemoattractant protein-1, which suppresses recruitment of
monocytes and macrophage transformation [146].

Many studies demonstrate the effect of EPO on wound healing
acceleration. EPO stimulates angiogenesis, ECM production, and col-
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lagen production; it also regulates inflammatory mediators, has anti-
apoptotic effects, and promotes cell survival, which accelerates the
wound healing process [12, 54, 57, 66]. EPO promotes phosphorylation
of Smad2 and Smad3 in fibroblasts, activates the Smad-dependent
TGF-β signaling pathway, induces mRNA expression of TGF-β1 and
α-SMA, increases myofibroblast differentiation, and accelerates skin
wound closure [126]. EPO also down-regulates Smad-2 expression,
which regulates keratinocyte migration and epithelialization [132].

Bader et al. [6] have demonstrated that topical application of EPO
accelerates and improves healing of acute and chronic wounds in
human skin [6]. Hamed et al. [52, 54] have shown that topical admin-
istration of EPO promotes cutaneous healing and decreases the level
of inflammatory cytokines in cutaneous wounds of diabetic rats and
hairless mice. Their results have shown that topical EPO treatment
increases collagen synthesis and deposition, enhances epithelializa-
tion, improves angiogenesis and VEGF secretion, inhibits apoptosis,
upregulates eNOS, and promotes wound repair and wound closure
rate in diabetic wounds [52, 54].

It is said that the effect of EPO on various outcomes in skin is
dose-related. For example, Sorg et al. [132] have shown that in cuta-
neous wound healing in a hairless mouse model, a single high dose
of EPO can improve cell migration, wound healing, epithelialization,
and microvascular network formation. In addition, it decreases wound
cellularity and the time period of the inflammatory phase [132]. How-
ever, repeated application of high doses of EPO can impair the repair
process and epithelialization, increase wound cellularity, and delay
vessel maturation. In addition, it can reduce the migration activity
of fibroblasts and keratinocytes [132]. In their study, however, both
repetitive-low-dose (RLD) and single high-dose EPO treatment groups
showed improvement in wound healing. The RLD group showed in-
creases only in fibroblast migration and did not show differences in
epithelialization compared to the control group. This suggests that the
effect of EPO on cutaneous wound healing is dose-related [132].

Vascular damage in wound areas can cause abnormal oxygen deliv-
ery to tissues, tissue hypoxia, necrosis, and even tissue dysfunction
that may endanger organs. One important study has investigated the
proangiogenic role of EPO in fibrin Z-chambers that were transplanted
subcutaneously in a rat model [57]. Administration of a single dose of
recombinant EPO locally into the fibrin matrix significantly increased
the expression of the EPOR protein on macrophages, improved gran-
ulation tissue formation, and enhanced angiogenesis in granulation
tissue [57].

Also, EPO administration up-regulates iNOS expression and fibrin-
induced wound healing; these effects of EPO are also reported to be
dose dependent [57]. Rezaeian et al. [117] have investigated the effect
of EPO on a perfused flap tissue model in mice. In this study, mice
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were treated with 3 doses of EPO at 500 IU/kg before, before/after, and
after surgery. EPO pre-treatment improved the survival of critically
perfused tissue by nitric oxide-mediated arteriolar dilation, protection
of capillary perfusion, and VEGF-initiated new blood vessel formation
[117]. Rezaeian et al. [118] also show that EPO significantly reduces
apoptotic cell death and flap tissue necrosis [118].

Contaldo et al. [23] have designed an experiment to show the effects
of EPO on severe ischemic damage in musculocutaneous tissue in a
skin flap model in hamsters. Five hours after induction of ischemia,
EPO significantly decreased apoptotic cell counts. Tissue pre-treated
with single dose EPO showed increased vasodilation, as well as arteri-
olar and venular blood flow increases, which jointly promote tissue
perfusion and oxygenation in vivo. There was significant up-regulation
of eNOS after EPO pre-treatment. It is suggested that the anti-adhesive,
anti-leukocyte transmigration, and anti-inflammatory properties of
EPO depend on NO production. NO prevents neutrophile aggregation
and adhesion to post-capillary venules. In addition, NO decreases
the activation of endothelial cells, inhibits platelet aggregation, and is
involved in the relaxation of vascular smooth muscle cells [23].

A study on wound healing in a genetically diabetic mouse model
has illustrated that VEGF mRNA and protein expression was signifi-
cantly increased in the group treated with rHuEPO. Administration of
rHuEPO enhanced wound healing and the angiogenic response. It has
also been suggested that EPO may stimulate endothelial cell mitosis,
granulation tissue formation, and the activation of angiogenic factors
[34].

In a study on pigs with type 1 diabetes, topical application of EPO
in full thickness burns led to an acceleration of dermal wound healing,
through an AQP3-dependent mechanism, which is expressed in the
skin [53]. During cutaneous wound healing, topical EPO treatment
raises AQP-3 expression, which then promotes ECM production (e.g.,
production of collagen and hyaluronic acid), enhances angiogene-
sis and blood flow, stimulates cell migration and proliferation, and
increases re-epithelialization by keratinocytes. As a result, wound
closure and healing accelerate. Microvascular density and the level of
eNOS expression were both significantly increased in the regenerated
skin of animals in EPO/Fibronectin treatment groups [53]. However,
there is an interaction between the effects of EPO and AQP3 in cuta-
neous wound regeneration. Blocking AQP3 may minimize the effect
of EPO and impair wound healing [53].

2.1.3 Skin grafts, EPO, and clinical outcomes

The use of skin grafts is a gold standard treatment for large open
wounds (e.g., full thickness burns covering more than 1% of the body’s
surface) [82]. It is a standardized surgical procedure that is common
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in clinical practice. Skin grafts consist of epidermis and a part of the
dermis [14]. In this procedure, skin from a healthy part of the body,
called the donor site, is removed and transplanted to an injured area
of the body (e.g., a burn wound) [45]. After skin grafting, the donor
site needs 2 to 3 weeks time to regenerate new skin [14].

However, skin graft treatments are often characterized by some
level of scaring at both donor and recipient sites. Scars can cause both
psychological and physiological complications, and even lead to post-
traumatic anxiety disorders [83] that can change people’s lives. As
such, researchers are interested in development of treatments that can
improve clinical outcomes. One approach under investigation involves
administration of EPO to skin graft treatments during surgeries on
patients affected by burn injuries, as EPO is hypothesized to enhance
the rate and the quality of healing. Here, the biology of burn injuries
and skin grafts is discussed, and a focus is placed how they may be
impacted by EPO.

Deep second-degree and third-degree burn wounds are character-
ized by serious burn damage that affects various skin layers, including
the epidermis and the dermis. Second degree burn wounds (SDW)
specifically feature damage to the epidermis and the stratum reticulare
in the dermis, and lead to redness, pain, blisters, and inflammation
[83]. After an SDW, the body’s regenerative process starts immediately;
however, if the SDW is deep, this regenerative process can create areas
of excessive and abnormal scars (e.g., hypertrophic scaring).

Third degree burn wounds (TDW), or full-thickness burns, are a
kind of skin damage that involves deeper layers of the skin [83]. In
TDWs, the wound healing process does not happen spontaneously.
Due to severe damage in deeper layers of the skin, patients generally
require special treatments in order to recover [45, 82, 83].

Because deep second and third degree wounds are severe (especially
when large or affecting sensitive regions), they can require treatment
with skin grafts. Transplantation of autologous split-skin grafts within
a short period of time after injury can protect tissue from infection,
hypertrophic granulation, and later scar tissue formation [45, 82].
These transplants can even protect the body from major risks (e.g.,
sepsis and death) [91]. Transplanted skin helps the injured area to
be metabolically active [14]. Although the harvested skin does not
have functional blood vessels, the skin can survive up to four days
and exchange materials with the injured area. Injured vessels in the
wound area, however, can start to grow, and may even create a vascular
network in the transplanted skin [14].

In some cases, when a large area of skin is thermally injured, repeti-
tive skin grafts from the same donor may be necessary. This circum-
stance is challenging because healthy and available donor skin is
needed in order to make repetitive grafts. In addition, after a sample
is taken from a donor site, the donor site needs time to regenerate
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completely. Therefore, potential treatments that speed the healing pro-
cess of the donor sites may have important clinical ramifications. EPO
has been shown in many research projects to improve vascularization,
accelerate wound healing, and regulate inflammation [e.g., 1].

For example, a study has shown that a continuous application of
recombinant human erythropoietin (rHuEPO), from 3 hours to 14 days
after deep burn injury, improves angiogenesis and wound healing in a
mouse model [1]. These outcomes were driven by increases in the ex-
pression of CD31 endothelial markers, inducible nitric oxide synthase
(iNOS), and the content of nitric oxide (NO) products in the wound
area, which augment the content of vascular endothelial growth fac-
tors [1]. Similarly, the application of EPO hydrogel together with split
skin graft transplants has been shown to complete re-epithelialization,
accelerate wound healing, and improve the maturation of scar tissue
in 85% of patients after 8 days [123].

In a double-blinded, multi-center clinical trial [47, 90], EPO (150

IU/kg of body weight, per application) was given to thermally injured
patients, who were in need of split skin grafting. Application were
delivered subcutaneously every other day for at least 3 weeks. A
control group was treated with matching placebos. The results of this
study showed that EPO had some pro-regenerative effects in patients
with burn injuries. The groups treated with EPO generally showed
accelerated re-epithelialization and a faster healing process [47, 90].

Here, this dissertation will contribute to the literature on EPO and
wound healing by studying the effects of systemic EPO application on
the healing process at the donor sites of skin grafts, using new histo-
logical and immunohistochemical analyses applied to skin samples
collected by the published “EPO in Burns” project [see 47, for details
on this study]. Specifically, the potential acceleration of skin regen-
eration will be investigated. This dissertation will also investigate if
the systemic application of EPO can lead to faster stem cell activation,
faster re-epithelialization, and better vascularization in split skin donor
areas, as measured by cell marker activation. In the following section,
details about skin-derived stem cells and stem cell markers will be
discussed. Additionally, it will be reviewed how other cell markers
can be used to measure re-epithelialization and vascularization.

2.1.4 Skin-derived stem cells

Stem cells are recognized by their ability to self-renew, proliferate,
and differentiate into different cell types. In the skin, they can be
found in epidermic, dermic, and hypodermic tissues [24]. Dermal stem
cells divide and rejuvenate the skin. These cells can also regenerate
skin tissue through differentiation into different cell types, such as
epidermal keratinocytes, dermal fibroblasts, endothelial cells, and
cells found on blood vessels [24]. Treatments which up-regulate stem
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cell activation may thus have clinical importance. Because of this
fact, stem cells with self-renewal characteristics and multi-directional
differentiation potential are a target of many research projects and
clinical trials, especially in the field of wound healing. Here, the
biology of dermal stem cells is described and then some of the clinical
literature linking stem cells and wound healing is reviewed.

2.1.4.1 The biology of dermal stem cells

Dermal stem cells include: interfollicular epidermal stem cells, hair fol-
licle stem cells, melanocytic stem cells, sebaceous stem cells, pericytes
surrounding blood vessels, and mesenchymal stem cells [24].

Interfollicular epidermal stem cells are located in the basal layer
of the epidermis, hair follicle stem cells reside in the bulge region
and control the hair follicle cycle and hair growth, and melanocytic
stem cells are located in the basal epidermis, hair follicles, and may
also appear in the dermis [24]. They differentiate into melanocytes,
which are responsible for skin and hair pigmantation [24]. Sebaceous
stem cells are located in sebaceous glands and differentiate into se-
bocytes, which produce sebum [24]. Mesenchymal stem cells (MSCs)
are located in the dermis [128], and can also be found in various other
organs and tissues—such as bone marrow (which is the main source
of MSCs), adipose tissue, the umbilical cord, dental pulp, placenta,
and endometrium [86, 128]. These cells are described as multipotential
fibroblast-like cells [56], with spindle-like morphology, and are plas-
tic adherent [76]. MSCs potentially can differentiate into osteoblasts,
adipocytes, chondroblasts, neural cells, smooth muscle cells, Schwann-
like cells, and hepatocyte-like cells in vitro [62, 76, 138]. Researchers
have even shown that dermal MSCs can differentiate into smooth
muscle cells with expression of smooth muscle actin (SMA) [138].

In order to identify dermal MSCs, researchers have developed im-
munohistochemical staining approaches to detect various cell surface
markers. Researchers have found that specific markers are expressed
on dermal MSCs [these include the CD73, CD90, CD105, CD271,
and SSEA-4 markers; 141], while others are not [these include the
CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR surface
molecules; 56, 62, 76, 86].

2.1.4.2 Dermal stem cells and wound healing

MSCs improve wound healing through paracrine signaling and dif-
ferentiation into different cell types [128, 164]. Through paracrine
signaling, MSCs stimulate neovascularization, re-epithelialization, and
recruitment of autologous stem cells (e.g., bone-marrow mesenchymal
stem cells) during the process of wound healing [7, 154, 164]. Also,
paracrine signaling from bone marrow MSCs can regulate dermal
fibroblast proliferation, gene expression, and acceleration of fibroblast
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migration. In addition, it can recruit fibroblast to the site of wounds
[128]. MSCs can also decrease inflammation and regulate the immune
response [62, 76].

Both MSCs and fibroblasts in skin have immunosuppressive effects,
which activate cell-cycle arrest, have anti-apoptotic effects, regulate
monocyte differentiation into dendritic cells, and promote T-cell sur-
vival [56, 76]. The immunosuppressive effects of MSCs and fibroblasts
are increased in the presence of pro-inflammatory cytokines, such as
IFN-γ, IL-6, and TNF-α [62, 76].

Co-culturing of MSCs and dermal fibroblasts has been demon-
strated to increase cell proliferation, accelerate cell migration, up-
regulate integrin-α-7 expression, down-regulate the expression of
ICAM1, VCAM1 and MMP11 in fibroblasts, and accelerate the wound
repair process [128]. Studies have shown that EPO stimulates prolifera-
tion of MSCs [7, 13]. Also, EPO can improve recruitment of autologous
MSCs to the site of skin injuries [13, 38, 153]. For example, it has
been shown that the administration of rHuEPO in deep second-degree
scald injury sites in mice and rats increases the expression of CD31,
CD90, CD71, and nestin, which promotes hair follicle generation,
vascularization, and skin regeneration [38].

2.1.5 Cell markers

In this study, the expression of different cell markers was used to evalu-
ate dermal stem cell proliferation, vascularization, re-epithelialization,
and wound closure.

2.1.5.1 Dermal stem cell markers

Dermal stem cells are characterized by expression of specific cell
surface markers (which will be referred to as “stem cell markers”)
[139, 159]. Dermal stem cells have been identified in experiments to
express: CD10, CD13, CD26, CD44, CD54, CD71, CD73, CD90, CD105,
CD106, CD129, CD146, CD271, STRO-1, and SSEA-4 [24, 58]. Other
studies have shown that MSCs express different stem cell markers—
such as CD73, CD90, CD105, and CD271—but do not express CD14 or
CD11b, CD34, CD45, CD79a or CD19, and HLA-DR [62, 76, 86]. Below,
the biology of various stem markers relevant to the study of wound
healing is reviewed.

cd90 :
CD90 or Thy1 (Thymocyte differentiation antigen 1) is a 25–37 KDa
glycosylphosphatidylinositol (GPI)-anchored glycoprotein that has
been found to be expressed in thymocytes, T cells, hematopoietic
stem cells, neurons, cancer stem cells, endothelial cells, and fibroblasts.
CD90 is also one of the markers expressed in dermal MSCs [141]. It
is suggested that CD90 participates in the self-renewal and differen-

19



tiation of MSCs [96]. Cells expressing CD90 have been shown to be
more susceptible to apoptosis than CD90-negative cells [62]. CD90 is
also involved in the production of pro-inflammatory cytokines, such
as IL-6 [62].

