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1 Abbreviations 

α2-AP 
Arg 
CTCAE 
CCL 
CXCL 
ECM 
EMT 
EGF 
Gy 
Glu 
IL 
IFN 
KDa 
K 
MMP 
PDGF 
PAI 
Plg-R 
PAR 
ROS 
RDS 
SOD 
TNF-α 
TGF-β 
TXA 
TM 
tPA 
uPA 
uPAR 
VEGF 
Val 
WT 
WNT 

α2-antiplasmin 
arginine 
common toxicity criteria-adverse event 
chemokine (c-c motif) ligand  
chemokine (c-x-c motif) ligand  
extra cellular matrix 
epithelial- mesenchymal transition 
epidermal growth factor 
gray 
glutamic acid 
interleukin 
interferon 
kilodaltons 
kringle 
matrix metalloproteinase 
platelet-derived growth factor 
plasminogen activator inhibitor 
plasminogen receptor 
protease-activated receptor 
reactive oxygen species 
radiation dermatitis severity 
superoxide dismutase 
tumor-necrosis factor-α 
transforming growth factor-β 
tranexamic acid 
thrombomodulin 
tissue-type plasminogen activator 
urokinase-type plasminogen activator 
uPA receptor 
vascular endothelial growth factor 
valine 
wild-type 
wingless/integrated 
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2 Abstract 

The plasminogen activator (PA) system plays important roles in many physiological and 

pathological processes, including inflammation and wound healing. Plasmin, the central 

component of the PA system, is a broad-spectrum serine protease that is derived from its 

inactive precursor form, plasminogen. The first aim of this thesis was to study the role of 

plasminogen in the formation of radiation-induced wounds, which are an inflammatory side 

effect of radiotherapy. The second aim was to investigate the molecular mechanisms behind 

the potentiating effect of plasminogen in the healing of radiation-induced wounds. The third 

aim was to explore the therapeutic potential of plasminogen in the healing of radiation-

induced wounds. 

 

Radiation therapy in cancer patients is often limited by side effects such as radiation-induced 

skin damage (radiodermatitis). The mechanisms behind the formation of radiodermatitis are 

not fully elucidated, and there are no effective preventive therapies for clinical use. In this 

study, we show that irradiation of skin in WT (wild-type) mice induces plasminogen 

accumulation, which is followed by activation of TGF-β (transforming growth factor-beta) 

signaling and the development of inflammation that leads to skin damage. However, 

plasminogen-deficient mice and mice lacking PAs were mostly resistant to radiodermatitis. 

Moreover, treatment with a plasminogen inhibitor, tranexamic acid, decreases radiodermatitis 

in WT mice and prevented radiodermatitis in heterozygous mice. Thus, plasmin is required 

for the formation of radiodermatitis, and inhibition of plasminogen activation might be a 

novel treatment strategy to reduce or prevent radiodermatitis in patients undergoing 

radiotherapy.  

 

Wound healing consists of partially overlapping inflammatory, proliferation, and tissue 

remodeling phases, and failure to terminate inflammation leads to the formation of chronic 

wounds. Previous studies by our group have shown that plasminogen is transported to acute 

wounds by inflammatory cells where it potentiates inflammation and enhances wound 

healing. Here, we report that plasminogen-deficient mice, which have delayed wound healing, 

have extensive fibrin and neutrophil depositions in the wounded area long after re-

epithelialization, indicating inefficient debridement and chronic inflammation. The delayed 
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formation of granulation tissue suggests that fibroblast function is also impaired in the 

absence of plasminogen. Therefore, in addition to its role in the activation of inflammation, 

plasminogen is also crucial for the resolution of inflammation and the activation of the 

proliferation phase. Importantly, supplementation of plasminogen-deficient mice with human 

plasminogen leads to a restored healing capacity that is comparable to that in WT mice. 

Therefore, plasminogen might be an important future therapeutic agent for treatment of 

wounds. 

 

In radiation-induced wounds, inflammation often cannot resolve and the wounds become 

chronic and fibrotic. Currently, there is no gold standard for the treatment of radiation-

induced wounds. In this study, we have shown that radiation-induced wounds treated with 

plasminogen healed faster than placebo-treated wounds, had diminished inflammation and 

granulation tissue formation, and had enhanced re-epithelialization and collagen maturation. 

Transcriptome analysis showed that plasminogen has a pleiotropic effect on gene expression 

during wound healing, influencing the expression of 33 genes out of the 84 genes studied. In 

particular, plasminogen decreased the expression of 11 pro-inflammatory genes early in the 

healing process. Later, plasminogen decreased WNT (Wingless/Integrated) and TGF-β 

signaling, as well as the expression of 5 growth factors and 13 factors involved in granulation 

tissue formation. From the genes downregulated by plasminogen, 19 genes are known to be 

involved in fibrosis. These results show that in radiation-induced wounds with excessive 

inflammation and tissue formation plasminogen is able to direct the healing process to a 

normal outcome without the risk for developing fibrosis. This makes plasminogen an 

attractive drug candidate for treating radiodermatitis in cancer patients. Taken together, our 

results indicate that plasminogen is a pleiotropic inflammatory regulator involved in 

radiation-induced wound formation as well as in wound repair. 
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4 The aims of this thesis  

The aims of this thesis were: 

 

1. To study the role of plasminogen in the healing of acute wounds and to investigate 

whether plasminogen supplementation in plasminogen-deficient mice will correct the 

aberrant wound healing in these mice. 

 

2. To study the mechanism underlying the formation of radiation-induced wounds and 

the role of plasminogen in this process. 

 

3. To study whether plasminogen administration can improve the healing of radiation-

induced wounds. 
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5 Introduction 

5.1 The radiotherapeutic injury  

Radiation therapy is a broadly accepted form of treatment for cancer, and its benefits have 

been documented over the years. Approximately 50% of cancer patients receive some form of 

radiotherapy as a sole treatment or in combination with surgery or chemotherapy; however, at 

least two thirds of patients develop radiation-induced adverse side effects [1]. These so-called 

radiotherapeutic injuries arise through a complex process that takes place in highly 

proliferating and sufficiently oxygenated tissues. As many as 95% of patients receiving 

ionizing radiation during their disease management experience some degree of skin side 

effects. [2]. The tissue response to radiotherapy can be discussed as two partially interacting 

processes. The first process in many cases resembles the healing of traumatic wounds, 

whereas the second process is a group of specific alterations by radiation that affect cellular 

and extracellular components within the irradiated area over the time [3]. 

