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ABSTRACT 
 
The plasminogen activator (PA) system has been shown to be intimately involved in 

wound healing. However, the role of this system in the initiation and resolution of 

inflammation during healing process remained to be determined. The aims of this thesis 

were to investigate the molecular mechanism underlying the interaction between the PA 

system and the inflammatory system during wound healing and to explore the therapeutic 

potential of plasminogen in various wound-healing models.  

 

The role of plasminogen in the inflammatory phase of the healing process of acute and 

diabetic wounds was studied first. Our data showed that administration of additional 

plasminogen to wild-type mice accelerates the healing of acute wounds. After injury, 

both endogenous and exogenous plasminogen are bound to inflammatory cells and are 

transported to the wound site, which leads to activation of inflammatory cells. In diabetic 

db/db mice, wound-specific accumulation of plasminogen does not take place and the 

inflammatory response is impaired. However, when additional plasminogen is injected, 

plasminogen accumulates in the wound, the inflammatory response is enhanced, the 

signal transduction cascade is activated and the healing rate is significantly increased. 

These results indicate that administration of plasminogen may be a novel therapeutic 

strategy to treat different types of wounds, especially chronic wounds in diabetes. 

 

The role of plasminogen at the later stage of wound healing was also studied in 

plasminogen-deficient mice. Our data showed that even if re-epithelialization is achieved 

in these mice, a prolonged inflammatory phase with abundant neutrophil accumulation 

and persistent fibrin deposition is observed at the wound site. These results indicate that 

plasminogen is also essential for the later phases of wound healing by clearing fibrin and 

resolving inflammation. 

 

The functional role of two physiological PAs during wound healing was further studied 

in a tympanic membrane (TM) wound-healing model. Our data showed that the healing 

process was clearly delayed in urokinase-type PA (uPA)-deficient mice but not in tissue-
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type PA (tPA)-deficient mice. Less pronounced keratinocyte migration, abundant 

neutrophil accumulation and persistent fibrin deposition were observed in uPA-deficient 

mice. These results indicate that uPA plays a central role in the generation of plasmin 

during the healing of TM perforations.  

 

Finally the therapeutic potential of plasminogen in the TM wound-healing model was 

studied. Our data showed that local injection of plasminogen restores the ability to heal 

TM perforations in plasminogen-deficient mice in a dose-dependent manner. 

Plasminogen supplementation also potentiates healing of acute TM perforations in wild-

type mice, independent of the administration method used. A single local injection of 

plasminogen in plasminogen-deficient mice can initiate healing of chronic TM 

perforations resulting in a closed TM with a continuous but rather thick outer 

keratinocyte layer. Three plasminogen injections lead to a completely healed TM with a 

thin keratinizing squamous epithelium covering a connective tissue layer that can start to 

reorganize and further mature to its normal appearance. In conclusion, our results suggest 

that plasminogen is a promising drug candidate for the treatment of chronic TM 

perforations in humans.   

 

Taken together, our data indicate that plasminogen is a novel inflammatory regulator that 

promotes wound healing.  
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INTRODUCTION 

 

The plasminogen activator (PA) system is a highly regulated and versatile proteolytic 

cascade. Plasminogen, the key component of this system, is a proenzyme that is activated 

by one of the two PAs, tissue-type PA (tPA) or urokinase-type PA (uPA), to produce the 

broad-spectrum serine protease plasmin. Activation of the PA system is initiated by 

specific cells that release PAs in response to external signals, resulting in local 

extracellular proteolytic activity 1, 2. The PA system is also regulated by specific 

inhibitors such as PA inhibitor type 1 (PAI-1) and PA inhibitor type 2 (PAI-2), which 

directly target PAs. Additionally, α2-antiplasmin (α2-AP) and α2-macroglobulin are 

directed against plasmin 1, 3.  

 

Wound healing is an intricate biological process that occurs frequently in humans. During 

this process, multiple biological pathways must be activated and synchronized. The PA 

system is intimately involved in this process and plays important roles in many critical 

steps during the healing process, including the degradation of fibrin and extracellular 

matrix (ECM) proteins 4, inflammation initiation 5, regulation of keratinocyte and 

inflammatory cell migration and activation 6, angiogenesis 7 and collagen remodeling 8. 