In studies investigating the use of EPO treatments in rabbit models
of full-thickness cartilage defects, EPO-treated groups were shown to
have an increase in recruitment of endogenous progenitor/stem cells—
such as CD90+ cells—and a decrease in the number of inflammatory
cells in synovial fluid, compared with to control group [49]. Studies
on the application of rHuEPO in deep second-degree scald injuries in
mouse and rat models have shown high expression of MSC markers—
such as CD31, CD71, CD90, and nestin—and suggest that EPO can
improve skin regeneration [38]. Finally, EPO may stimulate the prolif-
eration of skin MSCs, including CD90+ cells [13]. These results suggest
that EPO may improve wound healing through recruitment of CD90+
cells.

cd271 :
CD271 is also known as the low affinity nerve growth factor receptor
(LNGFR) or the p75 neurotrophin receptor (p75NTR). It is a member
of the tumor necrosis factor (TNF) super-family and a key marker
used to identify MSCs [2, 86, 141, 159]. CD271 presents in cutaneous
nerve fibers, Schwann cells, dermal cells, and keratinocytes [141]. It
stimulates neural cell differentiation and survival. In addition, it plays
a role in maintaining clonogenicity and function of MSCs [86]. Dermal
CD271+ cells show higher proliferation and trilineage differentiation
potential than other stem cells, which express markers such as CD44,
CD90, and CD105 [2, 58]. Also, studies have shown higher adipo-
genesis, osteogenesis, and chondrogenesis potential in CD271+ cells
compared to CD73+, CD90+, or SSEA-4+ SSCs cells [2, 141, 159].

CD271+ cells in the dermis have multipotent characteristics and
adhere to plastic [24, 68, 161]. Such cells also influence the proliferation
and differentiation of epidermal stem cells during the healing of
cutaneous burn wounds [141, 159, 161].

Three days after burn injury, skin CD271+ stem cells migrate and
proliferate into the site of injury [68]. In the early stage of wound
healing, the protein level of CD271+ cells is low; it then increases in
the mid to late stages of the healing process. This can suggest that
CD271+ cells are involved in the re-epithelialization and remodeling
phases of wound healing [161].

Zhang et al. [161] have shown that the expression of CD271+ cells
increases in burn wound healing. Injection of CD271-over-expressing
epidermal stem cells into the site of burn wounds in a mouse model
led to an increase in the rate of wound healing [161]. CD271+ dermal
cells produce various cytokines and growth factors, as well as neu-
rotrophins that play important roles in wound healing. The expression

20



rate of TGFβ1, TGFβ2, VEGFα, FGF2, EGF, and PDGFB in CD271+
dermal stem cells has been shown to be elevated relative to the ex-
pression rate in CD271- dermal stem cells [68]. CD271 affects wound
healing through the differentiation and paracrine action of MSCs [68,
159]. Studies have shown that the number of dermal CD271+ cells are
significantly decreased in patients with chronic skin ulcers, compared
with healthy patients in the control group [67, 68]. Decreased expres-
sion of dermal CD271+ cells can even cause delayed wound healing
[68].

cd105 :
Endoglin, or CD105, is a cell surface marker and type 1 membrane
glycoprotein. It is a part of the transforming growth factor-β receptor
(TGF-βR) complex [111, 141]. CD105 is expressed on human endothe-
lial cells [111] and on dermal MSCs [141]. CD105 positive MSCs
show increases in stemness level [20] and also have a pivotal role in
angiogenesis [141]. Studies have shown that EPO may stimulate the
proliferation of skin fibroblosts and MSCs, including CD105+ cells [13].
Some cytokines, like EPO, may even help maintain the hematopoietic
potential of CD34+/CD105+ cells [111].

2.1.5.2 Angiogenesis markers

Angiogenesis, or the growth of new blood vessels, is a crucial part of
a successful skin repair. Other parts of the body communicate with
the wound area through blood vessel networks. Blood vessels provide
the tissue at the site of wound injury with essential nutrients—e.g.,
small molecules, like growth factors and cytokines—and permit the
disposal of waste materials, thus supporting the regenerative process.

Many cytokines and growth factors, such as EPO, are involved in
the process of vascularization and skin regeneration. Here, two cell
markers related to angiogenesis and overviewed, and then the role
that EPO has been shown to play in angiogenesis is discussed.

cd31 :
Cluster of diffrentiation 31 (CD31), also known as the platelet endothe-
lial cell adhesion molecule (PECAM1), is a 130 kDa protein, which is
expressed on different cells, such as platelets, neutrophils, monocytes,
B-cells, granulocytes, T-cells, NK cells, hematopoietic stem cells, and
endothelial cells. In histological analyses, the CD31 marker can be
used to identify the existence of endothelial cells in tissue. Detection of
CD31 can indicate the presence of angigenesis and integrin activation
[10, 81].

During the process of wound healing, new blood vessels are formed
in the center of granulation tissue, in order to exchange nutrients
and other materials with the regenerating tissue [34]. EPO acts as
a mediator of angiogenesis in granulation tissue. Both EPOR and
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TPR are expressed on endothelial cells and endothelial progenitor
cells (EPCs). As such, EPO can stimulate endothelial cell proliferation,
migration, and angiogenesis. [10].

Studies have shown that EPO can increase the expression of some
stem cell markers, like CD31. In general, groups treated with EPO have
shown an increase of neovasscularization in the wound area compared
to control groups [38]. Because CD31 is a cell surface marker associated
with vascularization, it can be used to measure the effectiveness of
various treatments in increasing the number of endothelial and blood
vessels. Later in this dissertation, CD31 expression will be used for
this purpose.

von willebrand factor (vwf):
Von Willebrand factor (VWF) is a hemostasis glycoprotein that is
synthesized by endothelial cells, platelets, and megakaryocytes in the
plasma, and the subendothelial matrix [65]. It is located together with
vascular endothelial growth factor A (VEGF-A) in endothelial cells [65].
Shortly after a wound injury occurs, activated endothelial cells release
VWF at the wound site. VWF acts as a chaperon to coagulation factor
VIII (FVIII), and mediates platelet adhesion to the subendothelium
during the haemostasis phase [65].

The binding of VWF to platelets produces several pro- and anti-
inflammatory mediators [74]. For example, the heparin-binding do-
main (HBD) of VWF binds to several growth factors, such as VEGF-A,
platelet-derived growth factor-BB (PDGF-BB), and fibroblast growth
factor-2 (FGF-2) in human plasma. HBD also excites different ECM pro-
teins [65, 101, 109]. Through binding to growth factors, VWF enhances
angiogenesis, smooth muscle cell proliferation, and tissue regeneration,
thereby accelerating tissue repair and maintaining normal haemostasis
[101, 109].

In addition, VWF regulates the inflammation response [60, 74].
For example, Denis et al. [27] have shown that, in a mouse model,
VWF-deficient mice experience a decrease in leukocyte recruitment
(predominantly in neutrophils) at the begging of inflammatory phase.
Moreover, O’Donnell et al., [101] argue that VWF promotes wound
healing, and that a lack of VWF can decrease growth factors at the site
of injury, and thus delay wound healing [101].

Ishihara et al. [65] have illustrated that, in a mouse model of wound
healing, VWF deficiency causes prolonged wound healing, decreases
angiogenesis, and decreases the amount of expressed angiogenic
growth factors.

In this dissertation, VWF will be used as a proxy measure for neo-
angiogenesis during the wound healing process.
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2.1.6 Re-epithelialization and wound closure

Re-epithelialization is a process in which damaged epithelium is re-
generate. During the proliferative phase of wound healing, epidermal
cells, like keratinocytes, and dermal stem cells migrate towards the
wound area, differentiate, close the wound, and make a new epithe-
lial layer [135]. Successful and complete wound healing depends on
re-epithelialization processes. Re-epithelialization is necessary protect
the body from the external environment.

Keratinocytes are the most common cells in epidermis and have an
essential role in wound closure. Keratinocytes proliferate in the basal
layer. These cells are identified in their own proliferative stage by cell
markers, such as CK5 and CK14. Differentiated keratinocytes in the
spinous, granular, and cornified layers express cell markers, like CK10

and CK1 [107]. As keratinocytes move from the basal layer towards the
stratum corneum, they begin expressing different cell markers [107].

In vitro studies have shown that repetitive low-dose EPO treatment,
and single high-dose EPO treatment, can increase keratinocyte mi-
gration; application of single high-dose EPO has shown significantly
faster wound epithelialization [132].

It is suggested that cytokeratin (CK) can be a specific marker of
the epithelial cells [163]. So, in this dissertation, the effect of EPO on
re-epithelialization at the donor sites of skin grafts will be measured
using CK10 and CK14 expression levels. These markers are especially
suited to measure epidermal development.

ck14 :
Cytokeratin 14 (CK14) or keratin 14 is a member of the type-1 keratin
family and is a type of intermediate filament (IF) protein. It forms the
structure of the cytoskeleton of epithelial cells, and has a critical role
in maintaining the cell nuclei in epidermal cells. Proteins of the ker-
atin family stabilize the skin structure, so that it can tolerate external
pressure and mechanical stress, and absorb water [104]. CK14 is an epi-
dermal differentiation marker [73]. Specifically, CK14 is recognized as
a keratinocyte proliferation marker in the basal layer of the epidermis,
and its expression is down-regulated during cell differentiation [73,
107, 122]. Its expression can be used to detect neo-epidermal structures
and epithelialization [73, 107, 122].

ck10 :
Cytokeratin 10 (CK10) or keratin 10 is a protein belonging to the
type-I cytokeratin family, which is a member of a superfamily of
intermediate filament (IF) proteins. CK10 creates intermediate filament
structures, that together with actin microfilaments and microtubules,
builds the structure of the cytoskeleton of epithelial cells. It can be
used as an early marker of keratinocyte differentiation, and helps to
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visualize the process of epidermal cell differentiation [33, 73, 106, 107].
Specifically, CK10 has been use to show neo-epidermis formation and
epithelialization [122].

α-sma :
Alpha smooth muscle actin (α-SMA) expresses as a fully differentiated
myofibroblast marker [25, 39]. During the tissue repair process, myofi-
broblasts increase the level of α-SMA expression. TGF-4β also induces
the production of α-SMA from fibroblasts, while TNF-α decreases
basal α-SMA expression [39]. As such, expression levels of α-SMA can
be used to indicate wound contractile features and maturation of the
granulation tissue [25, 39].

Studies have shown that EPO increases the expression of α-SMA,
increases myofibroblast differentiation, and accelerates skin wound
closure [82, 126].

2.1.7 Research questions to be addressed

The objectives of this study are to identify if there is a cytoprotective
or regenerative effect of systemically administered EPO. Specifically,
this dissertation will investigate if healing outcomes are improved at
the donor sites of skin grafts in patients who have suffered serious
burn injuries when EPO is administered. If so, the aim is to better un-
derstand the cellular effects of EPO in such circumstances. Specifically,
this study will evaluate:

1. If EPO activates dermal stem cell markers (e.g., CD90, CD105,
and CD271) at split skin graft donor sites?

2. If EPO promotes vascularization and up-regulates the expression
of CD31 and VWF at split skin graft donor sites? And,

3. If the expression of biomarkers linked to re-epithelialization and
granulation tissue formation is greater in the treatment group
than in the control group?

2.2 study 1 : materials and methods

In the first study, tissue samples from patients with burn injuries were
obtained from: “A multi-centre study on regenerative effects of low-
dose erythropoetin in burn and scald injuries (with acronym of EPO
in burns)” [45–48]. In this study, patients were randomly allocated to
study medication (EPO) or a matched placebo. Tissue samples were
processed and stained in order to assay the expression of several key
cell markers. The stained tissue was then photographed, and next-
generation image processing software was used to quantify expression

24



levels. Each phase of the study design and research process is detailed
below, where all methodological details are described.

2.2.1 Study design

The data used in this study were collected as part of a large, prospec-
tive, randomized, double-blind, multi-center study, funded by the
German Federal Ministry of Education and Research, and fully ap-
proved by the designated ethics committee (EudraCT Number: 2006-
002886-38, Protocol Number: 0506, ISRCT Number: http://controlled-
trials.com/ISRCTN95777824/ISRCTN95777824) [45–48].

Adult patients with deep second-degree (i.e., type 2b) or third-
degree burn injuries, who were candidates for skin grafting, were
invited to participate in the “EPO in burns” study. Patients were
divided randomly into two groups. Patients in the EPO group were
treated with EPO as described below, and patients in the other group
were administered a matched placebo.

The EPO-treated group received 150 IU of EPO per kg of body
weight subcutaneously at the abdomen, starting at day 2 of the study
and continuing every other day for 21 days. The EPO treatment was
prepared by dissolving multi-dosage vials (NeoRecormon 50,000 IU
EPO; Roche Diagnostics GmbH, Germany) into a placebo solution.
The placebo group received only the placebo solution without EPO
[see Table 2 of: 47, for exact composition of the placebo solution].
Tissue samples from the skin graft donor site (SGDS) were collected at
days 2, 10, 12, and 16 [46–48].

2.2.2 Sample collection

Split skin grafts from the lateral thigh were harvested at dimensions
of 8cm x 8cm, and a thickness of 0.3mm, using a dermatome. Then,
samples were obtained using punch biopsies (5 mm) and prepared
for histological and immunohistological analyses. Immediately af-
ter sampling, skin pieces were placed in liquid nitrogen and then
shipped to BBZ (Biotechnologisch-Biomedizinisches Zentrum: Univer-
sität Leipzig). At BBZ, the samples were kept in liquid nitrogen until
further analysis.

2.2.3 Embedding tissue in cryomolds (Cryofixation)

Tissue-Tek cryomolds were prepared and marked with the orientation
of the tissue. The cryomolds were filled with chilled Tissue-Tek O.C.T.
solution (Leica, Germany) and the frozen tissue was immediately
placed in the cryomold and covered with Tissue-Tek O.C.T. solution.
The cryomold was then placed into a liquid nitrogen bath until the
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Tissue-Tek solution turned white in color and completely froze. The
embedded tissue was then stored in liquid nitrogen.

2.2.4 Sectioning skin tissue with a microtome

In order to section the skin tissue, a microtome was used. In order to
ensure good performance, the microtome was cooled to -20

◦C. Two
drops of Tissue-Tek O.C.T. solution were added to the cold specimen
stage and frozen tissue samples were then inserted. The metal holder
was then adjusted so that the microtome could accurately section each
sample. The sectioning blade was adjusted and the tissue was cut to
10µm thickness. The tissue was then placed on Visium Spatial Slides
and used for the next step.