5.2 Radiation exposure  

High-energy gamma rays and particles such as electron beams or protons are common types 

of radiation used in cancer treatment, and Ra226, Cs137, and Co60 are among the most 

commonly used sources for external irradiation. For many decades, radiation doses were 

given in Rads, which was defined as the energy absorption of 100 erg/gram (erg: a unit of 

energy, equal to 10−7 joules). This unit has now been replaced by the Gray (Gy), which 

corresponds to an energy absorption of 1 J/kg. One Gy is equivalent to 100 Rad [2]. The 

severity of radiation injury is associated with the total radiation dose, the proportion of body 

irradiated, the volume of irradiated tissue, and the time interval between radiotherapy 

sessions. A total body irradiation with a single dose of 100 Gy would cause 100% chance of 

death within hours of the radiation exposure. However, the same dose given in low daily 

doses as fractionated radiotherapy is usually well tolerated by the body [2, 4, 5]. 

 

https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Joule
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5.3 Normal tissue response to radiotherapy  

In radiation therapy, one of the factors that limits the radiation dose is the risk of morbidity 

arising in the normal tissue that is inevitably involved in the radiation treatment. 

Morphological and functional alterations in noncancerous or “normal” tissues as either a 

direct effect of radiation exposure or from the so-called bystander effect as a consequence of 

signals from irradiated cells is called radiation-induced normal tissue injury [1]. 

 

The radiation-induced bystander effect occurs when non-irradiated cells exhibit changes as a 

result of signals received from nearby irradiated cells. The bystander effect on non-irradiated 

cells might include changes in gene expression and cell proliferation as well as increased cell 

death. Radiation injury in normal tissue can occur within the hours to weeks after radiation 

weeks from the completion of radiotherapy (the so-called “acute response”). However, 

radiation injury can also develop several months or even years after the radiation treatment 

(the so-called “late response”). The acute response is usually observed in the skin and oral 

mucosa, while the late response often involves the kidneys, lungs, or CNS. 

 

Pathologically, there have been two hypotheses regarding the cause of radiation-induced 

normal tissue injury. According to the first hypothesis, vascular damage is assumed to be 

responsible for the normal tissue injury. In the second hypothesis, radiation injury is thought 

to result from depletion of parenchymal and/or vascular endothelial cells [6]. Recent 

molecular and cellular studies suggest that radiation-induced normal tissue injury might be 

due to vascular endothelial cell and tissue stem cell death that results in excessive generation 

of ROS (reactive oxygen species) and a subsequent inflammatory response that results in 

tissue damage, fibrosis, and necrosis [6, 7]. 

5.4 Radiation skin injury (radiodermatitis)  

Radiation-induced skin reaction or radiation skin injury, otherwise referred to as 

radiodermatitis, is a major side effect of ionizing radiation delivered locally to the skin during 

radiation treatment or as a consequence of nuclear power accidents. Radiodermatitis of 

various grades can be experienced in up to 95% of cancer patients receiving radiation therapy 

at some point in their disease management [8].  
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The main function of the skin is to act as a physical and immunological barrier against the 

external environment, and normal skin is composed of two major layers. The epidermis is the 

outermost layer of the skin and consists of keratinocytes. Immediately beneath the epidermis 

is the dermis, which contains supporting structures such as blood vessels, glands, hair 

follicles, and nerves. Because the skin is a constantly renewing organ containing rapidly 

proliferating and differentiating cells, it is particularly susceptible to radiation damage [7]. 

Following a dose of radiation, immediate damage to basal keratinocytes and hair follicle stem 

cells occurs, and this results in the disruption of the balance between keratinocyte production 

and destruction at the skin surface [8]. Such skin damage is linked with the formation of free 

radicals, DNA mutations, and inflammation. The role of inflammation in radiation-induced 

skin reactions will be discussed more in the section on the pathophysiology of radiodermatitis. 

Radiation skin injury can be classified as early (acute) and late (chronic). Damage occurring 

in hours to weeks after radiation exposure is classified as acute injuries, whereas late injuries 

appear months to years after exposure to radiation. Acute effects begin with erythema as a 

consequence of vascular dilation in the dermis followed by edema due to increased vascular 

permeability. The skin damage then develops into dry desquamation followed by moist 

desquamation, and in severe cases it develops into ulceration. Migration of melanin to the 

more superficial surface of the epidermis results in changes in pigmentation [7], and hair 

growth is interrupted because hair follicle cells are arrested in the resting phase of their cell 

cycle. However, complete hair loss usually only occurs after a high radiation dose (≥10 Gy). 

Late or chronic radiation-induced skin injury includes delayed ulcers, fibrosis, and 

telangiectasias (small dilated blood vessels) that develop weeks to years after radiation 

exposure [7].  
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Figure 1. Anatomy of the skin. Adopted from 2008 Terese Winslow LLC, Medical and 

Scientific Illustration. 

5.5 Grading of radiodermatitis severity  

Even though there are several assessment tools that have been associated with the spectrum of 

radiodermatitis, there is a lack of a gold standard for clinically rating the severity of 

radiodermatitis [2]. The most broadly used grading systems are the CTCAE (the National 

Institute of Health Common Toxicity Criteria-Adverse Event) and the RTOG (the Radiation 

Therapy Oncology Group toxicity scoring system) [9]. However, several new scoring systems 

have been developed with smaller increments, including the ONS (Oncology Nursing 

Society) and RDS (Radiation Dermatitis Severity). The CTCAE and RTOG scales both 

measure acute radiodermatitis, whereas only the RTOG scale provides grading of both acute 

and late skin changes and toxicity. In addition to the tools mentioned above, there are a 

number of objective measurement techniques that have been developed to ensure the validity 

and reliability of the data measurements, including digital photography, spectrophotometry, 
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and quantitative ultrasound. It is important to note that over the past few years patient-

reported outcomes (PROs) have become popular measurements to obtain an accurate 

assessment of radiation-induced skin reactions. The importance of PRO instruments in 

radiodermatitis has been supported by several studies, but more research is required to 

establish a standardized and accurate scoring system for radiation-induced skin injury [9]. 