 

THE AIMS OF THIS THESIS were to investigate the molecular mechanism 

underlying the interaction between the PA system and the inflammatory system during 

wound healing and to explore the therapeutic potential of plasminogen in various wound-

healing models. The studies included in this thesis demonstrate that plasminogen, in 

addition to its role in ECM remodeling and degradation, also plays a pivotal role in 

regulating inflammation. These studies also suggest that plasminogen treatment may be a 

novel therapeutic strategy to treat different types of wounds, including chronic wounds in 

diabetes and tympanic membrane (TM) perforations. 
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1. The Plasminogen Activator System 

The PA system is a delicately controlled proteolytic system. Plasmin is the central 

molecule in this system and is formed by the proteolytic activation of the proenzyme 

plasminogen by tPA or uPA 1. Plasmin is a potent serine protease that degrades fibrin and 

a large group of ECM components, including gelatin, fibrinonectin, laminin and 

proteoglycans 9. Plasmin also activates precursors of matrix metalloproteinases (MMPs).  

 

The activity of this system is regulated at many levels, including the regulation of PA 

synthesis by various factors such as hormones, growth factors and cytokines 1, 10. After 

secretion into the extracellular space, PA and plasmin activity are controlled by specific 

inhibitors of PA and plasmin. A simplified diagram of the PA system and its regulation is 

depicted in Figure 1.  

 
Figure 1. Schematic representation of the PA system and its regulation. The synthesis 

of tPA and uPA by specific cells is regulated by hormones, growth factors, and 

cytokines. In the extracellular space, the activities of PA and plasmin are controlled 

by specific inhibitors, including PAI-1, PAI-2 and α2-AP. The binding of PAs and 
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plasmin to cellular binding sites (R) results in localized proteolytic activity on the cell 

surface. 

 

1.1. Plasminogen/plasmin 

Plasminogen is a 791-amino acid single-chain glycoprotein with a molecular weight of 

approximately 92 kilodaltons (kDa) that is primarily synthesized in the liver 11. The 

concentration of plasminogen in plasma and in body fluids is approximately 2 µM (200 

µg/ml), and it has an approximate half-life of 2.2 days 12. The carboxyl-terminal region of 

plasminogen contains the protease domain and the amino-terminal region contains five 

tandem structures known as kringle domains (K1-K5), which mediate plasminogen 

binding to fibrin and the cell surface 13. Plasminogen has two different molecular forms, 

Glu-plasminogen and Lys-plasminogen. Glu-plasminogen is the native, uncleaved form 

with an amino-terminal glutamine residue. After cleavage of the Lys77-Lys78 bond, Lys-

plasminogen is formed. This form has an amino-terminal lysine residue and is 77-aa 

shorter than Glu-plasminogen. Lys-plasminogen has a higher binding affinity for fibrin 

compared to Glu-plasminogen, but it has a shorter half-life (0.8 days) compared to 2.2 

days for Glu-plasminogen 12, 14. Enzymatically inactive plasminogen is converted to an 

active protease after cleavage of the Arg561-Val562 bond by tPA and uPA, yielding a two-

chain, disulfide-linked molecule known as plasmin 15.  

 

1.2. Plasminogen activators 

There are two primary physiological PAs of plasminogen, termed tPA and uPA, which 

are immunologically distinct molecules encoded by different genes 16. Although these 

PAs have highly similar structures, the homology between tPA and uPA at the amino 

acid level is only approximately 40%. Expression of these PAs has been detected in 

different tissues, and they are regulated by different types of hormones and growth 

factors 1. Moreover, tPA and uPA have different biological roles. In general, tPA is 

thought to be responsible for activating plasminogen during vascular fibrinolysis, and 

uPA is involved in activating cell-associated plasminogen during cell migration 17. 
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However, functional studies in PA-deficient mice have suggested that tPA and uPA may 

have partially overlapping physiological functions 18, and these PAs are also involved in 

other physiological processes 19. 