2.2.5 Haematoxylin-Eosin (HE) staining

Cryosections were obtained from the skin samples using standard
methods, and then fixed in acetone (NeoLab, Germany) for 10 minutes.
They were air dried, placed on slides, and a border around each sample
was drawn with a Dako pen (Sigma, USA). Next, the slides were put
in a ready-made haematoxylin solution (Hämalaun nach Mayer; Carl
Roth, Germany) for 10 minutes. After staining, the slides were rinsed
with tap water several times, and then kept in tap water for 15 minutes.
The slides were washed with deionized water and air-dried. Eosin
solution (Carl Roth, Germany) was added to the samples for 1 minute,
and the samples were washed with deionized water. In the next step,
the samples were put into different concentrations of alcohol (70%,
80%, and 96%, respectively) for 10–20 seconds each, and then 100%
alcohol (Roth, Germany) for 3 minutes. The slides were air-dried,
covered with a mounting medium, and closed with slide covers. The
samples were then checked under a microscope. After staining, the
cell plasma appears pink, and the cell nuclei blue or purple. In total,
data come from 11 patients (4 EPO, 7 Placebo).

2.2.6 Immunohistochemistry (IHC)

Cryosections were prepared as before. The samples were then blocked
by incubating in goat serum (in a 1:10 dilution with PBS) for about 20

minutes. Then, the sections were incubated with primary antibodies
(see Table 2.1) for one hour at room temperature (25

◦C). Afterwards,
the sections were washed 2 times with PBS for 5 minutes. Next, the
slides were placed in a humidified chamber, and were incubated with
a secondary antibody, peroxidase-conjugated goat-anti-mouse IgG
(Jackson ImmunoResearch, UK; diluted 1:100 in PBS), for 45 minutes.
The samples were then rinsed with PBS two times for 5 minutes, and 3-
amino-9-ethyl-carbazol substrate (AEC; Sigma, USA) was added to the
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Table 2.1: Data associated with immunohistochemical analyses in study 1.
For each patient, data from day 2 come from healthy skin samples
(positive control), and data from days 10, 12, and 16 come from
SGDS samples. IgG1 (BD Biosciences, USA) was used as an isotype
control for each sample.

Number of the patients Antibody Company Country

7 (3 EPO, 4 Placebo) α-SMA Sigma USA

12 (5 EPO, 7 Placebo) CD31 Biozol Germany

12 (5 EPO, 7 Placebo) CD90 BD Biosciences USA

9 (5 EPO, 4 Placebo) CD105 Abcam UK

10 (3 EPO, 7 Placebo) CD271 Miltenyi Biotec Germany

9 (5 EPO, 4 Placebo) CK10 Progen Germany

8 (5 EPO, 3 Placebo) CK14 Progen Germany

12 (5 EPO, 7 Placebo) VWF Dakocytomation Denmark

specimens; they were then incubated in a humidified chamber at room
temperature for 10 minutes. Next, the sections were washed two more
times with PBS. Then, double-distilled water (ddH2O) was added
to the slides to reveal the color of the antibody staining. Once the
desired color intensity was reached, cell nuclei were counter-stained
with Mayer’s Haematoxylin (Lillie’s Modification; Dako Cyomation,
Germany) for one or two minutes. The slides were rinsed with tap
water two final times for 15 minutes. The slides were then dehydrated
and mounted with glass coverslips. As a result of this process, anti-
bodies were stained dark red, the cell plasma pink, and the cell nuclei
blue.

Immunohistochemistry validation requires positive and negative
controls for antigens and isotype controls for reagents [88]. In exper-
iments, a negative control is used, in order to detect both suspected
and unsuspected sources of bias that may lead to spurious causal
inferences [80]. Negative controls allow researchers to show that the
interaction of the epitope of the target molecule and the paratope of
the antibody/affinity reagent creates the reaction visualized [59, 88]. A
positive control is a sample that expresses the protein of interest [88].
Immunoglobulin G-1 (IgG1) is the most abundant antibody isotype
found in human serum. IgG-1 is used as an isotype control to mea-
sure the non-specific binding of antibodies in immunohistochemical
analyses [160]. Accordingly, positive, negative, and isotype controls
were used in this study, and all results passed quality checks. Table
2.1 provides details on the sample size of patients, and the antibodies
used in the IHC analyses.
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2.2.7 Sample photography

Representative images were taken of each sample at each time point
using an Olympus light microscope (Olympus, Germany).

2.2.8 Image Analysis

The Orbit image analysis software version 3.64 [133] was used to
quantify the relative area of stain types.

To conduct this quantification, each image was opened individually
in the software. After that, cell-type classes were set up by manually
selecting example regions of each cell type. These target areas were
selected using a polygon pen. After selecting example areas for the
background, the stained cells, and the non-stained cells, the Orbit
model was trained, and then the whole image was classified using the
“classify” function. This function lets the Orbit software extrapolate
example cell-type classes to the rest of the image and automatically
calculates the area of each cell type. For our purposes, three cell-
type classes were set up; they include the background (which will be
displayed in a purple color), the stained cells (which will be displayed
in a blue color), and the non-stained cells (which will be displayed in
a green color). After each model fit, the image was visually checked
to ensure that the background was accurately distinguished by the
purple color, and that the stained cells and the non-stained cells were
accurately classified blue and green in color, respectively. Finally, to
ensure standardized interpretation of expression between images, a
“region of interest” (ROI) was defined by using a pen tool to highlight
a constant-width band of tissue, which included the boundary as one
side. After the ROI was defined for each image, the relative density
of cell types in the ROI was calculated. Figure 2.1 illustrates each of
these steps. These data were then saved in an Excel table and were
statistically analysed using the R software package [115].

2.3 study 1 : results

2.3.1 Does EPO activate dermal stem cell markers (e.g., CD90, CD105,
and CD271) at the site of skin grafts?

To test if systemic application of EPO improves activation of dermal
stem cell markers (e.g., CD90, CD105, and CD271) at split skin graft
donor sites, the results of immunohistochemical (IHC) staining are
presented in Figure 2.2, 2.3, and 2.4, respectively. IHC staining mea-
sures dermal stem cell marker expression, and so the relative levels of
stained areas on histological slides can be used to measure the rate
and activation of stem cells in the wound healing process.
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(a) Raw image from healthy tissue. (b) Raw image at day 16.

(c) Raw image from healthy tissue
with training sets.

(d) Raw image at day 16 with training
sets.

(e) Classified image from healthy tis-
sue.

(f) Classified image at day 16.

(g) Classified image from healthy tis-
sue with ROI.

(h) Classified image at day 16 with
ROI.

Figure 2.1: The steps involved in image analysis with Orbit software.
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Figure 2.2: Results of staining for CD90 markers. Data are presented using
boxplots. Each color represents a group, and each set of boxes
represents a day post treatment. There is no clear difference in
the log-odds of CD90 staining a function of treatment group.
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To test if CD90 marker expression is affected by EPO, Figure 2.2
plots the log-odds of CD90 marker expression in tissue samples, as a
function of day and treatment group. As wound healing progresses
from day 10 to day 16, we find that larger areas become stained
in both treatment and placebo groups. However, the data are quite
variable, and we find no detectable differences in IHC staining between
treatment and placebo groups. Averaging across days, the effect of
EPO treatment on expression of CD90 stain is β = 0.26 (p = 0.33).
This indicates that EPO has little to no effect on the rate of activation
of CD90+ cells during wound healing in these study patients.

To test if CD105 marker expression is affected by EPO, Figure 2.3
plots the log-odds of CD105 marker expression in tissue samples, as a
function of day and treatment group. As before, we find no detectable
differences in IHC staining between treatment and placebo groups.
Averaging across days, the effect of EPO treatment on expression of
CD105 stain is β = −0.65 (p = 0.21). This indicates that EPO has little
to no effect on the rate of activation of CD105+ cells during wound
healing in these study patients.

Finally, to test if CD271 marker expression is affected by EPO,
Figure 2.4 plots the log-odds of CD271 marker expression in tissue
samples, as a function of day and treatment group. At day 16, the
placebo group appears to have slightly higher CD271 expression, but
expression levels are highly variable across patients. There is thus no
clear effect of EPO on outcomes. Averaging across days, the effect of
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Figure 2.3: Results of staining for CD105 markers. Data are presented using
boxplots. Each color represents a group, and each set of boxes
represents a day post treatment. There is no clear difference in
the log-odds of CD105 staining as a function of treatment group.
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EPO treatment on expression of CD271 stain is β = −0.14 (p = 0.72).
This indicates that EPO has little to no effect on the rate of activation
of CD271+ cells during wound healing in these study patients.

2.3.2 Does EPO promote vascularization, and up-regulate the expression of
CD31 and VWF at the site of skin grafts?

In order to evaluate vacularization, we used CD31 and VWF expression
as endothelial cell markers.

To test if CD31 marker expression is affected by EPO, Figure 2.5
plots the log-odds of CD31 marker expression in tissue samples, as a
function of day and treatment group. We find no detectable differences
in IHC staining between treatment and placebo groups. Averaging
across days, the effect of EPO treatment on expression of CD31 stain
is β = 0.001 (p = 0.9). This indicates that EPO has little to no effect
on the rate of CD31 expression during wound healing in these study
patients.

To test if VWF marker expression is affected by EPO, Figure 2.6
plots the log-odds of VWF marker expression in tissue samples, as a
function of day and treatment group. There is higher expression of
VWF markers at later days in wound tissue relative to healthy tissue
at day 2 in both treatment and placebo groups. Averaging across days,
the effect of EPO treatment on expression of VWF stain is β = −0.51
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Figure 2.4: CD271 marker expression. Data are presented using boxplots.
Each color represents a group, and each set of boxes represents a
day post treatment. There is no clear difference in the log-odds of
CD271 staining as a function of treatment group.
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(p = 0.02). This indicates that EPO has a significant negative effect on
the intensity of VWF expression during wound healing in these study
patients.

2.3.3 Does EPO increase the rate of re-epithelialization?

To test if application of EPO to the site of skin grafts improves overall
wound healing, the results of histological staining using hematoxylin
and eosin (H&E) are presented in Figure 2.7. H&E staining measures
re-epithelialization, and so the relative levels of stained areas on his-
tological slides can be used to measure the rate and completeness of
wound healing. As wound healing progresses from day 10 to day 16,
we find that larger areas become stained in both treatment and placebo
groups. However, we find no detectable differences in H&E staining
between treatment and placebo groups. Averaging across days, the
effect of EPO treatment on expression of H&E stain is β = −0.2
(p = 0.95). This indicates that EPO has little to no effect on the rate or
completeness of wound healing in these study patients.

CK10 and CK14 markers can also be used to evaluate the progress of
re-epithelialization. CK14 expression represents keratinocyte prolifera-
tion in the basal layer, while CK10 expression represents keratinocyte
differentiation in the upper-basal layers [73, 107, 122].
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Figure 2.5: Results of staining for CD31 markers. Data are presented using
boxplots. Each color represents a group, and each set of boxes
represents a day post treatment. There is no clear difference in
the log-odds of CD31 staining as a function of treatment group.

Healthy
 Tissue

Wound
 Tissue

2 10 12 16

−4

−3

−2

−1

Day

Lo
g−

od
ds

 o
f s

ta
in

Group
EPO
Placebo

CD−31

To test if CK10 marker expression is affected by EPO, Figure 2.8
plots the log-odds of CK10 marker expression in tissue samples, as a
function of day and treatment group. In both treatment and placebo
groups there is slightly higher expression of CK10 markers at later
days, but treatment with EPO does not appear to lead to higher CK10

expression. We find no detectable differences in IHC staining between
treatment and placebo groups. Averaging across days, the effect of
EPO treatment on expression of CK10 stain is β = −0.09 (p = 0.9).
This indicates that EPO has little to no effect on the expression of
CK10 markers during wound healing in these study patients.

To test if CK14 marker expression is affected by EPO, Figure 2.9
plots the log-odds of CK14 marker expression in tissue samples, as a
function of day and treatment group. In both treatment and placebo
groups, there is slightly higher expression of CK14 markers at later
days, but treatment with EPO does not appear to lead to higher CK14

expression. We find no detectable differences in IHC staining between
treatment and placebo groups. Averaging across days, the effect of
EPO treatment on expression of CK14 stain is β = −0.723 (p = 0.15).
This indicates that EPO has little to no effect on the expression of
CK14 during wound healing in these study patients.

α-SMA is a marker of activated fibroblasts or differentiated my-
ofibroblasts and shows the formation of granulation tissue, which
accelerates wound closure [112].
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Figure 2.6: Results of staining for VWF markers. Data are presented using
boxplots. Each color represents a group, and each set of boxes
represents a day post treatment. There is a significant difference
in the log-odds of VWF staining as a function of treatment group,
with expression being higher in the placebo group.
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To test if α-SMA marker expression is affected by EPO, Figure 2.10

plots the log-odds of α-SMA marker expression in tissue samples, as a
function of day and treatment group. In both treatment and placebo
groups, treatment with EPO does not appear to lead to higher α-SMA
expression. We find no detectable differences in IHC staining between
treatment and placebo groups. Averaging across days, the effect of
EPO treatment on expression of α-SMA stain is β = −0.03 (p = 0.94).
This indicates that EPO has little to no effect on α-SMA expression
during wound healing in these study patients.

2.4 study 1 : discussion

Since 1988, EPO has been approved for medical use in humans [70].
Although EPO was initially used to treat anemia related to chronic
kidney disease, nowadays EPO is recognized as a pleiotropic hormone,
which has various activities in different cells and tissues [70]. The
expression of EPO, and EPO receptors, in hematopoetic and several
non-hematopoietic tissues has been the subject of many areas of re-
search. Some studies have shown that EPO can stimulate angiogenesis,
mitosis, vascularization, and cell-cycle activation. Also, it is thought to
play a role in tissue protection, inhibiting apoptosis and minimizing
inflammation in different conditions, such as hypoxia, toxicity, and
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Figure 2.7: Results of staining with H&E. Data are presented using boxplots.
Each color represents a group, and each set of boxes represents a
day post treatment. There is no clear difference in the log-odds of
H&E staining as a function of treatment group.

Healthy
 Tissue

Wound
 Tissue

2 10 12 16

−2

−1

0

1

Day

Lo
g−

od
ds

 o
f s

ta
in

Group
EPO
Placebo

Hematoxylin and Eosin

injury [6, 38, 64]. It has even been suggested—in in vitro studies and
animal models—that EPO might have a potential to restore impaired
wound healing by stimulating angiogenesis and cell-cycle in burned
tissue [6, 38, 64].

However, data from clinical trials on the effects of EPO on wound
healing are comparatively rare [but see 45–48]. This dissertation aims
to add to the existing literature by presenting new data testing how
experimental treatment with EPO affects wound healing as measured
by the expression of various cell markers. In contrast to much past
work in in vitro and animal models, the current study finds no clear
evidence for an effect of EPO on the rate of wound healing as measured
by CD31, CD90, CD105, CD271, CK10, CK14, and α-SMA. However,
there was some evidence that treatment with EPO led to decreases in
expression of VWF, which may have relevance to angiogenesis during
wound healing.