5.6 Pathophysiology of radiodermatitis  

5.6.1 Acute effects 

The pathogenesis of radiodermatitis involves both the direct effect of radiation injury and the 

subsequent inflammatory response that leads to altered cellular profiles in the epidermis, 

dermis, and vessels [3]. As was pointed out earlier in the radiation-induced skin injury section 

(section 1.3), histological studies have shown that the immediate and delayed erythema is 

accompanied by swelling of the dermis, dilation of the dermal vessels, swelling of the 

endothelia, and thickening of the vessels walls. Damage to the dermis consequently disrupts 

the repopulation of normal skin cells. Additionally, dermal collagen fibers appear thicker and 

in greater numbers after radiation, and different degrees of skin damage disrupt the immune 

function of the skin resulting in an increased risk of infection [10]. On the molecular level, 

depending on the radiation dose, DNA damage occurs mainly in the proliferating epidermal 

keratinocytes, which then triggers cell death (apoptosis and necrosis), and damage to the 

vessels induces tissue hypoxia and up-regulates TGF-β, an inflammatory cytokine that plays a 

central role in mediating radiation-induced skin injury [11]. Production of ROS due to tissue 

hypoxia can significantly increase the cellular damage and promote the production of 

inflammatory cytokines in the skin [10]. Acute radiodermatitis has been linked to increased 

production of different inflammatory cytokines and chemokines, including IL-1α (interleukin 

-1α), IL-1β, IL-6, IL-8, TNFα (tumor-necrosis factor-α), CCL4 (chemokine (c-c motif) ligand-

4), CXCL10 (chemokine (c-x-c motif) ligand-10), and CCL2 (chemokine (c-c motif) ligand-2) 

[12, 13]. These inflammatory cytokines cause alterations in vessel endothelia, fibroblast 

proliferation, and collagen production in the dermis. Although the cellular mechanism behind 

radiation-induced skin injury is still poorly understood, the pathological effects traced in 

irradiated skin are thought to result from the loss of progenitor cells of the basal and dermal 

layers of the skin as well as from cellular interactions via different types of inflammatory 
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mediators [6]. To date, TGF-β and VEGF (vascular endothelial growth factor) have been 

identified as the key mediators of radiation-induced injury [2, 14]. 

 

5.6.2 Late effects 

Dermal fibroblasts are attributed to the development of chronic dermatitis and radiation-

induced fibrosis, which is probably the most extensively studied response among the late 

effects of radiation [6]. The cytokine TGF-β appears to be a key mediator in this process. 

TGF-β initiates the fibrotic response to radiation via intracellular Smad3. Mechanistically, the 

early phase of fibrogenesis in irradiated skin resembles a wound-healing response and is 

characterized by the immediate up-regulation of pro-inflammatory molecules, including IL-1, 

IL-6, TNFα, and many other growth factors in the irradiated skin. TGF-β stimulates the 

differentiation of fibroblasts into myofibroblasts [15], and in response to TGF-β, 

myofibroblasts rapidly proliferate and produce excess collagen and other ECM (extracellular 

matrix) components [16]. Adipose tissue, which is a rich source of mesenchymal stem cells, 

plays a fundamental role in promoting angiogenesis, inducing the production of several 

inflammatory regulators, and by stimulating the proliferation of keratinocytes, which results 

in re-epithelialization during the wound-healing process [10].  

5.7 Risk factors for radiodermatitis  

The severity of radiodermatitis depends on several risk factors that have been categorized as 

being therapy-related (extrinsic factors), patient-related (intrinsic factors), or both extrinsic 

and intrinsic. Therapy-related factors include irradiation dose, irradiation site, fractionation 

timing, total exposure time, and position of the radiation beam [7, 17]. For instance, the dose 

of radiation at the skin directly corresponds to the severity of skin injury, even though 

radiation sensitivity varies in skin areas from different part of the body. The most radiation-

sensitive skin areas of the body are the face, neck, and chest [17]. In fact, radiodermatitis is a 

common side effect experienced by patients receiving radiation as a treatment of different 

cancers including breast, anal, sarcoma, head and neck cancers [18]. Patient-related risk 

factors include sex, age, obesity, smoking, large breast size, sun exposure, genetic factors and 

any type of pre-existing condition such as diabetes., . Individuals with ataxia telangiectasia, 
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an autosomal recessive disorder that results from a mutation in the ATM gene, have a greater 

susceptibility to severe radiodermatitis [17]. Other disorders that increase the likelihood of 

radiation skin injury include connective tissue disorders (lupus, rheumatoid arthritis, and 

dermatomyositis), chromosomal breakage syndrome (Bloom syndrome), hereditary malignant 

melanoma, and Gardner’s syndrome. Severe radiodermatitis has also been linked to 

Staphylococcus aureus infections [2, 19].  

5.8 Prevention, management, and treatment of radiodermatitis  

Basic management of radiation-induced skin injury begins with general preventive care (self-

care). Self-care includes routine hygiene practices, clean clothing, and a healthy diet 

(avoiding tobacco and alcohol) [20]. To date, several compounds have been tested for their 

ability to mitigate radiodermatitis. Clinical trials have shown that topical application of 

corticosteroids ameliorates the clinical severity of radiation-induced skin injury due to their 

anti-inflammatory effects [10, 20]. Various steroidal and non-steroidal anti-inflammatory 

drugs have also been used to reduce the severity of radiodermatitis [9, 21, 22]. Most of these 

drugs are administrated to block the prostaglandin-synthesizing enzymes found in normal skin 

[6]. Because the TGF-β signaling pathway is thought to be a central determinant of the 

fibrotic response to radiation-induced skin injury, a considerable number of studies have been 

performed to therapeutically target TGF-β and its downstream pathways [23]. However, due 

to the broad side effects of TGF-β inhibitors, they are difficult to use as drugs. On the other 

hand, TNF inhibitors currently used to treat rheumatoid arthritis, psoriasis, and Crohn’s 

disease have recently been shown to significantly reduce the severity of radiodermatitis in 

mice [24]. Moreover, ROS that accumulate after radiation need to be eliminated from cells by 

enzymatic systems including SOD (superoxide dismutase), catalase, and glutathione 

peroxidase [25]. Several studies of radiation-induced skin and lung injuries have shown a 

potential role of synthetic SOD/catalase in mitigating the severity of radiation-induced injury 

[26, 27]. Recently, there have been successful trials in improving wound repair of 

radiodermatitis by stem cell therapy combined with surgical excision [28]. Overall, the goal 

of radiation-induced skin injury management is to control the inflammation, improve wound 

healing, and stabilize the skin barrier [2]. 
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5.9 Wound healing  

Wound healing is an intricate process that involves inflammatory factors and requires 

communication between several types of cells, including resident cells as well as infiltrated 

immune cells. This dynamic process restores damaged tissue layers and can be divided into 

three phases – the inflammatory phase, the proliferative phase, and the tissue remodeling 

phase [29].  
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Figure 2. Three phases of wound healing. (A) Inflammatory phase, (B) tissue formation 

phase, and (C) tissue remodeling phase. Modified from Gurtner et al. [30, 31]. 