 

1.2.1. Tissue-type plasminogen activator 

tPA is secreted as a single-chain multi-domain glycoprotein with an approximate 

molecular weight of 70 kDa 20, 21. Single-chain tPA is cleaved at the Arg275 – Ile276 bond 

by plasmin or kallikrein, creating a two-chain molecule held together through a single 

disulfide bond 22. The amino-terminal heavy chain of tPA contains a fibrin binding finger 

domain and two kringle domains with lysine binding sites that also bind to fibrin. The 

carboxyl-terminal light chain contains the catalytic serine protease domain. Both the 

single-chain and the two-chain forms of tPA are active, but the two-chain form has 

relatively higher proteolytic activity 23. Although no dedicated tPA receptor has yet been 

indentified, the Low-Density Lipoprotein (LDL) receptor-related protein 1 has been 

suggested to serve as the tPA functional receptor and mediates its signal transduction 24. 

tPA is primarily synthesized by endothelial cells 25. Binding of tPA to fibrin largely 

enhances its plasminogen activation rate, which enable tPA to play a key role during 

vascular fibrinoloysis 23. Studies using tPA-deficient mice demonstrate that tPA is also 

involved in other biological processes, including PDGF signaling and neurovascular 

coupling in stroke 26.  

 

1.2.2. Urokinase-type plasminogen activator and its receptor 

uPA is secreted as an inactive 411-amino acid single-chain glycoprotein with a molecular 

weight of 53 kDa known as pro-uPA 27. Activation of pro-uPA is achieved through 

proteolytic cleavage of the Lys158-Ile159 bond by plasmin and other proteases such as 

kallikrein 10, 28. Active uPA is a two-chain protein held together by a single disulfide bond. 

The heavy chain of uPA contains an epidermal growth factor-like domain and a kringle 

domain. The light chain contains the serine protease domain 28. In contrast to tPA, uPA 

has no lysine binding site and fibrin-binding capability. However, uPA has its own 
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specific cell-surface three-domain receptor, termed the uPA receptor (uPAR) 29. uPAR 

enables uPA-mediated proteolysis on the cell surface, which promotes cell migration via 

the digestion of basement membrane and extracellular matrix components 30. The uPA-

uPAR interaction is crucial for the suppression of fibrin-associated inflammation 31. The 

uPA-uPAR interaction leads to extracellular proteolytic activity and also initiates 

intracellular signaling, which affects cellular migration, adhesion, differentiation and 

proliferation 32.  uPA bound to uPAR on the cell surface also cleaves a neighboring uPAR 

molecule, which liberates one domain of the neighboring uPAR molecule, and the other 

two domains remain on the cell surface. This cleavage inactivates the ligand-binding 

potential of uPAR 33, and the cleaved uPAR forms have been shown to be sensitive 

prognostic markers of cancer and good response markers of cancer treatment (reviewed 

in 34).  

 

1.3. Inhibitors of the plasminogen activator system 

The PA system is delicately regulated by specific inhibitors directed against PAs and 

plasmin. These inhibitors, including PAI-1, PAI-2, PN-1 and α2-AP, all belong to the 

serine protease inhibitor (serpin) family 35, 36. All serpins have similar structures and act 

as suicide inhibitors, where they mimic the protease substrate. After cleavage of the 

serpin inhibitors, the proteases become trapped in an inactive inhibitor-protease complex 
37, 38.  

 

PAI-1 is a 52-kDa single-chain glycoprotein, which is synthesized by many tissues and 

cells and is present in plasma 39, 40. PAI-1 is secreted in an active form capable of rapidly 

inhibiting single-chain tPA, two-chain tPA, and two-chain uPA 41. However, PAI-1 

converts to its latent form within two hours in vitro, and is then unable to inhibit the PAs 
42. In the circulation and in the ECM, PAI-1 is usually found in a complex with 

vitronectin. Vitronectin stabilizes the active conformation of PAI-1 but does not interfere 

with the inhibition of PAs 43, 44. Studies in gene-deficient mice further validate the 

functional roles of PAI-1 in many physiological and pathological processes, including 

fibrinolysis and wound healing (reviewed in 45). 
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PAI-2 is a single-chain serpin that is produced by many cells such as 

monocytes/macrophages, keratinocytes, and epithelial cells 46, 47. PAI-2 has two isoforms, 

a 60-kDa extracellular glycosylated form and a 47-kDa intracellular non-glycosylated 

form 48. Extracellular PAI-2 is recognized to be a potent inhibitor of uPA and partially 

inhibits two-chain tPA 46. The role of intracellular PAI-2 remains unknown, although 

several studies indicate that it may play a role in protecting cells from apoptosis 49, 50 or in 

mediating the inflammatory response of macrophages 51. 