2.4.1 No clear evidence for an effect of EPO on would healing in humans

As reviewed above, various in vitro and animal model studies have
suggested that EPO may be involved in wound healing. For exam-
ple, one study suggested that administration of EPO alone inhibits
proliferation of human dermally-derived stem cells (FmSCs) in in
vitro cultures, but adding IL-6 and EPO together to FmSC cultures
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Figure 2.8: Results of staining with CK10. Data are presented using boxplots.
Each color represents a group, and each set of boxes represents a
day post treatment. There is no clear difference in the log-odds of
CK10 staining as a function of treatment group.
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in hypoxic conditions leads to increases in stem cell proliferation [6,
45]. In another study, application of rHuEPO in deep second-degree
scald injuries in mouse and rat models led to higher expression of
MSC markers—such as CD31, CD71, CD90, and nestin [38]. Moreover,
a study on the effect of EPO on the proliferation activity of fibroblast
and multipotent mesenchymal stromal cells has illustrated that EPO
may stimulate the proliferation of skin MSCs, which express CD73,
CD90, and CD105 markers [13]. In sum, these findings suggested that
EPO may improve skin regeneration through stem cell proliferation
[38].

To test if the same results hold in humans, this dissertation explored
the effects of experimental treatment with EPO on markers linked to
wound healing in a clinical trial setting. The first research question
was to investigate if treatment with EPO activates dermal stem cell
markers (e.g., CD90, CD105, and CD271). The data, however, show
no detectable differences in IHC staining for these markers between
treatment and placebo groups. This indicates that EPO has little to
no effect on the rate of CD90, CD105, and CD271 expression during
wound healing in these study patients. However, in both treatment
and placebo groups, there was increased expression of CD90, CD105,
and CD271 markers at SGDSs in comparison to healthy skin. This
shows that dermal stem cells may proliferate and migrate to wound
areas in both treatment and placebo groups. However, there are no
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Figure 2.9: Results of staining with CK14. Data are presented using boxplots.
Each color represents a group, and each set of boxes represents a
day post treatment. There is no clear difference in the log-odds of
CK14 staining as a function of treatment group.
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significant differences in marker expression between the placebo and
treatment groups.

Another research objective was to investigate if the rate of re-
epithelialization in the treatment group was faster than in the placebo
group. Wound healing at the donor site of skin grafts normally takes
around 2 to 4 weeks to complete, but may take longer in special cir-
cumstances. Re-epithelialization typically occurs between the first and
fourth week after grafting, but the rates depend on the size of the
grafts, the depth of the donor sites, and patient characteristics [3].
The epidermis is the first, and the most critical defense barrier of the
body. Therefore, fast and functional re-epithelialization during the
wound healing process is essential [122]. A long re-epithelialization
period can impair the wound healing process, cause acute or chronic
non-healing wounds, and create hypertrophic scars [3, 43].

Keratinocytes, as the most common cell-type in the epidermis, play
an important role in re-epithelialization. As keratinocytes move from
the basal layer towards the stratum corneum, they begin to express
different cell markers [107]. Keratinocytes express CK14 markers dur-
ing the proliferation phase and express CK10 markers during the
differentiation phase. The expression of CK14 and CK10 markers can
thus be used to measure the rate of keratinocyte proliferation and
differentiation during re-epithelialization [79, 107]. Another marker
that is commonly used in research studies to evaluate myofibroblast
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Figure 2.10: Results of staining with α-SMA. Data are presented using box-
plots. Each color represents a group, and each set of boxes
represents a day post treatment. There is no clear difference in
the log-odds of α-SMA staining as a function of treatment group.
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differentiation, formation of granulation tissue, and wound closure is
α-SMA.

In the current study, the effect of EPO on the rate of re-epithelialization
at the donor site of skin grafts was investigated using H&E and the
three cell-surface markers discussed above. The data show no signif-
icant differences in H&E and IHC staining between treatment and
placebo groups. This may indicate that injection of EPO has little to
no effect on the rate of CK10, CK14, and α-SMA expression during
wound healing in these study patients. In both treatment and placebo
groups, the epithelial layer was initially formed by day 10 and was
complete by day 16.

Much past research has argued that topical and/or systemic appli-
cation of EPO has anti-inflammatory and anti-apoptotic effects, accel-
erates epithelialization and vaccularization, and generally improves
wound healing [19, 29, 44, 46, 50, 75, 155]. However, the histological
and immunohistochemical analyses presented here—which are based
on skin samples obtained from a clinical trial—fail to replicate such
findings, at least with the specific dosage levels investigated in the
“EPO in burns” protocol [46].

Wound healing is a complex process and consists of different stages
in which many cells and small molecules are involved. Although, EPO
has been suggested to improve wound healing, the biology of wound
healing remains complicated. Specifically, our understanding of the
biology of EPO and its effects on wound healing is still incomplete.
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Future research using different dosages and different analysis methods
may help to resolve potentially disparate findings the literature.

2.4.2 EPO and Von Willebrand factor

VWF is endothelial cell-specific marker. Studies have shown that
VWF promotes angiogenesis, smooth muscle cell proliferation, and
tissue regeneration, thereby accelerating tissue repair and maintaining
normal haemostasis [101, 109]

A study on cutaneous inflammation in mice has demonstrated that
VWF may regulate inflammation [60]. In that study, inflammation in
the anti-VWF treated animals was significantly decreased compared
to wild-type animals [60]. Also, they observed that high accumulation
of VWF in human and murine skin inflammation may indicate that
VWF induces skin leukocyte recruitment and vascular permeability
[60].

In current study, EPO administration was shown to lead to statisti-
cally significant decreases in VWF expression in the treatment group,
which suggests lower neovascularization at the site of wounds.

2.4.3 Limitations of the study

Pre-clinical experiments using animal and in vitro models have sug-
gested that EPO may be effective at improving wound healing out-
come. In these studies, EPO is considered to be a tissue protective and
anti-inflammatory agent. However, such effects of EPO are not clearly
demonstrated in clinical trials.

Some research projects have used animal models in order to study
the role of EPO in wound healing in a simple model system. However,
the effect of EPO on wound healing may be different between non-
human animals and humans, due to differences in biology. Similarly,
the results of in vitro studies often fail to generalize to in vivo contexts
[92]. The results of this current study suggest that the effects of in vivo
treatment with EPO in humans may lead to different outcomes than
what has been shown in past work using different research designs.

As many studies have shown, the effect of EPO can depend on
dosage and timing regimes [129, 131]. There are many protocols that
describe different conditions—i.e., dosage and timing regimens—that
are used when testing if EPO affects various conditions or diseases
[19, 29, 44, 46, 50, 75, 155]. Low doses, high doses, single doses, or
repetitive doses of EPO may have different effects or even side-effects
in the body. Also, the dosages needed for EPO to have an effect in
non-human animals and humans is normally different. Moreover, the
method of administration—i.e., topical or systemic application—may
affect the results of EPO treatment in clinical settings [129]. Further-
more, the kind of injury may impact the scope for effects of EPO. For
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example, the cutaneous wound healing process at the donor site of
skin grafts can depend on various conditions, such as the size of the
graft, the depth of the donor site, and patient-level characteristics [3].
The inferences that can be drawn from the current study are therefore
limited, as only a single dosage and timing regime was tested, using a
single standardized graft profile.

In some studies, EPO appears to have not helped patients, or to
have even worsened their situations [92]. Although EPO is commonly
regarded as a cytoprotective hormone with many biological effects,
administration of EPO and its derivatives may have some disadvan-
tages. For example, administration of EPO may increase the risk of
cancer, vascular thrombosis, cerebral ischemia or stroke, congestive
heart failure, and heart attacks [92]. Similarly, EPO has been used
in cancer patients to treat anemia. However, in such contexts, EPO
may have the side effect of inhibiting cancer cell apoptosis through
activation of AKT pathways [92]. Moreover, EPO may also increase
tumor growth and vacularization of tumors [92]. Some research stud-
ies have suggested that systemic application of EPO can increase the
risk of thrombosis and cancer development; these risk factors can be
dangerous for patients and even life threatening [51, 137]. As such,
for EPO to be used as a treatment, there should be strong evidence
that the benefits of such treatment outweigh the risks. The current
study suggests that systemically administered EPO does not have such
strong effects.

Hamed et al. [51] have suggested that topical application of EPO
has less risk (e.g., for thrombosis and cancer development) compared
to systemic application of EPO. Also, it is easier to apply creams
containing EPO directly onto the wound area than it is to administer
EPO systemically. By applying EPO topically, hemoglobin levels in
the body may be left unaffected, as the plasma concentration of EPO
should only increase around the healing area [51]. Gunter et al. [44]
have suggested that topical treatment of human diabetic foot ulcers
with rHuEPO hydro-gel can accelerate the process of wound healing,
while minimizing side-effects [44]. They show that application of
rHuEPO topically does not change haematocrit and erythrocyte levels
[44]. A possible benefit of local EPO administration is that higher
local concentrations of EPO can be achieved. Because EPO has a
low binding affinity towards TPR, and such binding is thought to
underlie the effects of EPO, a high local concentration of EPO is
needed in order to stimulate tissue protective effects [129]. The current
study only investigated the effects of systemic treatment with EPO on
histological and immunohistochemical outcomes. It remains possible
that local treatment with EPO at skin graft donor sites may have more
appreciable effects than were found here.
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2.4.4 Conclusions

It has been suggested that EPO is one of the key pro-regenerative
agents in skin regeneration [45]. To test this, a clinical trial was con-
ducted to assess how wound healing is affected by systemic treatment
with EPO. IHC analyses failed to uncover any strong effects that dif-
ferentiate treatment and control groups, with the exception of VWF,
which showed signs of decreased expression in the EPO treatment
group. These results thus differ from those of Günter et al. [44], who
used topical application of EPO. As such, future work is needed to
determine if topical application of EPO may better improve wound
healing at the donor site of skin grafts. Such studies may also wish to
evaluate if the effect of EPO on wound healing is dose dependent.
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3
S T U D Y 2 : E P O A N D G E N E E X P R E S S I O N

3.1 study 2 : literature review

The aim of the first study was to identify if systemic application of
EPO was associated with faster wound healing. However, the research
design does not allow us to investigate the mechanisms through which
EPO might operate. As such, in order to investigate the mechanisms
that might underlie the role of EPO in wound healing, in vitro cell
cultures of foreskin-derived mesenchymal stem cells (FMSCs) were
isolated from human skin samples and cultured under a variety of
conditions. Specifically, cells were cultured under control conditions,
as well as under conditions where EPO was administered alone, or
co-administered with pro-inflammatory cytokines, like IL-6 and TNF-
α. The gene expression profiles of FMSCs with and without EPO co-
administration was measured and compared. In the following sections,
the background literature on EPO and gene expression is reviewed,
and the novel experimental results of this study are presented.

3.1.1 Motivation

The effect of EPO on tissue regeneration and wound healing has been
widely studied. For example, immunohistochemical studies have re-
vealed that rHuEPO gel-treated groups show higher expression of
skin regeneration markers than control groups [6, 38]. For many years,
scientists have sought to better understand the molecular mechanisms
by which EPO may affect tissue repair. Many studies have shown
that EPO can accelerate wound healing through anti-inflammatory, im-
munomodulatory, angiogenic, and anti-apoptotic effects. However, less
is known about the molecular mechanisms underlying such effects.

In each of the above-mentioned processes, EPO may affect different
pathways by changing gene expression. For example, administration
of EPO accelerates cutaneous wound healing in mice, and enhances
epithelialization by increasing the expression of TGF-β1 and α-SMA,
and elevating the phosphorylation of Smad-2 and Smad-3 [126]. Ap-
plication of EPO and MSCs in burn wounds in a rat model has led to
increases in vimentin, VEGF, and PDGF expression [63]. Moreover, the
level of IL-10, which is an anti-inflammatory cytokine, was enhanced.
Also, biochemical analysis has shown that IL-1 and COX2 expression
were down-regulated when EPO was administered [63].

EPO may also have anti-inflammatory effects and inhibit leukocyte
recruitment by preventing the production of pro-inflammatory cy-
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tokines, such as TNF-α and IL-6 [51]. TNF-α and IL-6 are involved in
different stages of cutaneous wound healing. TNF-α is secreted imme-
diately after injury, and increases the production of pro-inflammatory
cytokines, enhances the recruitment of leukocytes, and elevates the
inflammatory response. TNF-α has an antagonistic effect on EPO. Sim-
ilarly, IL-6 inhibits the action of EPO in wound healing [47]. However,
studies have shown that a significant increase in fibroblast growth
is associated with EPO–cytokine co-administration, even though the
stimulation of FMSCs with EPO alone is associated with inhibitory
effects on stem cell growth in vitro [6]. Similarly, the administration
of IL-1β, IL-6, and/or TNF-α with EPO helped to encourage cell
proliferation [6, 38].

To better understand the molecular mechanisms underlying the
effects of EPO on wound healing, this dissertation will investigate
the effects of recombinant human erythropoietin (rHuEPO) on gene
expression when administered to FMSCs in vitro, both alone and
in the presence of pro-inflammatory cytokines. Below several key
scientific questions linking EPO administration and gene expression
are presented.

3.1.2 Research questions

1. Does co-administration of EPO with pro-inflammatory cytokines
(e.g., IL-6 and TNF-α) in FMSC cultures produce a larger change
in the expression levels of genes linked to wound healing than
administration of EPO alone (or control)?

2. Does co-administration of EPO with pro-inflammatory cytokines
in FMSC cultures produce a larger effect on the expression levels
of genes linked to skin fibrosis than administration of EPO alone
(or control)?

3. Does co-administration of EPO with pro-inflammatory cytokines
in FMSC cultures produce a larger effect on the expression levels
of genes linked to apoptosis than administration of EPO alone
(or control)?

3.1.3 Biology of EPO and other cytokines

The effects of pro-inflammatory cytokines, like IL-6 and TNFα, have
been investigated in various studies of wound healing, skin fibrosis,
fibroblast migration, apoptosis, and inflammation. In this section, the
biology of IL-6 and TNFα is reviewed. Special attention is then paid
to past research that has investigated potential linkages between these
cytokines and EPO.
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3.1.3.1 Interlukin-6 (IL-6)

IL-6 is a pro-inflammatory, pro-fibrotic, anti-fibrotic, and anti-pathogenic
cytokine. Depending on context, it may have either pro- or anti-
inflammatory properties [71, 100, 149]. IL-6 is produced by multiple
cell types, including monocytes, machrophages, Langerhans cells, der-
mal fibroblasts, endothelial cells, epidermal keratinocytes, mesangial
cells, dendritic cells, T-cells, and B-cells [35, 143]. IL-6 has many roles in
the body, and is important in acute inflammation, immunoregulation,
hematopoeises, and activation and regulation of immune responses
[136, 143]. IL-6 stimulates cells, such as macrophages, keratinocytes,
endothelial cells, and stromal cells, to release other pro-inflammatory
cytokines [71]. Also, IL-6 has been shown to promote chemotaxis of
leukocytes (i.e., neutrophils, monocytes, and lymphocytes) to wound
sites [71].