 

5.10 Types of wounds  

A wound is characterized by everything from a simple loss of epithelial integrity of the skin to 

even deeper damage into the other tissue structures such as tendons, muscles, vessels, or bone. 

Wounds can be the result of an injury or a disease process and – irrespective of the cause – 

can lead to major disability [32]. The time frame is a crucial factor in wound healing and in 

injury management, thus wounds can be clinically classified into acute and chronic wounds 

based on their time required to heal [33]. An acute wound is an injury to the skin that occurs 

suddenly and heals at a predictable rate according to the normal wound healing process. 

Chronic wounds occur when the acute wounds fail to heal within a normal amount of time, 

which can be due to underlying pathological conditions such as diabetes mellitus or infections 

[34]. Another criterion that is also considered during wound classification is etiology, and 

wounds can be categorized into cuts, stab wounds, shot wounds, and burns [33]. Radiation-

induced wounds are often considered as burn wounds, but they can also be classified as a 

separate group of wounds.  
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5.11 Normal healing of acute wounds  

5.11.1 Inflammatory phase 

Immediately after an injury, platelet aggregation and coagulation occur in the wound [35]. A 

dynamic balance between coagulation and fibrinolysis then regulates hemostasis and defines 

the amount of fibrin deposited at the wound site [36]. The resulting blood clot consists of 

fibrin, platelets, and entrapped erythrocytes, and this clot is not only important for hemostasis, 

but also for providing chemotactic peptides for attracting neutrophils. The clot is also a 

temporary matrix for cell migration in the subsequent inflammatory phase [32]. Activated 

platelets in the fibrin clot release a variety of growth factors and cytokines, including PDGF 

(platelet-derived growth factor), VEGF, and TGF-β [37]. These molecules play a chemotactic 

role by attracting different inflammatory cells to the wound, and this inflammatory cascade 

initiates the infiltration of the wound site by neutrophils to protect the wound from infection. 

This step is important because a bacterial infection in the wound site is one of the factors that 

delay wound healing [38]. Neutrophils also act as a source of pro-inflammatory cytokines that 

activate local fibroblasts and keratinocytes [39]. As the inflammatory phase progresses and all 

of the cell debris and bacteria are removed, neutrophils are removed from the wound site [40]. 

During the latter part of the inflammatory phase, the macrophages, which have a longer life 

span than the neutrophils, appear at the wound site and complete the process of phagocytosis. 

Activated macrophages are also fundamental for the later stage of wound healing by releasing 

potent tissue growth factors, especially TGF-β and VEGF. This initiates the formation of 

granulation tissue and induces various cytokines that are needed in processes such as the 

production of extracellular components [41].  

5.11.2 Proliferative phase 

The proliferative phase, or the so-called tissue formation (granulation) phase, starts about 

three days after an injury and lasts for about two weeks. This phase is characterized by 

fibroblast migration and the replacement of the fibrin-fibronectin network by newly 

synthesized ECM [42]. Fibroblasts that proliferated after the injury start to migrate into the 

wound. This migration requires a specific phenotypic transition called the EMT (epithelial- 

mesenchymal transition). This transition loosens fibroblasts’ attachment to the basement 
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membrane and allows them to move laterally towards the wound [43]. The degradation of the 

ECM by plasmin and MMPs (matrix metalloproteinases) allows migrating epidermal cells to 

clear the way through the dermis to the fibrin clot [44]. Newly proliferated tissue is hypoxic, 

and new vessels are therefore formed in order to provide more oxygen to the tissue [45]. In 

the middle of the proliferation phase, fibroblasts contain thick actin bundles below the plasma 

membrane that mediate wound contraction and approximate the wound edges [46]. With  

subsequent collagen accumulation in the extracellular matrix, the density of the blood vessels 

decreases, and fibroblasts – which are abundant in granulation tissue – are gradually replaced 

by a relatively acellular scar [47].   

5.12 Tissue remodeling phase 

The last phase of wound healing, the remodeling phase, is connected to ECM maturation and 

increased tensile strength of the wound. Synthesis and degradation of ECM components, 

including collagen, occur continuously until they reach a steady state, which often occurs at 

about three weeks after an injury [32, 48]. This equilibrium is tightly regulated by various 

MMPs that are produced by inflammatory cells and other cells in the wound [48]. Wound 

contraction, which is already initiated in the proliferative phase, allows the connective tissue 

to shrink in size and thus bring the wound margins closer together. Even though the final 

result is a highly matured scar, this process is notably slow and the scar is only 80% as strong 

as unwounded tissue even a year after injury [49].  

5.13 Healing of radiation-induced wounds  

As has been discussed earlier in this chapter, proper wound healing occurs in an ordered 

sequence of cellular interactions. Irradiation disrupts the proper process of healing at different 

stages, and irradiation affects wound healing whether given in single or multiple fractions. 

However, it is important to note that during the fractionated radiotherapy, each fraction of 

radiation affects tissue that is already undergoing a dynamic spectrum of cellular damage, 

ongoing repair, and inflammation. Thus, during fractionated radiotherapy many molecular 

responses will be extensively enhanced, suppressed, or changed as compared to a single 

exposure-induced situation [3]. Like all types of traumatic injuries, healing of radiation-

induced wounds involves the activation of the coagulation system. However, in radiation-

induced injuries the vessels are not physically disrupted, and instead radiation-induced ROS 
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trigger the coagulation system by inactivating TM (thrombomodulin) on the endothelial cell 

surface, often leading to the occlusion of smaller vessels [50]. Importantly, some of the pro-

coagulant effects of irradiation might become permanent due to the continuous down-

regulation of TM and plasminogen activator activity [3]. Thus, this process can initiate a 

situation called delayed radiation injury. Subsequently, activation of the coagulation system 

increases the formation of serine proteases that remove fibrinopeptides. However, serine 

proteases not only trigger fibrin formation but also fibrinolysis, and by this regulate different 

aspects of the wound healing process. Radiation-induced apoptosis increases the vessel 

permeability and microvascular thrombosis [51], and inflammatory cells are drawn to the site 

of injury and release proteolytic enzymes and cytokines. Inflammation further exacerbates the 

radiation response by increasing the levels of growth factors and inflammatory cytokines such 

as TFG-β [3]. In the case of physical trauma, the acute inflammatory response is initiated by 

the activation of transcription factors that regulate the synthesis of pro-inflammatory 

cytokines such as IL-1, IL-8, TNF-α, and IFN-γ (interferon-γ) [52, 53]. Accordingly, 

termination of the inflammatory response occurs as a consequence of the short half-life of 

pro-inflammatory cytokines and by the production of anti-inflammatory cytokines such as IL-