 

Protease nexin-1 (PN-1) is a 45-kDa glycoprotein produced by several tissues and cell 

types 52, 53. PN-1 rapidly inhibits a broad spectrum of proteases, including uPA, tPA (low 

inhibitory rate), plasmin, thrombin, and trypsin 54. The PN-1-protease complex is able to 

bind to cell surface heparins and LDL receptor-related protein. After internalization, the 

complex is degraded in lysosomes 55, 56. PN-1 also plays an important role in male 

fertility. PN-1-deficient male mice have dysfunctional semen, which makes these mice 

less fertile than wild-type mice 57. 

 

α2-AP is a 70-kDa glycoprotein produced by the liver, and it is considered to be the 

major physiological inhibitor of plasmin in the circulation 58. α2-AP rapidly binds to both 

lysine binding sites and the active center of plasmin. Consequently,  α2-AP blocks the 

interaction between fibrin and plasmin, and inhibits the enzymatic activity of plasmin 59. 

Fibrin-bound or cell-bound plasmin is protected from α2-AP inhibition. This protection 

occurs because the binding of plasmin to fibrin or the cell surface requires the same 

lysine binding sites as the sites involved in the binding of α2-AP 58, 60. This mechanism 

restricts plasmin activity either to the cell surface or to fibrin, and a lack of α2-AP 

increases platelet microaggregation, resulting in thrombus formation 61. 

                                                              

In addition to α2-AP, α2-macroglobulin is another potent inhibitor of plasmin. α2-

macroglobulin contains a bait region that acts as a substrate for the protease, and when 

the protease cuts the bait peptide, α2-macroglobulin forms a complex with the protease 

and blocks its access to the substrate 3, 62. However, the large size of this inhibitor (725 
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kDa) limits its ability to penetrate tissues, which therefore restricts its accessibility to the 

target proteases. The inhibitory rate of α2-macroglobulin and plasmin is relatively slow.  

 

1.4. Plasminogen receptors 

The binding of plasminogen to the cell surface is mediated by a diverse array of cell 

surface molecules, collectively known as the plasminogen receptor (Plg-R). Depending 

on the presence or absence of the carboxyl-terminal lysine, Plg-Rs are generally 

categorized into two groups. The most studied Plg-Rs, such as Enolase-1, Histone H2B 

and Plg-RTK, belong to “the carboxyl-terminal lysine present group”. The others, such as 

integrin αMβ2 and Annexin A2, belong to “the carboxyl-terminal lysine absent group”.  

 

The localization of plasminogen on the cell surface promotes plasminogen activation and 

is crucial for many physiological and pathological processes, including recruitment of 

inflammatory cells 63, tissue remodeling 64, wound healing 65, and tumor cell invasion 66. 

In addition, cell-associated plasmin is protected from inactivation 67, 68. Recently, 

additional studies have revealed that cell surface-bound plasmin also participates in 

processes that are most likely independent of matrix degradation such as the stimulation 

of intracellular signaling 69, 70 (Paper I).  

 

1.4.1. The carboxyl-terminal lysine present Plg-R group 

 

Enolase-1, also known as α-Enolase, was first identified as a Plg-R present on 

monocytoid cells 71 but it was also later detected on other cell types 72. This protein plays 

a crucial role in macrophage recruitment during lipopolysaccharide (LPS)-induced lung 

inflammation in mice, and its expression on the cell surface correlates with an 

accumulation of inflammatory cells in the lungs of patients with pneumonia 73. 

 

Histone H2B is one of the five primary histone proteins involved in the structure of 

eukaryotic chromatin. Histone H2B is also found on the surface of leukocytes and acts as 
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a Plg-R 74. Antibodies against Histone H2B block macrophage recruitment in 

thioglycollate-induced peritonitis 75. 