3.1.3.2 IL-6 receptor

The IL-6 receptor (IL-6Rα) has a membrane form (MIL-6Rα) and a
soluble form (SIL-6Rα) [142]. SIL-6Rα is expressed on the surface
of infiltrated neutrophils in damaged areas. Binding of IL-6 to SIL-
6Rα promotes the endothelial expression of IL-6, induces monocyte
chemoattractant protein 1 (MCP1) from endothelial cells, and leads
to the infiltration of monocytes. It also shifts the M1 macrophage
phenotype to the M2 phenotype, initiates JAK/STAT and MAPK
signalling pathways, and stimulates fibroblast migration to wound
sites, resulting in a transition from the inflammatory phase of wound
healing to the proliferative phase [71].

3.1.3.3 IL-6 in wound healing

Injured tissue releases damage-associated molecular patterns (DAMPs)—
molecules, which include IL-33, IL-1α, ATP, and DNA. Many DAMPs
bind to formyl peptide receptor-1 and Toll-like receptors (TLR) on
macrophages and neutrophils at the site of wounds. Binding of lig-
ands to these receptors activates NFκB and MAPK pathways, and
stimulates pro-inflammatory cytokine production [71, 157]. As a result,
monocytes and macrophages secrete IL-1 and TNF-α at the wound
site and promote inflammation. TNF-α then triggers the production of
IL-6 from immune cells [71, 157].

Early in the wound healing process, IL-6 increases the adhesion of
neutrophils to dermal fibroblasts [35]. IL-6 activates the pro-inflammatory
functions of Th-17, γδ T-cells, and M1 macrophages. At the same time,
it activates anti-inflammatory effects of Th-2 and leads Th-2 to differen-
tiate and secrete IL-4 and IL-13 cytokines [71]. IL-4 and IL-13 then shift
macrophage phenotypes from M1 to M2. M2 macrophages produce
TGF-β, VEGF, and IL-10 to regulate inflammation and improve the
reparative process [71, 94].
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In the wound healing process, IL-6 is important in shortening the
inflammatory phase and triggering the proliferative phase. A long in-
flammatory phase can cause a longer healing process, increase the risk
of infection, produce acute inflammation, and may create hypertrophic
scars [71]. In the proliferative phase, IL-6 induces dermal fibroblasts
to produce keratinocyte growth factor (KGF), which activates ker-
atinocytes and attracts them to the wound site [35, 71]. Keratinocytes
also secrete oncostatin M (a member of the IL-6 cytokine family). This
product activates profibrotic STAT3 signaling pathways in dermal
fibroblasts [71]. Also, keratinocytes up-regulate TGF-β in fibroblasts.
TGF-β increases collagen secretion at the wound site and, together
with IL-6, influences the structure of wound closure material, such as
the collagen and fibronectin matrix from fibroblasts [71]. IL-6 also in-
duces VEGF secretion, which leads to vascularization. It also improves
the interaction of fibroblasts and keratinocytes in the reparative stage
[71].

A study on wound healing in an IL-6-deficient transgenic mouse
knock out model (IL-6 KO) has shown that the healing process is
delayed in IL-6 KO mice compared with the control group. Also, local
administration of recombinant IL-6 (rmIL-6) in IL-6 KO mice can
reverse delayed wound repair, improve normal re-epithelialization,
and produce well-formed granulation tissue, similar in structure to
that of a control group of mice without IL-6 knock out [35]. Even in
human studies, decreased IL-6 expression from dermal fibroblasts
may postpone cutaneous wound healing in elderly people or diabetic
patients [35].

On the other hand, over-expression of IL-6 has been shown to
lead to skin pathologies and chronic inflammatory diseases, such
as rheumatoid arthritis, psoriasis, scleroderma, and systemic lupus
erythematosus [35, 100].

3.1.3.4 IL-6 and EPO

There have been few studies that explore interactions between IL-6 and
EPO during wound healing. However, one study has illustrated that
IL-6 and TNF-α may inhibit the production of EPO [140]. In contrast,
another study has shown that IL-6 may stimulate EPO production in
the liver [98]. Another study has shown that administration of EPO
with IL-6 stimulates human dermally-derived stem cell growth in vitro;
specially, a combination of EPO and IL-6 was shown to up-regulate
CD90-cell proliferation [6]. More research is thus needed to better
understand such interactions.

3.1.3.5 TNF-α

Tumour Necrosis Factor alpha (TNF-α) is a pleiotropic pro-inflammatory
cytokine and a member of the TNF super-family. It plays an impor-
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tant role in homeostasis and inflammatory disease pathogenesis [72].
TNF-α can have both pro-inflammatory and anti-inflammatory ef-
fects. It initiates and expands inflammation through the triggering
of the production of IL-6, IL-8, adhesive molecules, chemokines, met-
alloproteinases, and even additional TNF-α. Also, TNF-α increases
the defence reactions of neutrophils, monocytes, macrophages, and
lymphocytes [157]. By increasing levels of IL-8, TNF-α decreases ker-
atinocyte proliferation and impairs the reorganization of collagen
fibres by fibroblasts [55]. TNF-α also regulates the immune system by
producing anti-inflammatory mediators, such as IL-10, corticosteroids,
and T-regulatory (Treg) cells [157]. Moreover, TNF-α can suppress the
production of EPO in the kidneys [103].

3.1.3.6 TNF-α receptors

TNF-α has two different receptors, which activate different signalling
pathways in cells. These receptors include TNF-receptor type 1 (p55 or
TNFR1) and TNF receptor 2 (P75 or TNFR2) [157]. TNF-α binds to both
TNFR1 and TNFR2, however, these receptors have different actions
and can activate different signalling pathways. For example, TNFR1

has both a neurodegeneration signalling effect and a neuroprotection
effect in vivo, while TNFR2 shows only a neuroprotective effect [69].

The binding of TNF-α to TNFR1, which is expressed on almost
all cells, activates NFκB and initiates pro-inflammatory pathways
[40, 95, 157]. TNFR1 contains death domain motifs, while TNFR2

does not [69]. The binding of TNF-α to TNFR1 elicits several signal
transduction pathways, which activate inflammation and proliferation
through activation of signal complex I. Then, signal complex I activates
NFκB, extracellular signal-regulated kinases, the stress-activated MAP
kinases p38, and c-Jun N-terminal kinase (JNK) [157].

In addition, the binding of TNF-α to TNFR1 induces IL-6 and IL-
10, which are both signalled through the JAK-STAT pathway. The
action of IL-6 depends on the environment, as it may show both pro-
inflammatory and anti-inflammatory reactions, depending on context
[40, 95], as discussed above.

Similarly, TNF-α binding to TNFR2 may either up-regulate or down-
regulate Treg cell activity. In addition, TNF-α binding to TNFR2 acti-
vates cell migration, proliferation, neural survival, tissue regeneration,
immune system modulation, and inflammation suppression [157].

TNF-α/TNFR2 maintains cell survival and enhances cell prolifera-
tion through the activation of different pathways, such as the NFκB
pathways, MAPK pathways, PI3K/Akt pathways, and STAT5 phos-
phorylation. In addition, it increases Treg cell sensitivity and stability
[157]. NFκB pathways transcribe genes involved in cell survival and
cell proliferation. Activation of PI3K/Akt pathways maintains cell
survival and increases cell proliferation, cell adhesion, and migration
[157].
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3.1.3.7 TNF-α in wound healing

After TLRs are activated, NFκB initiates the production of pro-inflammatory
cytokines, such as TNF-α and IL-6 from immune cells. This response,
in turn, activates phagocytosis mechanisms in macrophages and neu-
trophils, which clean the wound area of dead cells, tissue debris, and
pathogens [40, 95].

TNF-α plays an important role in each wound healing phase. It is
secreted to the wound site in the early stage of wound healing by
macrophages (as the main source) and neutrophils [103]. A high level
of secretion of TNF-α into a wound site can increase inflammation,
prolong the inflammation phase, and intensify acute inflammation
[121].

TNF-α, however, also induces the production of IL-10 from mono-
cytes. IL-10 has anti-inflammatory effects and prevents excessive in-
flammation by inhibition of both NFκB activation and IL-6 production.
In addition, it initiates cell proliferation and tissue remodelling [40,
95].

TNF-α also triggers nitric oxide (NO) production. It has been ar-
gued that NO has tissue protective effects and plays an important
role during inflammation. NO increases blood pressure homeostasis,
increases blood flow, and accelerates wound healing [103]. Blocking
TNF-α can block NO synthesis [103].

Finally, TNF-α has an important role in wound closure, and can have
regulatory effects on fibroblast activation during the inflammatory
phase. TNF-α induces the production of proteoglycan and fibronectin
from the fibroblasts that form the extracellular matrix structure in
the proliferation phase of wound healing [121]. During this phase,
fibroblasts also proliferate and secrete substantial amounts of ECM,
TGF-β, and collagen into the wound site [121]. The increased amount
of ECM at the damaged site promotes wound closure and creates
scars, and sometimes even hypertrophic scars.

3.1.3.8 TNF-α and EPO

Yang et al. [157] have argued that an ideal way of controlling inflamma-
tion is to use TNFR1 antagonists or sTNF inhibitors, which block the
binding of TNFR1 and sTNF, without disrupting the TNFR2 signalling
pathway. In addition, Günter et al. [45] have argued that metallopro-
teinases and TNF-α should be antagonized due to their inflammatory
and anti-proliferative effects. EPO, as a proliferative factor, can an-
tagonize the effect of TNF-α [45]. EPO has been shown to decrease
inflammation and pro-inflammatory cytokine production; EPO and
transforming growth factor β-3 (TGF-β-3) may increase proliferation,
formation of granulation tissue, and neodermis structure [45].

A study using a rat brain microvascular endothelial cell model has
shown that EPO can increase cell survival; however, TNF-α promotes
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apoptosis [148]. Another study using a rat model has suggested that
EPO prevents the accumulation of macrophages, thereby decreasing
TNF-α levels and preventing tissue damage from the apoptotic effects
of TNF-α. The same study argues that EPO shifts TNF-α receptors
from the apoptotic receptor TNFR1 to the proliferative receptor TNFR2

by downregulating TNF-α receptors and upregulating TNFR2 tran-
scriptions [103].

3.1.4 EPO in gene expression

In many research studies, EPO has been shown to have effects on
certain gene expression and signalling pathways. For example, local
administration of EPOa/MSCs in burn wounds in rat models has
been shown to significantly up-regulate expression of IL-10, VEGF,
PDGF, and vimentin. Also, IL-1 and COX2 are significantly down-
regulated [63]. Another study has shown that application of EPO
up-regulates the expression of TGF-β1 and α-SMA (α-smooth mus-
cle actin). Also, EPO increases the phosphorylation of Smad-2 and
Smad-3 in damaged skin compared with non-damaged skin. EPO may
activate Smad-dependent TGF-β signalling pathways when TGF-β

is blocked by anti-TGF-β antibodies [126]. EPO-treated groups have
shown increased iNOS expression in granulation tissue during wound
healing. Expression of iNOS increases wound strength, epithelializa-
tion, collagen synthesis, and wound closure [57].

The cytoprotective effects of EPO depend on the modulation of dif-
ferent signal transduction pathways, such as apoptosis pathways, the
JAK pathway, the STAT pathway, the PI3K pathway, the AKT pathway,
the WNT pathway, and pathways involving forkhead transcription
factors, NFκB, and GSK3β [57, 92]. When EPO binds to EPOR, the re-
ceptor undergoes a conformational change in which two intracellular
monomer domains are pulled together, enabling cross phosphoryla-
tion via the binding of Jak2 kinase. Phosphorylation of Jak2 kinase
initiates signal transduction cascades in colony forming unit erythroid
(CFUe) that phosphorylate tyrosine residues on the cytoplasmic re-
gion of EPOR [16, 18]. Jak2 is activated in the cytoplasmic domain of
EPOR, and induces different signalling pathways via several adaptor
proteins, such as phosphoinositide 3-kinase (PI3K), signal transducer
and activator of transcription 5 (STAT5), p42/44 mitogen-activated
protein kinase (MAPK), and nuclear factor κ B (NFκB) [89].

All of these signalling pathways, on the one hand, promote red
blood cell proliferation, and, on the other hand, are known for va-
sodilation, insulin-sensitization, and for having antithrombotic, anti-
inflammatory, and anti-apoptotic actions [89]. Jak2 phosphorylation
enables phosphorylation and dimerization of STAT transcription fac-
tors, including STAT1, STAT3, and STAT5a/b [89]. STAT is located
in nuclei and is activated through the JAK/STAT pathway. It reg-
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ulates the expression of many genes, mostly those related to cell
survival, cell proliferation, cell differentiation, immune response, and
hematopoiesis [116]. EPO-mediated activation of JAK2/STAT5 leads to
up-regulation of the anti-apoptotic Bcl-XL and Bcl-2 genes, which then
protect pro-erythroblasts from apoptosis [89]. It has been suggested
that EPO increases the expression of anti-apoptotic genes (e.g., Bcl-xl
and Mcl) and decreases the expression of pro-apoptotic genes (e.g.,
Bax, Bid, and Bim) [93]. The AKT pathway also inhibits transcription
of apoptotic genes by controlling FOXO3a, and therefore increases cell
survival [92].

The aim of the current study is to first investigate how EPO impacts
gene expression and affects various biological pathways in foreskin-
derived stem cells (FMSCs), and then study how such effects may be
impacted by co-administration of cytokines like IL-6 and TNF-α.

3.1.5 Human foreskin-derived mesenchymal stem cells (FMSCs)

Foreskin tissue is excised during routine circumcisions, and was once
considered to be nothing more than a biological waste material [99,
102]; however, foreskin tissue is now recognized to be a readily avail-
able source of multipotent mesenchymal cells [99]. Foreskin-derived
stem cells have self-renewal properties and mesenchymal multilineage
differentiation characteristics [9, 130].

Somuncu et al. [130] have shown that human foreskin stem cells
are positive for CD14, CD29, CD34, CD44, CD45, CD73, and CD90

markers, and negative for the CD31 marker. Also, human foreskin
stem cells differentiate into adipocytes, chondrocytes, osteocytes, and
epithelial and neural cells [130]. Another study has shown that human
dermal foreskin also expresses CD73, CD90, CD105, CD271, and SSEA-
4 markers [141], which are identified as MSCs markers.

Cell cultures, especially skin-cell cultures, are used as a biological
model in scientific research. FMSCs have been widely used in in
vitro studies as feeder cell lines for human embryonic stem cells.
Likewise, they can be use to study human disease mechanisms and
wound healing processes, and be used in tissue engineering projects,
regenerative medicine, and drug testing [127, 130].

In this dissertation, FMSCs were isolated from human foreskin tissue
and stimulated with different cytokines (e.g., EPO, TNF-α, and IL-6)
in in vitro cultures in order to test the research objectives mentioned
above.

3.2 study 2 : materials and methods

In the second study, we will explore how gene expression is affected
by EPO and trauma cytokines. To do this, FMSCs were obtained from
foreskin tissue samples, and then cultured in one control and six differ-
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ent treatment conditions. RNA was then isolated, and gene expression
was analysed using an Illumina BeadChip microarray. Finally, stan-
dard bioinformatic pipelines were used to analyse the data, identify
gene pathways, and measure the effects of each treatment condition
on gene expression. Below, methodological details are provided.