4, IL-10, and IL-13 [54]. In situations like radiation injury, the inflammatory response appears 

to not be sufficiently resolved, and this can cause over production of certain inflammatory 

cytokines and can lead to a fibrotic response. However, this phenomenon is totally dependent 

on both the dose and the dose-rate of the radiotherapy [3]. The radiation effect is not only an 

inflammatory effect, but it can also suppress the inflammatory response that normally occurs 

in response to an injury [55]. For instance, a reduction of macrophage activity and 

suppression of early wound matrix formation can be expected [56]. To date, the exact nature 

of delayed healing of radiation-induced injury is poorly understood. However, proposed 

mechanisms include over production of matrix and fibrin deposition, and thus cellular effects 

might lead to delayed healing of radiation-induced injury [3].  

5.14 The plasminogen activator system (PA system)  

The PA system, traditionally called the fibrinolytic system, is a highly regulated enzymatic 

cascade. Plasmin is the central molecule in this system and is formed by the proteolytic 

activation of the proenzyme plasminogen by tPA (tissue-type plasminogen activator) or uPA 

(urokinase-type plasminogen activator) [57]. Plasmin is a serine protease that degrades many 
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of the ECM proteins, including fibrin, gelatin, and fibronectin [58]. The activity of this system 

is regulated at many different levels, including the regulation of PA synthesis by various 

factors such as hormones, growth factors, and cytokines [57, 59]. After secretion into the 

extracellular space, the activity of PAs and plasmin is controlled by specific inhibitors, 

including PAI-1 (PA inhibitor type 1), PAI-2 (PA inhibitor type 2), and 2α-AP (α2-

antiplasmin) [59]. 

5.14.1 Plasminogen/plasmin  

Plasminogen is a single-chain glycoprotein consisting of 791 amino acid and has a molecular 

weight of approximately 92 kDa (kilodaltons). Plasminogen is synthesized by the liver [60] 

and is assumed to be abundant in most extracellular fluids with a mean concentration of 2 

µM. Plasminogen consists of an amino terminal domain that contains five kringle structures 

(K1-K5) [61], and these structures mediate plasminogen binding to fibrin, cell surface 

receptors, and α2-AP [61]. The carboxyl-terminal region of plasminogen contains the protease 

domain [61]. To activate plasminogen, a single peptide bond between Arg561 and Val562 is 

cleaved by tPA or uPA, and this results in an active disulfide-linked two-chain plasmin 

molecule. Plasmin preferentially cleaves peptide bonds after lysine residues [62]. The native 

circulating full-length form of plasminogen is referred to as Glu-plasminogen because it has 

an amino-terminal glutamic acid residue. However, in the presence of plasmin Glu-

plasminogen is cleaved at the Lys77-Lys78 bond, and this shorter form of plasminogen (Lys-

plasminogen) with an amino-terminal lysine residue is superior to the native Glu-plasminogen 

in terms of fibrin binding [63, 64].  

5.14.2 Plasminogen activators  

There are two physiological PAs – tPA and uPA – and even though they catalyze the same 

reaction and are similar in structure, they are immunologically distinct molecules and are 

encoded by different genes [65]. tPA and uPA are expressed in different tissues, and their 

expression is regulated by different types of growth factors and hormones [57]. 

  

The primary form of tPA is a single-chain, multi-domain glycoprotein with an approximate 

molecular weight of 70 kDa [66]. Single-chain tPA can be converted into a disulphide-linked 

two-chain form via cleavage at the Arg275–Ile276 bond by plasmin or kallikrein [67]. The non-
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catalytic amino-terminal domain (the heavy chain) of tPA contains the fibrin-binding finger 

domain, the EGF (epidermal growth factor) domain, and two kringle domains, where the 

second kringle domain has a high binding affinity for lysine [68]. The carboxyl-terminal 

region of tPA (the light chain) contains the serine protease domain. Interestingly, both the 

one-chain and two-chain forms of tPA are active (although two-chain tPA is much more 

active than the single-chain form), which makes tPA unique among serine proteases. Several 

tPA-binding sites on different cell types have been described, but no dedicated tPA receptor 

has yet been found. However, low-density lipoprotein receptor-related protein 1 has been 

suggested to serve as a functional tPA receptor that mediates the signal transduction [69]. tPA 

is mainly produced by endothelial cells, but it is also produced by keratinocytes, melanocytes, 

and neurons [70]. Studies using tPA-deficient mice have shown that tPA is also involved in 

other physiological events such as PDGF signaling and neurovascular coupling in stroke [71].  

 

uPA was initially identified in urine [72] but later also in plasma and lungs and has been 

shown to be produced by keratinocytes and endothelial cells [65]. uPA is synthesized and 

secreted as an inactive single-chain, 53 kDa, multi-domain glycoprotein known as pro-uPA 

[73]. pro-uPA can be converted to the active form of uPA by proteases such as plasmin, 

kallikrein, and coagulation factor XII [74]. Active uPA is a two-chain protein held together by 

a single disulfide bond. The heavy chain (the amino-terminal region) of uPA contains an 

EGF-like domain and a single kringle domain, whereas the light chain (the carboxyl-terminal 

region) contains the serine protease domain [74]. In contrast to tPA, uPA has no lysine 

binding site and thus no fibrin-binding capability. However, uPA has its own specific cell-

surface receptor, denoted as the uPA receptor (uPAR), which is expressed on many cell types. 