3.2.1 Obtainment of tissue samples

Foreskin tissue samples were collected from the plastic surgery waste
material of three patients—with written consent—from a private clinic
(Pediatric and Ambulatory Surgery, Elster Passage, Zschochersche
Straße 48, 04229 Leipzig). Skin tissue was cleaned and disinfected
with Betaisodona solution (Mundipharma, Germany) and ethanol
solution. Immediately after sampling, the skin pieces were placed in
sterile phosphate buffered saline (PBS; Gibco, Germany) or Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, Germany) and stored at
4
◦C until use.

3.2.2 Isolation of FMSCs

The skin samples were cut coarsely into rough pieces. They were
completely immersed in Betaisodona solution for 20 minutes and
then rinsed with PBS until they were free of brown staining. After
disinfection, the subcutaneous fatty tissue was removed with scalpel
and forceps. The final samples were cut into pieces of about 5 x 5

mm, and were incubated in Dispase II (Sigma-Aldrich, Germany) for
3h at 37

◦C or overnight at 4
◦C. Dispase is a protease, which helps

to separate intact epidermis from dermis effectively. The epidermal
layer was removed and the dermal layer was then digested with 0.1%
collagenase A (Roche, Germany) for 10h at 37

◦C with gentle agitation.
Collagenase helps cell dissociation. The digested tissues were passed
through 70µm mesh filters in order to separate cells, and were then
centrifuged at 600g for 5 min at room temperature.

Next, the supernatant was discarded, and the pellet was resus-
pended in cell culture medium, which consisted of high glucose
DMEM supplemented with 10% fetal calf serum (FCS; Gibco, Ger-
many), and 1% penicillin/streptomycin (Biochrom, Germany). Then,
cells were counted with trypan blue dye (Invitrogen, USA) and a
Neubauer hemocytometer under a microscope. Afterwards, the cells
were seeded into Petri dishes (TPP, Germany) which contained the cul-
ture medium. The cells were then maintained in an incubator, which
was supplied with a humidified atmosphere of 5% CO2 and 20% O2,
balanced with N2 in a tri-gas incubator (Thermo Fisher Scientific,
Germany) at 37

◦C.
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3.2.3 Subcultivation

After approximately 7–14 days, the confluent FMSCs grew in Petri
dishes. The resulting cells were washed twice with PBS and kept in
trypsin (trypsin 0.05% with EDTA 0.01%; Biochrom, Germany) for
3–5 minutes. When the cells became detached from the surface, the
cell suspension was transferred to a sterile centrifuge falcon tube
(TPP, Germany) and 5 ml of fresh cell culture medium were added
to the cells. The cell suspensions were centrifuged for 5 min at 1800

rpm. Afterwards, the supernatant was carefully discarded. The cell
pellet was resuspended in cell culture medium. Next, the cells were
counted with a Neubauer haemocytometer in the presence of trypan
blue. Finally, the cells were cultured in T-75 cell culture flasks (TPP,
Germany) and were incubated at 37

◦C, 20% O2, and 5% CO2 in an
incubator.

3.2.4 Cell proliferation

After passaging the cells 5 times, the cells were cultured in a T-75

flask at a density of 75.000 cells/cm2. In passage 6, approximately
225.000 cells were added to the T-75 flask and incubated with pre-
pared medium and cytokines (see Table 3.1, for details on treatment
compositions). The medium was changed on days 3 and 5. On day 7,
the viable cells were detached by trypsin, and were counted using a
hemocytometer chamber and trypan blue dye. Then, they were used
for RNA extraction.

Table 3.1: The treatments administered to each group. The medium consists
of 89% DMEM, 10% FCS, and 1%Pen-Strep. EPO (Human recom-
binant EPO; Sigma, USA) was prepared with concentrations of
20ng/ml, TNF-α (ReliaTech, Germany) and IL-6 (ReliaTech, Ger-
many) were prepared with concentrations of 10ng/ml.

Materials Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7

EPO 7,2µl 7,2µl 7,2µl

TNF-α 3,6µl 3,6µl 3,6µl 3,6µl

IL-6 3,6µl 3,6µl 3,6µl

Medium 72ml 36ml 36ml 36ml 36ml 36ml 36ml
The formula for Group 1 is a control, and will produce enough solution for 6

replications. The formulas for Groups 2–7 are treatments, and will produce enough

solution for 3 replications each.

3.2.4.1 RNA Isolation

To isolate RNA, we used an RNeasy mini kit (Qiagen, Germany).
First, the samples were stabilized using an RNA stabilization reagent.
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Then, the samples were disrupted and lysed using RLT buffer. In the
next step, the samples were homogenized to shear genomic DNA
and reduce the viscosity of the lysate. Following this, ethanol was
added to adjust binding. The samples were added to the RNeasy
spin column, so that the RNA could be absorbed by the membrane.
Any contaminants were removed with simple wash spins (buffers:
RW1 and RPE). The samples were eluted with ready-to-use RNA in
water. The amount of isolated RNA was quantified using a Nanodrop
ND1000 spectrophotometer (Thermo Scientific, USA).

3.2.4.2 Illumina BeadChip Microarray

Before microarray analysis, RNA integrity and concentration were ex-
amined on an Agilent Fragment Analyzer (Agilent Technologies, USA)
using the RNA kit (Agilent Technologies, USA) according to the man-
ufacturer’s instructions. Illumina BeadChip analysis was conducted
at the microarray core facility of the Faculty of Medicine, University
of Leipzig (Germany). In total, 250ng of RNA per sample was precip-
itated with GlycoBlue (Invitrogen, USA) as a carrier, and dissolved
at a concentration of 100–150 ng/µl prior to probe synthesis, using
the TargetAmp Nano Labelling kit for the Illumina BeadChip (Epi-
centre Biotechnologies, USA). Then, 750ng of cRNA were hybridized
to Human HT-12 v4 expression BeadChips (Illumina, USA) and were
scanned on the Illumina HiScan instrument according to the manufac-
turers specifications. Raw data on 47.323 probes were extracted, and
quantiles were normalized using Illumina GenomeStudio. Expression
values were background subtracted.

3.2.5 Statistical analyses

Each cell culture and microarray experiment was replicated three
times, and the analysis incorporates this fact. Statistical evaluations
and data visualisations were completed using the R software package
[115].

In the first step of the analysis, heatmaps were constructed to vi-
sualize patterns of gene expression—i.e., up-regulation and down-
regulation—as a function of individual ID and treatment condition.
This analysis allows us to check for consistency in expression re-
sponses between samples from the same individuals, and allows us
to visually see how expression is affected by treatment condition at a
broad level. See Figure 3.1 for an example of how to interpret these
heatmaps.

In the next step of the analysis, the up-regulation and down-regulation
of genes as a function of treatment condition is evaluated using the
eBayes function from the limma R package [120], which provides sup-
port for linear models for microarray data. After each analysis of
gene expression was completed, log-fold-change values (which are
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Figure 3.1: Heatmap of gene expression (TNF-α versus control) as a function
of individual ID and treatment condition. A clustering algorithm
is used to sort the matrix. Note that the top row of colored labels
represents unique individuals, the second row of colored labels
represents treatment conditions, and the color of each cell in the
matrix represents gene expression levels. This analysis reveals that
multiple samples taken from the same individual show highly
consistent expression patterns. For example, note how within
individuals the same genes are consistently expressed or not
expressed. Next, note that, across individuals, treatment with
TNF-α has consistent effects on the expression of genes.

indicative of differential expression) and q values (which are indicative
of statistical significance) were calculated, and then visualized using
standard volcano plots. Here, q values less than 0.05 were regarded as
significant. See Figure 3.2 for an example of how to interpret a volcano
plot.

Gene set enrichment analysis and gene ontology (GO) analysis were
conducted using the R statistical environment version 4.0.2 [115], and
the gage 2.38.8 package [85]. KEGG pathways and GO categories that
present q-value lower than 0.05 were considered significant. Pathway
figures and GO graphs were created using the pathview package
version 1.28.1 [84] and ggplot2 version 3.3.2 [150]. Only the top five
GO categories for up- and down-regulated genes were plotted [78]. See
Figure 3.3 for an example of how to interpret gene ontology analysis.
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Figure 3.2: Volcano plot of gene up- and down-regulation as a function of
treatment with TNF-α relative to control. Each point represents a
gene. The value of the point along the x-axis represents the log-
fold-change in expression as a function of treatment. The value
of the point along the y-axis represents the statistical significance
of the expression difference. Genes that appear higher up on the
y-axis, and to the far left or right on the x-axis, appear to be
reliably affected by the treatment. It is also possible to highlight
the subset of genes with specific gene ontology characteristics.
For example, the genes plotted here in red are linked to wound
healing.

3.3 study 2 : results

Earlier in the chapter, the principal research questions of this study
were presented. Specifically, we asked if co-administration of EPO
with inflammatory cytokines (e.g., IL-6 and TNF-α) in FMSC cultures
produces a larger change in the expression levels of genes linked to
wound healing, skin fibrosis, and apoptosis than administration of
EPO alone (or control).

In this section, these research questions will be addressed. As a
first step, gene expression is visualized directly using heatmap plots.
These plots help to ensure that the microarray analyses were conducted
correctly, and that expression levels of each gene were consistent across
samples from the same individuals. Next, volcano plots are used to
visualize the extent and statistical significance of up-regulation and
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Figure 3.3: Bar plot representing the results of a functional enrichment anal-
ysis (TNF-α versus control). The pathways listed here are the ten
most reliably up-regulated in each of the three gene ontology
super categories (i.e., biological process, BP; cellular component,
CC; and molecular function, MF).

down-regulation of the set of genes included in the microarray. These
plots can also be used to visualize expression changes in specific genes
of interest (e.g., genes involved in wound healing). Finally, because
gene expression levels are linked in complex biological pathways, a
functional enrichment analysis is conducted to investigate if specific
pathways are significantly up- or down-regulated by treatment with
EPO and/or other cytokines.

3.3.1 The effect of cytokines on general gene expression

Here, heat maps are used to visualize raw gene expression data. These
plots directly represent the individual- and gene-specific expression
levels in a matrix where expression is represented with color. Further,
clustering methods are used to organized genes that have similar
expressions patterns into nearby rows in the matrix. The color of the
boxes represents the intensity of gene expression. Here, red represents
genes with high expression levels, yellow represents genes with mod-
erate expression levels, and blue represents genes with low expression
levels.
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Figure 3.4: Heatmaps of gene expression as a function of individual ID and
treatment condition in the final study. A clustering algorithm
is used to sort each matrix. Note that the top row of colored
labels represents unique individuals, the second row of colored
labels represents treatment conditions, and the color of each cell
in the matrix represents gene expression levels. These analyses
reveal that multiple samples taken from the same individuals
show highly consistent expression patterns. For example, note
how within individuals the same genes are consistently expressed
or not expressed. Next, note that, across individuals, treatment
with EPO plus cytokines has consistently different effects on the
expression of genes than cytokines alone.

Figure 3.4 plots the results of the microarray analysis. It is clear
that multiple samples from the same individuals cluster together and
that treatment groups cluster together, indicating that the analysis
functioned correctly. Across individuals, treatment with EPO plus
cytokines has consistently different effects on the expression of genes
than cytokines alone. In the next section, the specific differences will
be analyzed quantitatively.
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3.3.2 The effect of cyctokines on expression of wound-healing related genes

Gene profiles for 387 genes related to wound healing were down-
loaded from the Gene Ontology Browser (dataset GO:0042060) [41].
The expression changes in these genes were compared with the results
of other genes in the microarray analysis. It is specifically tested if any
wound healing genes are significantly up-regulated or down-regulated,
using linear models for microarray data [120]. Gene expression dif-
ferences between treatment conditions were visualized using volcano
plots, which represent expression differences as a log-fold-change
and statistical significance as a negative-log-adjusted-p-value (i.e., a
q-value).

Figure 3.5 plots the results of changes in gene expression as a
function of treatment with EPO. There are three comparisons: 1) EPO
versus control, 2) EPO+TNF-α versus EPO, and 3) EPO+TNF-α+IL-6
versus TNF-α+IL-6. The first case gives the effect of EPO on gene
expression in isolation, the second case gives the effect of EPO on
gene expression in the presence of TNF-α, and the third case gives
the effect of EPO on gene expression in the presence of both IL-6 and
TNF-α. The most up-regulated genes are located on the right, the most
down-regulated genes are located on the left, and the genes with the
most statistically significant differences in expression are located at the
top of the plot. Labels are given for the most differentially expressed
genes.

In the base condition, EPO appears to have effects on several wound
healing genes. For example, AHNAK, CCR2, AGER were up-regulated.
SNAI2 was highly significantly down-regulated. KANK1, CHMP1B,
HGFAC, and ADAMTS18 were down-regulated.

In the second condition, where EPO was administered with TNF-
α, EPO also appears to have effects on wound healing genes, but
the specific wound healing genes that are up- or down-regulated
changes, indicating that TNF-α modifies the effect of EPO. For example,
SERPINC1 and CHMP6 were highly significantly up-regulated. Also,
TBXA2R, HPS4, and BLK were up-regulated. CCR2, SLC12A2, MIA3,
GP5, and FGG were down-regulated.

In the third condition, where EPO was administered with TNF-α
and IL-6, EPO continues to have effects on wound healing genes, but
the specific wound healing genes that are up- or down-regulated again
changes, indicating that IL-6 further modifies the effect of EPO. For
example, TGFB1, MUC16, ARHGAP24, and VIL1 were up-regulated.
SNAI2, CHMP6, RAP2B, and CTSG were down-regulated.

It is interesting to note that log-fold change (both positive and
negative) appears greater on average in the case where EPO was
co-administered with both IL-6 and TNF-α. See Figure 3.5(c). This
indicates that the effect of EPO on overall gene expression may be
greater in the presence of key cytokines.
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Figure 3.5: Volcano plots of gene up- and down-regulation as a function of
treatment with EPO in three different contexts. Each point repre-
sents a gene. The value of the point along the x-axis represents
log-fold-change in expression as a function of treatment. The
value of the point along the y-axis represents the statistical signif-
icance of the expression difference. Genes that appear higher up
on the y-axis, and to the far left or right on the x-axis, appear to be
reliably affected by the treatment. It is also possible to highlight
the subset of genes with specific gene ontology characteristics.
For example, the genes plotted here in red are linked to wound
healing. Wound healing genes with log-fold expression changes
greater than 0.25 are labeled.

3.3.3 The effect of cyctokines on expression of skin fibrosis related genes

The study was continued by repeating the analysis with a focus on
genes linked to skin fibrosis. Gene profiles for 125 genes related to
skin fibrosis were downloaded [from: 42]. The expression changes
in these genes were compared with the results of other genes in the
microarray analysis. It is specifically tested if any skin fibrosis genes
are significantly up-regulated or down-regulated, using linear models
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for microarray data [120]. The results of these analyses are presented
in Figure 3.6.

In the base condition, EPO appears to have effects on several skin fi-
brosis genes. For example, CCR2, CX3CR1, HPS4, and PDZK1 were up-
regulated. DGKA, NR4A1, ALOX15, and CCR2 were down-regulated.

In the second condition, where EPO was administered with TNF-α,
EPO also appears to have effects on skin fibrosis genes, but the specific
skin fibrosis genes that are up- or down-regulated changes, indicat-
ing that TNF-α modifies the effect of EPO. For example, EN1 was
highly significantly up-regulated. Also, DGKA, TNFSF13, SERPINF2,
and HPS4 were up-regulated. CCR2 was highly significantly down-
regulated. SDC1, LSP1, PDGFRA, and SHH were down-regulated.