Although uPA might not play the main role in vascular fibrinolysis, proteolysis events 

mediated by uPA are important for several physiological and pathological process involving 

tissue remodeling and ECM degradation during embryogenesis, angiogenesis, and tumor 

invasion [65]. uPA-mediated proteolysis on the cell surface promotes cell migration through 

the digestion of basement membrane and ECM components [75]. Moreover, uPA binding to 

uPAR on the cell surface also cleaves a neighboring uPAR molecule, which inactivates the 

ligand-binding ability of uPAR. The cleaved form of uPAR has been shown to be a good 

response marker of cancer treatment [76].  
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5.14.3 Inhibitors of the PA system 

The PA system is carefully regulated by specific inhibitors such as α2-AP, which acts directly 

against plasmin, and PAI-1 and PAI-2, which inhibit PAs. The inhibitors all belong to the 

serine protease inhibitor (serpin) superfamily [77, 78]. The serpins are known as suicide 

inhibitors because they imitate the protease substrate and trap the protease in an inactive 

covalent inhibitor-protease complex [79].  

 

PAI-1 is a 52 kDa single-chain glycoprotein present in plasma and expressed by several body 

tissues as well as by different cell lines [80]. PAI-1 is synthesized and secreted as an active 

molecule, but it spontaneously converts to its latent form, which is then unable to inhibit PAs 

[81]. In circulation as well as in the ECM, PAI-1 is mostly found in a complex with 

vitronectin, which stabilizes PAI-1 in its active form without any interference with PAI-1 

inhibitory activity.[82]. The classical role of PAI-1 is to balance the proteolytic activity of 

PAs during fibrinolysis. However, it has been shown that PAI-1 is involved in cell adhesion 

and migration independently of its inhibitory activity [83].  

 

PAI-2 is a single-chain serpin that consists of 415 amino acids and is present in detectable 

levels in plasma only during pregnancy [84]. PAI-2 was initially identified as a uPA inhibitor 

in the placenta and it exists in two isoforms – a 60 kDa extracellular glycosylated form and an 

intracellular 46 kDa non-glycosylated form [85]. Extracellular PAI-2 I is a potent regulator of 

uPA activity in the blood and ECM during pregnancy, and PAI-2 is known to be a modulator 

of monocyte adhesion, proliferation, and differentiation [86]. It is also involved in cancer 

metastasis and in inflammatory reactions. Although the role of the intracellular form of PAI-2 

remains unclear, several studies have suggested a protective role against apoptosis [84].  

α2-AP, also known as α2PI (α2-plasmin inhibitor), is produced by the liver and is thought to 

be a major physiological inhibitor of plasmin in the circulation. α2-AP can rapidly bind to 

both the lysine binding sites and the active center of plasmin. It thus blocks the interaction 

between fibrin and plasmin and inhibits the enzymatic activity of plasmin. However, when 

plasmin is bound to specific receptors or to fibrin, it is protected against inhibition by α2-AP 

[87].  
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5.14.4 Plasminogen receptors  

Plasminogen binding to the cell surface is mediated by different types of cell surface 

molecules known as plasminogen receptors (plg-Rs). These receptors can be categorized into 

two groups depending on the presence or absence of a carboxyl-terminal lysine. Plasminogen 

receptors such as enolase-1, histone H2B, and plg-RKT belong to the “the lysine present” 

receptors while the others, including integrin αMβ2 and annexin A2, belong to “the lysine 

absent” receptors. All of the receptors facilitate plasminogen activation on the cell surface. 

Cell surface-mediated plasminogen activation plays a profound role in cell migration during 

inflammation [88] and wound healing [89] and in the stimulation of intracellular signaling 

[90]. 

5.14.5 Biological functions of plasminogen/plasmin  

The PA system has been shown to play a crucial role in various physiological and 

pathological events such as fibrinolysis [68, 91, 92], angiogenesis [93], tumor invasion [94], 

inflammation, wound healing [89, 95], and cell signaling [96, 97]. The role of the PA system 

in wound healing is discussed in more detail in section 5.14.6. 

 

Fibrinolysis. In order to maintain vascular potency, it is crucial to clear the vascular system 

of fibrin clots. This process is called vascular fibrinolysis, and the fibrinolytic activity of 

plasmin is thought to be crucial for the degradation of fibrin clots [68]. Although tPA is the 

main molecule responsible for the activation of fibrin-bound plasminogen, studies involving 

tPA-deficient mice have shown that uPA might play a compensatory role in the fibrinolytic 

process [98].  

 

Angiogenesis. The process in which new capillaries are formed from pre-existing vessels is 

called angiogenesis [99], also referred as neovascularization. Angiogenesis is more common 

under pathological conditions such as tumor growth and metastasis [100]. However, wound 

healing and placenta formation [101] are two physiological processes that also involve 

angiogenesis. During angiogenesis, the endothelial cells must degrade basement membranes 

and the interstitial stroma to facilitate migration into new tissue. This degradation process 

involves the PA system and other systems such as MMPs. 
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Tumor invasion and metastasis. Tumor metastasis consists of several interdependent events 

initiated by the detachment of cancer cells from their original niche followed by the migration 

of the cancer cells [102]. Once tumor cells get access to blood and lymphatic vessels through 

invasion of surrounding tissue, they must further invade through the vessel wall into the 

lumen. In order to colonize the new location, tumor cells must attract blood vessels to 

establish the tumor’s own vascular network [103]. The PA and MMP systems are considered 

to provide the proteolytic activity required for the ECM degradation during tumor invasion 

and metastasis [94]. Studies on the PA system have suggested that among the PA system 

components, binding of uPA to uPAR is essential for tumor metastasis [59]. In fact, in many 

types of cancers overexpression of uPAR and the presence of the cleaved forms of uPAR 

indicate a high metastatic potential and predict poor patient prognosis [76].  

 

Inflammation. Acute inflammation is a protective response through which an organism 

removes injured tissues or invaded pathogens. However, inflammation can sometimes become 

chronic and can be involved in pathological processes. Both acute and chronic forms of 

inflammation are amplified and propagated following the recruitment of humoral and 

circulating components of the immune system [104]. The PA system is thought to play a role 

in all steps of the inflammation process, including vasodilation, exudation, release of pain 

mediators, and the clearance of fibrin [105]. The traditional role of the PA system during 

inflammation is its function in ECM degradation. However, the PA system is also thought to 

promote migration of inflammatory cells and to play an important role in signal transduction 

during inflammation both in vitro [96] and in vivo [97].  

5.14.6 The role of plasminogen/plasmin in wound healing  

The importance of plasminogen/plasmin during wound healing has been shown in several 

studies. Proteolytic activity is needed in many wound-healing events, including inflammation, 

provisional matrix removal, formation of granulation tissue, and matrix formation as well as 

migration of different cell types [44, 106-108]. However, there was no definitive proof for the 

involvement of the PA system until 1996, when Romer et al. reported that the healing of skin 

wounds is severely impaired in plasminogen-deficient mice. Further studies revealed that 

when the re-epithelialization of skin wounds in these mice was completed, the underlying 

tissue was still not completely organized even after 60 days [109]. In addition, tPA/uPA 
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double-deficient mice also have notably delayed skin wound healing [110]. In contrast, 

wound healing in mice that lack PAI-1 is accelerated [108]. More recent studies suggest that 

the role of plasminogen/plasmin extends beyond the degradation of the ECM, and in vitro 

studies have indicated several signaling roles for plasmin that involve cell activation and the 

expression of many inflammatory mediators [111]. Additionally, in vivo evidence suggests 

that supplementation of plasminogen to mice induces a pronounced pro-inflammatory effect 

and accelerates skin wound healing [97]. Shen et al. have shown that plasminogen 

accumulates specifically in the wound and potentiates the early inflammatory response and 

accelerates skin wound healing and that plasminogen binds to inflammatory cells and is 

actively transported to the wounded area where the plasminogen level rapidly increases [97]. 

Furthermore, we have shown that plasminogen is not only involved in the initiation of 

inflammation during wound healing, but also in the resolution of the healing process by 

clearing the fibrin deposits and terminating inflammation after re-epithelialization of the 

wound (Paper I). These studies indicate that plasminogen plays a more central role as a 

regulatory molecule in wound healing than previously appreciated.  

5.14.7 The role of the PA system in radiation-induced tissue damage  

Although a role for the PA system in radiation-induced injury has been previously 

demonstrated, there were no studies indicating a role for plasminogen in radiation-induced 

tissue damage prior to the studies performed for this thesis. Studies of gene expression in 

irradiated cultured cells have shown that tPA is induced in fibroblasts of human and murine 

origin, including both normal and transformed cells [112], glial cells [113], endothelial cells 

[114], brain stem cells [115], and lung cells [116, 117]. The tPA protein is also induced in 

different types of cells following radiation exposure, and both tPA and PAI-1 are induced in 

irradiated mammary glands [117]. In addition, genetic deficiency of PAI-1 was shown to be 

associated with decreased levels of radiation-induced intestinal injury [118], and 

supplementation with a PAI-1 inhibitor was shown to decrease the radiation-induced levels of 

connective tissue growth factor, collagen I α2 chain, and TGF-β [119]. PAR-1 (Protease-

activator receptor 1), a most important member of the proteases have been shown to be the 

most common mechanism of TGF-β activation in vivo. Activation of latent TGF-β is 

mediated by tPA, uPA, and plasminogen, and it is negatively regulated by TGF-β-induced 
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PAI-1 [120]. TGF-β regulates the expression of several molecules that are known to 

contribute to acute and late radiation tissue damage, including PAI-1 [118] and PAR-1 [121].  

 

Our studies show that local irradiation of the skin in WT mice induces plasminogen 

accumulation, which is followed by the development of inflammation and subsequent skin 

damage (Paper II). Interestingly, mice deficient in plasminogen and mice lacking both PAs 

are largely resistant to radiation-induced injury and do not develop radiodermatitis. Moreover, 

treatment with an inhibitor of plasminogen activation, TXA, significantly delays the onset and 

decreases the severity of radiodermatitis in WT mice and completely prevents radiodermatitis 

in plasminogen-heterozygous mice (Paper II). Our study also linked plasminogen activation 

to TGF-β expression in vivo, suggesting that inhibition of plasminogen can be used to 

suppress TGF-β activation for the prevention of radiodermatitis (Paper II). Furthermore, we 

have shown that plasminogen is a pleiotropic regulatory molecule that is not only involved in 

the initiation of inflammation in radiation-induced injury, but also in the completion of the 

healing process in the later phase of wound healing (Paper III).  

 

 

6 Summary of the present studies 

This chapter summarizes the three papers (Paper I–III) included in this thesis.  

6.1 Plasminogen is a critical regulator of cutaneous wound healing (Paper 

I) 

Wounds have different healing patterns depending on what type of tissue is wounded and the 

type of wound. The two most common types of skin wounds are incisions and burns. Incision 

wounds are not only the result of involuntary cuts, but also the result of most types of surgery.  

Burn wounds are caused by thermal injuries, and these often lead to cauterization of the most 

superficial blood vessels and necrosis of the top layer of the skin. Incision wounds cause 

bleeding and the formation of a fibrin-rich hemostatic clot. However, hemostasis does not 

occur following burn wounds.  
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Previous studies by our group have shown that the healing of tympanic membrane 

perforations is delayed in uPA-deficient mice and is completely arrested in plasminogen-

deficient mice, indicating that the role of the PA system in the wound healing process is more 

critical than previously appreciated. In subsequent dermal wound healing studies, we have 

shown that plasminogen is a key regulatory molecule that accumulates in the wounded area 

during the first day of wound healing and activates signal transduction and potentiates the 

early inflammatory response [31]. 

 

In Paper I, we used incision and burn wound models in plasminogen-deficient and WT mice 

to study the role of plasminogen in cutaneous wound healing. Our data reveal that wounds in 

plasminogen-deficient mice, although apparently closed after a delayed healing process, 

exhibit sustained inflammation even at two months after wounding. This persistent 

inflammation might explain why the proliferation and remodeling phases are disrupted in 

these mice.  

 

Taken together, our data indicate that plasminogen is not only essential for the initiation of the 

inflammatory phase during wound healing, but also for self-limitation of inflammation and 

for the subsequent proliferation and remodeling phases. Importantly, local and intravenous 

injections of human plasminogen into wounds in plasminogen-deficient mice activates wound 

debridement, which leads to the termination of inflammation and the reconstitution of the 

entire healing process. These results, together with our previous findings that plasminogen 

enhances healing in WT and diabetic mice, strongly suggest that plasminogen is a potential 

drug candidate for treating non-healing chronic wounds. 