In the third condition, where EPO was administered with TNF-α
and IL-6, EPO continues to have effects on skin fibrosis genes, but
the specific skin fibrosis genes that are up- or down-regulated again
changes, indicating that IL-6 further modifies the effect of EPO. For
example, TGFB1 was highly significantly up-regulated. VEGFB, CCR2,
and GNAS were up-regulated. CNR1, AGT, ALOX15, and PDZK1

were down-regulated.

3.3.4 The effect of cyctokines on expression of apoptotic process related genes

The study was continued by repeating the analysis with a focus on
genes linked to apoptotic processes. Gene profiles for 1,978 genes
related to apoptotic processes were downloaded from the Gene On-
tology Browser (dataset GO:0006915) [41]. The expression changes
in these genes were compared with the results of other genes in the
microarray analysis. It is specifically tested if any genes involved in
apoptotic processes are significantly up-regulated or down-regulated,
using linear models for microarray data [120]. The results of these
analyses are presented in Figure 3.7.

In the base condition, EPO appears to have effects on several
apoptotic genes. For example, XKR5, PIK3CG, TRPC5, MAPK7, and
ZMYND11 were up-regulated. SNAI1, SNAI2, IL6ST, ADNP, and LTK
were down-regulated.

In the second condition, where EPO was administered with TNF-α,
EPO also appears to have effects on genes involved in apoptotic
processes, but the specific genes that are up- or down-regulated
changes, indicating that TNF-α modifies the effect of EPO. For ex-
ample, DHODH, EN1, RELT, and NQO1 were up-regulated. IL6ST,
ABL2, TNFRSF8, FGG, and MADD were down-regulated.

In the third condition, where EPO was administered with TNF-α
and IL-6, EPO continues to have effects on genes involved in apop-
totic processes, but the specific genes that are up- or down-regulated
again changes, indicating that IL-6 further modifies the effect of EPO.
For example, MAPK8IP3, DFFB, FMR1, ATG3, and EPHA7 were
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(c) EPO+TNF-α+IL-6 versus TNF-α+IL-6

Figure 3.6: Volcano plots of gene up- and down-regulation as a function of
treatment with EPO in three different contexts. Each point repre-
sents a gene. The value of the point along the x-axis represents
log-fold-change in expression as a function of treatment. The
value of the point along the y-axis represents the statistical signif-
icance of the expression difference. Genes that appear higher up
on the y-axis, and to the far left or right on the x-axis, appear to be
reliably affected by the treatment. It is also possible to highlight
the subset of genes with specific gene ontology characteristics. For
example, the genes plotted here in red are linked to skin fibrosis.
Skin fibrosis genes with log-fold expression changes greater than
0.25 are labeled.

up-regulated. SNAI2 was again highly significantly down-regulated.
MEF2A, SPDEF, PAX2, and PRDM11 were down-regulated.

3.3.5 Functional enrichment analysis

Because of the large variety of gene-specific effects, it can be hard to
interpret how treatment with EPO affects specific biological processes.
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Figure 3.7: Volcano plots of gene up- and down-regulation as a function of
treatment with EPO in three different contexts. Each point repre-
sents a gene. The value of the point along the x-axis represents
log-fold-change in expression as a function of treatment. The
value of the point along the y-axis represents the statistical signif-
icance of the expression difference. Genes that appear higher up
on the y-axis, and to the far left or right on the x-axis, appear to be
reliably affected by the treatment. It is also possible to highlight
the subset of genes with specific gene ontology characteristics.
For example, the genes plotted here in red are linked to apop-
totic processes. Apoptotic process genes with log-fold expression
changes greater than 0.5 are labeled.

As such, functional enrichment analysis is used to study how specific
biological pathways as a whole are affected by treatment with EPO.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) functional enrichment analyses were performed to test for
differentially expressed gene pathways. Q-values of less than 0.05

were considered significant.
No significant effects were observed in the EPO versus control con-

trast, the EPO+TNF-α versus TNF-α contrast, and the EPO+TNF-α+IL-
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6 versus TNF-α+IL-6 contrast. However, significant up- and down-
regulation was observed in the EPO+TNF-α+IL-6 versus control con-
trast and the EPO+TNF-α versus control contrast (Figure 3.8). Bar plots
present the distributions of the most enriched GO terms, the functions
of the genes involved and the relationships between them, and the
number of genes involved. The plot includes pathways involved in
biological processes (BP), cellular component (CC), and molecular
function (MF) categories.

The most significantly enriched KEGG pathways are shown in Tables
3.2 and 3.3.

Table 3.2: The most significantly up-regulated KEGG pathways.

EPO

vs control

EPO+TNF-α

vs TNF-α

EPO+TNF-α+IL6

vs TNF-α+IL-6

EPO+TNF-α

vs control

EPO+TNF-α+IL6

vs control

hsa00532 Glycosaminoglycan biosynthesis ✓

hsa03008 Ribosome biogenesis in eukaryotes ✓ ✓

hsa03030 DNA replication ✓

hsa03050 Proteasome ✓ ✓

hsa03440 Homologous recombination ✓

hsa04060 Cytokine-cytokine receptor interaction ✓ ✓

hsa04061 Viral protein interaction with cytokine ✓ ✓

hsa04062 Chemokine signaling pathway ✓ ✓

hsa04064 NF-kappa B signaling pathway ✓ ✓

hsa04110 Cell cycle ✓ ✓

hsa04115 p53 signaling pathway ✓

hsa04141 Protein processing in endoplasmic reticulum ✓ ✓

hsa04145 Phagosome ✓

hsa04210 Apoptosis ✓ ✓

hsa04215 Apoptosis - multiple species ✓ ✓

hsa04217 Necroptosis ✓ ✓

hsa04218 Cellular senescence ✓ ✓

hsa04380 Osteoclast differentiation ✓ ✓

hsa04514 Cell adhesion molecules ✓ ✓

hsa04612 Antigen processing and presentation ✓ ✓

hsa04620 Toll-like receptor signaling pathway ✓ ✓

hsa04621 NOD-like receptor signaling pathway ✓ ✓

hsa04622 RIG-I-like receptor signaling pathway ✓ ✓

hsa04623 Cytosolic DNA-sensing pathway ✓ ✓

hsa04625 C-type lectin receptor signaling pathway ✓ ✓

hsa04640 Hematopoietic cell lineage ✓ ✓

hsa04650 Natural killer cell mediated cytotoxicity ✓ ✓

hsa04657 IL-17 signaling pathway ✓ ✓

hsa04658 Th1 and Th2 cell differentiation ✓ ✓

hsa04659 Th17 cell differentiation ✓ ✓

hsa04660 T cell receptor signaling pathway ✓ ✓

hsa04662 B cell receptor signaling pathway ✓ ✓

hsa04664 Fc epsilon RI signaling pathway ✓ ✓

hsa04668 TNF signaling pathway ✓ ✓

hsa04670 Leukocyte transendothelial migration ✓ ✓

hsa04926 Relaxin signaling pathway ✓

hsa04978 Mineral absorption ✓

no effects significant ✓ ✓ ✓
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Figure 3.8: Bar plots of the most significantly enriched pathways in 3 different
categories: biological processes (BP), cellular component (CC),
and molecular function (MF).
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Table 3.3: The most significantly down-regulated KEGG pathways.

EPO

vs control

EPO+TNF-α

vs TNF-α

EPO+TNF-α+IL6

vs TNF-α+IL-6

EPO+TNF-α

vs control

EPO+TNF-α+IL6

vs control

hsa00030 Pentose phosphate pathway ✓ ✓

hsa00071 Fatty acid degradation ✓

hsa00190 Oxidative phosphorylation ✓

hsa00280 Valine, leucine and isoleucine degradation ✓

hsa00562 Inositol phosphate metabolism ✓ ✓

hsa00640 Propanoate metabolism ✓ ✓

hsa00830 Retinol metabolism ✓ ✓

hsa00980 Metabolism of xenobiotics by cytochrome P450 ✓ ✓

hsa00982 Drug metabolism - cytochrome P450 ✓ ✓

hsa00983 Drug metabolism - other enzymes ✓

hsa01200 Carbon metabolism ✓ ✓

hsa04137 Mitophagy - animal ✓ ✓

hsa04140 Autophagy - animal ✓

hsa04146 Peroxisome ✓ ✓

hsa04150 mTOR signaling pathway ✓

hsa04310 Wnt signaling pathway ✓ ✓

hsa04350 TGF-beta signaling pathway ✓ ✓

hsa04360 Axon guidance ✓ ✓

hsa04371 Apelin signaling pathway ✓

hsa04520 Adherens junction ✓ ✓

hsa04550 Signaling pathways regulating pluripotency ✓ ✓

hsa04713 Circadian entrainment ✓ ✓

hsa04714 Thermogenesis ✓

hsa04727 GABAergic synapse ✓

hsa04810 Regulation of actin cytoskeleton ✓ ✓

hsa04910 Insulin signaling pathway ✓ ✓

hsa04919 Thyroid hormone signaling pathway ✓ ✓

hsa04921 Oxytocin signaling pathway ✓

hsa04923 Regulation of lipolysis in adipocytes ✓

no effects significant ✓ ✓ ✓

3.4 study 2 : discussion

In past research, Bader et.al, [4, 6] have shown that EPO administered
alone strongly inhibits human dermally-derived stem cell proliferation,
but little is known about the mechanisms that drive such effects. There
is some evidence that adding cytokines (e.g., IL-6 and TNF-α) when
EPO is administered may change the effect of EPO. For example,
co-administration of EPO with TNF-α and IL-6 led to increases in
stem cell proliferation [4, 6, 38]. But again, however, the mechanisms
underlying such effects are yet to be well understood.

The current study was designed to uncover if and how EPO af-
fects the expression of various genes, and how such effects may be
modified by the availability of cytokines. Specifically, it was tested
if administration of EPO alone, and co-administration of EPO with
TNF-α and IL-6, can change the expression of genes and pathways
specifically linked to wound healing, skin fibrosis, and apoptosis. The
comparison between EPO and control conditions shows that EPO
indeed appears to have effects on several genes involved in wound
healing, skin fibrosis, and apoptotic processes. Also, administration
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of EPO with TNF-α led to different level of expression in the same
set of genes, indicating that TNF-α modifies the effect of EPO. We see
similar results for co-administration of IL-6, which further modifies
the effect of EPO. It appears that the effect of EPO on overall gene
expression may be greater in the presence of key cytokines.

On a gene-by-gene basis, there is some evidence in the current
study that adding cytokines changes the effect of EPO. For example,
there were some differences in which genes were up-regulated versus
down-regulated, but effect sizes were small, and only a few genes were
shown to have significant differences in expression as a function of
treatment with EPO. Many of the genes whose expression was affected
by EPO in this study are involved in inflammatory processes. For
example, CCR2 recruits monocytes and macrophages to wound areas,
and is involved in inflammatory responses during wound healing.
CCR2 deficiency has been shown to impair monocyte recruitment to
the site of tissue injuries, decrease inflammatory gene expression, and
impair wound healing [151]. AGER or AGE can inhibit neutrophil
migration, and prolong wound healing by inducing production of
large amounts of inflammatory cytokines, such as TNF-α; it may also
increase oxidative stress, which impairs re-epithelialization and the
wound healing process [113].

In wider-scale GO and KEGG pathway analyses, no strong effects
were found linking EPO to pathway changes, whether or not cy-
tokines were co-administered. There were no differences in the EPO
versus control contrast, the EPO+TNF-α versus TNF-α contrast, or the
EPO+TNF-α+IL-6 versus TNF-α+IL-6 contrast. This suggests that the
gene expression changes induced by EPO are not well described by
the pathways included in GO or KEGG analyses. Nevertheless, EPO
might still have important effects on the biology of wound healing,
skin fibrosis, and apoptotic possesses, as gene expression changes
need not be part of GO or KEGG pathways to be clinically relevant.

It is notable, however, that effects of TNF-α and IL-6 versus control
were present. For example, many GO and KEGG pathways showed
changes in both EPO+TNF-α versus control and EPO+TNF-α+IL-6 ver-
sus control conditions. This suggest that the study design was success-
ful, in that the highly active cytokines, TNF-α and IL-6, significantly
changed the activity of various pathways. However, co-administration of
EPO did not lead to any changes above-and-beyond what could be explained
by cytokine treatment alone.

The study presented here thus calls into question the idea that EPO
has significant impacts on gene expression in FMSCs. However, there
are some limitations to this study. Future research would benefit from
use of a larger number of samples from a larger number of diverse
research participants. Different dosages of EPO, and different time
periods of exposure, may give the researcher different information
about the effects of EPO on gene expression. Finally, we saw that EPO
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has some effects on gene expression, however, such effects do not
appear to aggregate to the larger pathway scale. Nevertheless, EPO
may have important biological effects on wound healing and related
processes that are not captured by the GO and KEGG analyses.

Although many studies have shown various effect of EPO, there is
still much to learn about the molecular and cellular effects of EPO in
vivo and in vitro. Co-administration of EPO with different cytokines
(rather than just TNF-α and IL-6) may provide new insights. More
work is still needed.

3.4.1 Conclusion

This study is the first to examine the role of EPO administration,
and co-administration of EPO with TNF-α and IL-6 cytokines, on
genome-wide gene expression levels in FMSCs. Treatment with EPO
alone, and co-administration with TNF-α and IL-6, leads to changes in
gene expression, but no statistically significant effects in GO or KEGG
signaling pathways were observed. However, when treatment groups
were compared to the control condition, there were some changes
in expression pathways. Taken together, these data suggest that EPO
does not seem to have strong effects on gene expression, while TNF-α
and IL-6 do. Future work is needed to determine if application of EPO
with other cytokines, or at other dosage levels, leads to larger-scale
changes in GO or KEGG signaling pathways.
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Mozeš, L’udovít Lenhardt, František Longauer, et al. “Effect
of Atropa belladonna L. on skin wound healing: biomechan-
ical and histological study in rats and in vitro study in ker-
atinocytes, 3T3 fibroblasts, and human umbilical vein endothe-
lial cells”. In: Wound Repair and Regeneration 17.3 (2009), pp. 378–
386.

[34] Mariarosaria Galeano, Domenica Altavilla, Domenico Cucinotta,
Giuseppina T Russo, Margherita Calo, Alessandra Bitto, Her-
bert Marini, Rolando Marini, Elena B Adamo, Paolo Seminara,
et al. “Recombinant human erythropoietin stimulates angio-
genesis and wound healing in the genetically diabetic mouse”.
In: Diabetes 53.9 (2004), pp. 2509–2517.

[35] Randle M Gallucci, Petia P Simeonova, Joanna M Matheson,
Choudari Kommineni, Jennifer L Guriel, Tadaki Sugawara,
and Michael I Luster. “Impaired cutaneous wound healing in
interleukin-6-deficient and immunosuppressed mice”. In: The
FASEB Journal 14.15 (2000), pp. 2525–2531.

[36] II George Broughton, Jeffrey E Janis, and Christopher E At-
tinger. “The basic science of wound healing”. In: Plastic and
reconstructive surgery 117.7S (2006), 12S–34S.

[37] II George Broughton, Jeffrey E Janis, and Christopher E At-
tinger. “Wound healing: an overview”. In: Plastic and reconstruc-
tive surgery 117.7S (2006), 1e–S.

[38] Priya Giri, Sabine Ebert, Ulf-Dietrich Braumann, Mathias Kre-
mer, Shibashish Giri, Hans-Günther Machens, and Augustinus
Bader. “Skin regeneration in deep second-degree scald injuries
either by infusion pumping or topical application of recombi-
nant human erythropoietin gel”. In: Drug design, development
and therapy 9 (2015), p. 2565.

[39] Mytien T Goldberg, Yuan-Ping Han, Chunli Yan, Michael C
Shaw, and Warren L Garner. “TNF-α suppresses α-smooth
muscle actin expression in human dermal fibroblasts: an impli-
cation for abnormal wound healing”. In: Journal of Investigative
Dermatology 127.11 (2007), pp. 2645–2655.

70



[40] Øystein Grimstad, Øystein Sandanger, Liv Ryan, Kari Otterdal,
Jan Kristian Damaas, Brita Pukstad, and Terje Espevik. “Cellu-
lar sources and inducers of cytokines present in acute wound
fluid”. In: Wound Repair and Regeneration 19.3 (2011), pp. 337–
347.

[41] Mouse Genome Database Group. Gene Ontology Browser. http:
/ / www . informatics . jax . org / vocab / gene _ ontology / GO :

0042060. Accessed: 2022-03-01.

[42] Chang Gu, Xin Shi, Xuening Dang, Jiafei Chen, Chunji Chen,
Yumei Chen, Xufeng Pan, and Tao Huang. “Identification of
common genes and pathways in eight fibrosis diseases”. In:
Frontiers in Genetics 11 (2021), p. 1767.

[43] Jianying Gu, Ninghua Liu, Xinrong Yang, Zihao Feng, and
Fazhi Qi. “Adiposed-derived stem cells seeded on PLCL/P123

eletrospun nanofibrous scaffold enhance wound healing”. In:
Biomedical Materials 9.3 (2014), p. 035012.

[44] CI Günter, L Kern, S Giri, HG Machens, and A Bader. “First
Results on Three Patients Treated with Topical Recombinant
Human Erythropoietin (rhEPO) to Improve Wound Healing
in Diabetic Foot Ulcers. J Transplant Stem Cel Biol. 2015; 2 (1):
4. J Transplant Stem Cel Biol January 2015 Vol.: 2, Issue: 1 All
rights are reserved by Günter et al”. In: First Results on Three
Patients Treated with Topical Recombinant Human Erythropoietin
(rhEPO) to Improve Wound Healing in Diabetic Foot Ulcers ().

[45] CI Günter and H-G Machens. “New strategies in clinical care of
skin wound healing”. In: European Surgical Research 49.1 (2012),
pp. 16–23.

[46] Christina I Günter, Hans-Günther Machens, Felicitas P Ilg,
Alexander Hapfelmeier, Wolfgang Jelkmann, Silvia Egert-Schwender,
Shibashish Giri, Augustinus Bader, et al. “A Randomized Con-
trolled Trial: Regenerative Effects, Efficacy and Safety of Ery-
thropoietin in Burn and Scalding Injuries”. In: Frontiers in
pharmacology 9 (2018), p. 951.

[47] Christina Irene Günter, Augustinus Bader, Ulf Dornseifer, Silvia
Egert, Sebastian Dunda, Gerrit Grieb, Thomas Wolter, Norbert
Pallua, Tobias von Wild, Frank Siemers, et al. “A multi-center
study on the regenerative effects of erythropoietin in burn and
scalding injuries: study protocol for a randomized controlled
trial”. In: Trials 14.1 (2013), p. 124.

[48] Christina Irene Günter and Hans-Günther Machens. “Ery-
thropoietin: An Innovative Therapeutic Approach in Thermal
Trauma”. In: Regenerative Medicine and Plastic Surgery: Elements,
Research Concepts and Emerging Technologies. Ed. by Dominik

71

http://www.informatics.jax.org/vocab/gene_ontology/GO:0042060
http://www.informatics.jax.org/vocab/gene_ontology/GO:0042060
http://www.informatics.jax.org/vocab/gene_ontology/GO:0042060


Duscher and Melvin A. Shiffman. Springer International Pub-
lishing, 2019, pp. 165–172.

[49] Amirhossein Hakamivala, Kayti Robinson, YiHui Huang, Shuai
Yu, Baohong Yuan, Joseph Borrelli Jr, Liping Tang, et al. “Re-
cruitment of endogenous progenitor cells by erythropoietin
loaded particles for in situ cartilage regeneration”. In: Bioactive
materials 5.1 (2020), pp. 142–152.

[50] Saher Hamed, Mark Belokopytov, Yehuda Ullmann, Muham-
mad Safadi, Yafit Stark, Aziz Shoufani, Sadanori Akita, Paul Y
Liu, and Luc Teot. Interim results of the remede d’Or study: a mul-
ticenter, single-blind, randomized, controlled trial to assess the safety
and efficacy of an innovative topical formulation of erythropoietin for
treating diabetic foot ulcers. 2019.

[51] Saher Hamed, Charles L Bennett, Claire Demiot, Yehuda Ull-
mann, Luc Teot, and Alexis Desmoulière. “Erythropoietin, a
novel repurposed drug: an innovative treatment for wound
healing in patients with diabetes mellitus”. In: Wound Repair
and Regeneration 22.1 (2014), pp. 23–33.

[52] Saher Hamed, Yehuda Ullmann, Dana Egozi, Essam Daod,
Elias Hellou, Manal Ashkar, Amos Gilhar, and Luc Teot. “Fi-
bronectin potentiates topical erythropoietin-induced wound
repair in diabetic mice”. In: Journal of Investigative Dermatology
131.6 (2011), pp. 1365–1374.

[53] Saher Hamed, Yehuda Ullmann, Dana Egozi, Aviad Keren, Es-
sam Daod, Omer Anis, Hoda Kabha, Mark Belokopytov, Manal
Ashkar, Rona Shofti, et al. “Topical erythropoietin treatment ac-
celerates the healing of cutaneous burn wounds in diabetic pigs
through an aquaporin-3–dependent mechanism”. In: Diabetes
66.8 (2017), pp. 2254–2265.

[54] Saher Hamed, Yehuda Ullmann, Muhannad Masoud, Elias
Hellou, Ziad Khamaysi, and Luc Teot. “Topical erythropoi-
etin promotes wound repair in diabetic rats”. In: Journal of
Investigative Dermatology 130.1 (2010), pp. 287–294.

[55] Yuan-Ping Han, Tai-Lan Tuan, Huayang Wu, Michael Hughes,
and Warren L Garner. “TNF-alpha stimulates activation of
pro-MMP2 in human skin through NF-(kappa) B mediated
induction of MT1-MMP”. In: Journal of cell science 114.1 (2001),
pp. 131–139.

[56] Muzlifah A Haniffa, Matthew P Collin, Christopher D Buckley,
and Francesco Dazzi. “Mesenchymal stem cells: the fibroblasts’
new clothes?” In: Haematologica 94.2 (2009), p. 258.

72



[57] Zishan A Haroon, Khalid Amin, Xiaohong Jiang, and Murat O
Arcasoy. “A novel role for erythropoietin during fibrin-induced
wound-healing response”. In: The American journal of pathology
163.3 (2003), pp. 993–1000.

[58] Yuichi Hasebe, Seiji Hasegawa, Noriko Hashimoto, Masashi
Toyoda, Kenji Matsumoto, Akihiro Umezawa, Akiko Yagami,
Kayoko Matsunaga, Hiroshi Mizutani, Satoru Nakata, et al.
“Analysis of cell characterization using cell surface markers
in the dermis”. In: Journal of dermatological science 62.2 (2011),
pp. 98–106.

[59] Stephen M Hewitt, Denis G Baskin, Charles W Frevert, William
L Stahl, and Eduardo Rosa-Molinar. “Controls for immunohis-
tochemistry: the Histochemical Society’s standards of practice
for validation of immunohistochemical assays”. In: Journal of
Histochemistry & Cytochemistry 62.10 (2014), pp. 693–697.

[60] Carina Hillgruber, Annika K Steingräber, Birgit Pöppelmann,
Cécile V Denis, Jerry Ware, Dietmar Vestweber, Bernhard Nieswandt,
Stefan W Schneider, and Tobias Goerge. “Blocking von Wille-
brand factor for treatment of cutaneous inflammation”. In:
Journal of Investigative Dermatology 134.1 (2014), pp. 77–86.

[61] Bastian Hoesel and Johannes A Schmid. “The complexity of
NF-κB signaling in inflammation and cancer”. In: Molecular
cancer 12.1 (2013), pp. 1–15.

[62] Thomas E Ichim, Pete O’Heeron, and Santosh Kesari. “Fibrob-
lasts as a practical alternative to mesenchymal stem cells”. In:
Journal of translational medicine 16.1 (2018), pp. 1–9.

[63] Reda Abdelnasser Imam and AA-E Rizk. “Efficacy of erythropoietin-
pretreated mesenchymal stem cells in murine burn wound heal-
ing: possible in vivo transdifferentiation into keratinocytes”. In:
Folia Morphologica 78.4 (2019), pp. 798–808.

[64] Natasha Irrera, Alessandra Bitto, Gabriele Pizzino, Mario Vac-
caro, Francesco Squadrito, Mariarosaria Galeano, Francesco
Stagno d’Alcontres, Ferdinando Stagno d’Alcontres, Michele
Buemi, Letteria Minutoli, et al. “Epoetin alpha and epoetin
zeta: a comparative study on stimulation of angiogenesis and
wound repair in an experimental model of burn injury”. In:
BioMed research international 2015 (2015).

[65] Jun Ishihara, Ako Ishihara, Richard D Starke, Claire R Peghaire,
Koval E Smith, Thomas AJ McKinnon, Yoji Tabata, Koichi
Sasaki, Michael JV White, Kazuto Fukunaga, et al. “The heparin
binding domain of von Willebrand factor binds to growth
factors and promotes angiogenesis in wound healing”. In: Blood,
The Journal of the American Society of Hematology 133.24 (2019),
pp. 2559–2569.

73



[66] Rieko Isogai, Masae Takahashi, Kinuyo Aisu, Yoshitaka Horiuti,
Yoshinori Aragane, Akira Kawada, and Tadashi Tezuka. “The
receptor for erythropoietin is present on cutaneous mast cells”.
In: Archives of dermatological research 297.9 (2006), pp. 389–394.

[67] Yohei Iwata, Hirohiko Akamatsu, Seiji Hasegawa, Masayuki
Takahashi, Akiko Yagami, Satoru Nakata, and Kayoko Mat-
sunaga. “The epidermal Integrin beta-1 and p75NTR positive
cells proliferating and migrating during wound healing pro-
duce various growth factors, while the expression of p75NTR
is decreased in patients with chronic skin ulcers”. In: Journal of
Dermatological Science 71.2 (2013), pp. 122–129.

[68] Yohei Iwata, Yuichi Hasebe, Seiji Hasegawa, Satoru Nakata,
Akiko Yagami, Kayoko Matsunaga, Kazumitsu Sugiura, and
Hirohiko Akamatsu. “Dermal CD271+ Cells are Closely Asso-
ciated with Regeneration of the Dermis in the Wound Healing
Process.” In: Acta dermato-venereologica 97.5 (2017).

[69] Pia Jensen, Christa L Myhre, Pernille S Lassen, Athanasios
Metaxas, Asif M Khan, Kate L Lambertsen, Alicia A Babcock,
Bente Finsen, Martin R Larsen, and Stefan J Kempf. “TNFα

affects CREB-mediated neuroprotective signaling pathways of
synaptic plasticity in neurons as revealed by proteomics and
phospho-proteomics”. In: Oncotarget 8.36 (2017), p. 60223.

[70] M Joseph John, Vineeth Jaison, Kunal Jain, Naveen Kakkar,
and Jubbin J Jacob. “Erythropoietin use and abuse”. In: Indian
journal of endocrinology and metabolism 16.2 (2012), p. 220.

[71] Blair Z Johnson, Andrew W Stevenson, Cecilia M Prêle, Mark W
Fear, and Fiona M Wood. “The role of IL-6 in skin fibrosis and
cutaneous wound healing”. In: Biomedicines 8.5 (2020), p. 101.

[72] George D Kalliolias and Lionel B Ivashkiv. “TNF biology,
pathogenic mechanisms and emerging therapeutic strategies”.
In: Nature reviews rheumatology 12.1 (2016), pp. 49–62.

[73] Mika Kawagishi-Hotta, Seiji Hasegawa, Yu Inoue, Yuichi Hasebe,
Masaru Arima, Yohei Iwata, Kazumitsu Sugiura, and Hirohiko
Akamatsu. “Gremlin 2 suppresses differentiation of stem/pro-
genitor cells in the human skin”. In: Regenerative therapy 18

(2021), pp. 191–201.

[74] C Kawecki, PJ Lenting, and CV Denis. “von Willebrand factor
and inflammation”. In: Journal of Thrombosis and Haemostasis
15.7 (2017), pp. 1285–1294.

[75] David H Keast and Chris Fraser. “Treatment of chronic skin
ulcers in individuals with anemia of chronic disease using
recombinant human erythropoietin (EPO): a review of four
cases.” In: Ostomy/wound management 50.10 (2004), pp. 64–70.

74



[76] Gabrielis Kundrotas. “Surface markers distinguishing mes-
enchymal stem cells from fibroblasts”. In: Acta medica lituanica
19.2 (2012), pp. 75–79.

[77] Shashidhar Kusuma, Ravi K Vuthoori, Melissa Piliang, and
James E Zins. “Skin anatomy and physiology”. In: Plastic and
Reconstructive Surgery. Springer, 2010, pp. 161–171.

[78] Ruidong Li, Han Qu, Shibo Wang, Julong Wei, Le Zhang,
Renyuan Ma, Jianming Lu, Jianguo Zhu, Wei-De Zhong, and
Zhenyu Jia. “GDCRNATools: an R/Bioconductor package for
integrative analysis of lncRNA, miRNA and mRNA data in
GDC”. In: Bioinformatics 34.14 (2018), pp. 2515–2517.

[79] Qin Lian, Tian Jiao, Tingze Zhao, Huichao Wang, Siming Yang,
and Dichen Li. “3D Bioprinted Skin Substitutes for Acceler-
ated Wound Healing and Reduced Scar”. In: Journal of Bionic
Engineering 18.4 (2021), pp. 900–914.

[80] Marc Lipsitch, Eric Tchetgen Tchetgen, and Ted Cohen. “Neg-
ative controls: a tool for detecting confounding and bias in
observational studies”. In: Epidemiology (Cambridge, Mass.) 21.3
(2010), p. 383.

[81] Li Liu and Guo-Ping Shi. CD31: beyond a marker for endothelial
cells. 2012.

[82] Tong Liu, Chao Qiu, Chi Ben, Haihang Li, and Shihui Zhu.
“One-step approach for full-thickness skin defect reconstruction
in rats using minced split-thickness skin grafts with Pelnac
overlay”. In: Burns & Trauma 7 (2019).
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