 

6.2 Plasminogen activation is required for the development of radiation-

induced dermatitis (Paper II) 

Around 50% of cancer patients undergo radiotherapy as part of their treatment. Unfortunately, 

as many as 95% of these patients suffer from some sort of radiation-induced side effect. The 

earliest visible skin reaction after radiation exposure is erythema, which can later develop into 

desquamation and even into ulcers. Radiodermatitis can be very painful and can significantly 

impair the patient’s quality of life. Although the molecular mechanisms causing radiation-
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induced dermatitis are still not well understood, DNA strand breaks and ROS induced by 

irradiation are considered to be the initial triggers for radiation-induced tissue damage. 

 

The PA system has been shown to play an essential role in fibrinolysis and in the remodeling 

of the ECM, and our previous studies have shown that plasminogen is a pro-inflammatory 

regulator that accumulates in wounds and accelerates wound healing. We have also shown 

that plasminogen plays an important role in processes that involve excessive inflammation, 

such as sepsis. 

 

In Paper II, we tested the hypothesis that plasminogen is involved in the development of 

radiodermatitis. Dorsal skin of WT, plasminogen-heterozygous, and plasminogen-deficient 

mice was exposed to a single γ-radiation dose of 15 Gy. We found that at approximately 10 

days after irradiation all WT mice developed erythema and then desquamation that developed 

into ulcers between days 14 and 20. The plasminogen-heterozygous mice, which have half the 

normal plasminogen level, developed erythema around day 10, which healed by day 20. In 

contrast, 79% of the plasminogen-deficient mice showed no sign of radiodermatitis at any 

time point after irradiation.  

We found that the development of radiodermatitis in mice is initiated by the accumulation of 

plasminogen in the irradiated skin where it is activated to plasmin. We also showed that 

plasmin plays a critical role in recruiting neutrophils and macrophages and inducing the 

expression and activation of TGF-β and various inflammatory factors that are known to cause 

injury in healthy tissues.  

 

Additionally, we found that the inhibition of plasminogen activation in mice by TXA 

treatment significantly decreases the severity of radiodermatitis in WT mice and prevents 

radiodermatitis in plasminogen-heterozygous mice.  

 

In conclusion, these results show that the expression of TGF-β and subsequent inflammatory 

molecules are not induced by irradiation in the absence of plasmin. This suggests that the 

inhibition of plasminogen/plasmin might be a novel strategy to prevent radiodermatitis in 

cancer therapy.  
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6.3 Plasminogen accelerates the healing of radiation-induced dermatitis 

(Paper III) 

Wound healing is a dynamic biological process in response to tissue injury that restores 

damaged cellular structures and tissue layers. The normal healing process consists of three 

partially overlapping phases – inflammation, tissue formation, and tissue remodeling. This 

process is orchestrated by a large number of signaling molecules including cytokines, 

chemokines, and growth factors. The activation of the coagulation system is the first response 

to any type of traumatic injury. Vessels are not physically disrupted in radiation-induced 

wounds, but vessel permeability is increased, resulting in the leakage of blood plasma into 

tissues and activation of the coagulation system.  

 

Fractionated radiation treatment disrupts the normal process of wound healing at different 

stages. In radiation-induced wounds, the tissue levels of various cytokines, chemokines, and 

growth factors involved in normal wound healing during the inflammatory phase, including 

IL-1-β, IL-6, VEGF, TGF-β, TNF-α, and IFN-γ, are disturbed. Additionally, the generation 

of ROS leads to endothelial damage and impairs the formation of granulation tissue, re-

epithelialization, and neovascularization that characterize the proliferative phase during 

normal wound healing. Moreover, fibroblasts, which play an important role in collagen 

deposition during the remodeling phase of wound healing, produce a highly disorganized 

ECM leading to reduced wound strength. In addition, depending on the dose and 

fractionation of radiation, angiogenesis and fibrogenesis are inhibited by irradiation. During 

radiation therapy protocols in which inflammation is not completely resolved before the next 

radiotherapy dose, the overactivation of cytokine pathways might result in a cumulative 

response and to fibrosis. 

 

Generally, during the wound healing process, PAs are produced by different types of cells 

such as keratinocytes, fibroblasts, and macrophages. Studies in plasminogen-deficient mice 

have shown impaired wound healing, and keratinocyte migration has been reported to be 

delayed, which indicates the importance of plasmin during the wound healing process. To 

date, several functions have been proposed for the role of plasmin in wound healing, 

including dissolving the fibrin clot, degrading the ECM, activating growth factors, and 

promoting angiogenesis. Furthermore, in our recent studies we have shown that plasminogen 
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plays a regulatory role in the initiation of the inflammatory phase during wound healing in 

WT mice, diabetic mice, and plasminogen-deficient mice. 

 

In Paper III, we investigated the role of plasminogen in the healing of radiation-induced 

wounds. Our results showed that radiation wounds treated with plasminogen heal faster than 

placebo-treated wounds, have diminished inflammation and granulation tissue formation, and 

have enhanced re-epithelialization and collagen maturation. Transcriptome analysis at 

different time points of plasminogen treatment showed that plasminogen has a pleiotropic 

effect on gene expression during wound healing, influencing the expression of 34 genes out of 

the 84 genes studied. In particular, plasminogen decreased the expression of 11 pro-

inflammatory genes at an early stage of the healing process. Later, plasminogen decreased 

WNT and TGF-beta signaling and the expression of 5 growth factors and 13 proteins involved 

in the formation and remodeling of granulation tissue. Interestingly, of the 32 factors 

downregulated by plasminogen, 20 of them are known to be involved in the development of 

fibrosis. 

 

These results show that plasminogen is a major regulator of wound healing that impacts both 

the inflammatory and tissue formation phases. Importantly, in radiation-induced wounds with 

excessive inflammation and tissue formation, plasminogen is able to direct the healing 

process towards a physiological state of healing without the risk of developing fibrosis. This 

makes plasminogen an attractive new drug candidate to treating radiodermatitis in cancer 

patients.  
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7 Conclusions 

Plasminogen is essential for the maturation of skin wound healing by clearing fibrin deposits 

and resolving inflammation. 

 
Plasminogen plays a critical role as a key pro-inflammatory regulator in the formation of 

radiodermatitis. 

 

In addition to its role in the development of radiodermatitis, plasminogen plays a pivotal role 

in the healing of radiation-induced wounds.  

 

The administration of a plasminogen activation inhibitor (TXA) is a novel strategy to prevent 

or reduce the development of radiodermatitis in cancer patients undergoing radiotherapy.   
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