 

Plg-RTK is the only identified integral Plg-R with a C-terminal lysine. This protein is 

expressed in the membrane of many cells such as catecholaminergic cells 76, peripheral 

blood monocytes, human monocytoids, lymphocytes and granulocytes. Plg-RKT is not 

expressed in red blood cells 77. This novel receptor has two transmembrane domains, 

which are connected by a short cytoplasmic loop, and both its N-terminal and C-terminal 

regions are positioned on the exterior of the cell. Plg-RKT colocalizes with uPAR on the 

cell surface and directly binds to tPA 78, 79. Treatment with anti-Plg-RKT monoclonal 

antibody not only suppresses cell surface plasminogen activation but also inhibits 

monocyte/macrophage migration, invasion and recruitment during the inflammatory 

response both in vitro and in vivo 77. 

 

1.4.2. The carboxyl-terminal lysine absent Plg-R group 

 

Integrin αMβ2 is a member of the β2 integrin subfamily, and it is highly expressed on 

leukocytes. Although integrin αMβ2 does not contain a carboxyl-terminal lysine, certain 

internal basic amino acids mimic lysine and interact with lysine binding sites on 

plasminogen 80. In addition to plasminogen, integrin αMβ2 also directly interacts with uPA 

and forms a complex with uPAR on the surface of neutrophils 80, 81. Studies have shown 

that integrin αMβ2 is capable of directly transmitting “outside-in” signals upon ligand 

engagement, and the engagement of integrin αMβ2 with plasminogen triggers the 

activation of ERK1/2 and Akt in neutrophils 82.  

 

Annexin A2 is another Plg-R that does not contain a carboxyl-terminal lysine. Annexin 

A2 is found on the surface of various cell types, including endothelial, lymphoma, 

leukemic and macrophage-derived cell lines 83. Annexin A2 binds to plasminogen and 

tPA, and after being cleaved by plasmin-like serine proteases, Annexin A2 exposes a new 

carboxyl-terminal lysine residue to which plasminogen binds. Binding of plasminogen to 

Annexin A2 enhances the efficient activation of plasminogen 84. Other studies suggest 
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that Annexin A2 only binds plasminogen when it is associated with its binding partner, 

p11 (also known as S100A10), which contains a lysine at its natural carboxyl-terminal 85. 

The Annexin A2-p11 heterotetramer is also involved in plasmin-induced signaling in 

human monocytes 86. 

 

1.5. Biological functions of the plasminogen activator system 

The PA system plays important roles in many physiological and pathological processes 

such as fibrinolysis, angiogenesis, tumor invasion and metastasis, ovulation, 

inflammation and wound healing. The role of the PA system in wound healing will be 

described in more detail in Chapter 2. 

  

Vascular fibrinolysis. To maintain vascular potency it is necessary to clear fibrin clots 

from the vascular system. This process is called vascular fibrinolysis and is thought to be 

executed by plasmin generated by PAs. Although tPA and uPA are present in the plasma 

at similar concentrations, tPA is thought to be the functionally important PA in vascular 

fibrinolysis 87. This finding is supported by the fact that endothelial cells produce tPA and 

that tPA binds to fibrin and largely enhances plasminogen activation in the presence of 

fibrin 87. However, the role of uPA in vascular fibrinolysis is less clear. Although uPA 

lacks affinity for fibrin, studies involving tPA-deficient mice suggest that uPA may have 

a compensatory role in the fibrinolytic process because tPA/uPA double-deficient mice 

show more compromised thrombolysis in the vascular system than tPA-deficient mice 18. 

PAI-1 is believed to be the major PA inhibitor in the vascular system 88. Patients with 

elevated PAI-1 plasma levels have an increased risk of developing deep venous 

thrombosis 89, whereas patients with reduced or absent plasma PAI-1 suffer from 

bleeding problems 90. 

 

Angiogenesis. The process of forming new capillaries from pre-existing vessels is known 

as angiogenesis 91, 92. Angiogenesis occurs frequently during embryonic development but 

is quite rare in adults. In healthy adults, angiogenesis primarily takes place during wound 

healing and the menstrual cycle 93 and is also essential for tumor growth and metastasis 94. 
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Tumors must be vascularized to obtain nutrients required for growth. Tumors must also 

gain access to the blood and lymph streams, through which cancer cells can travel to 

other parts of the body 94. Several studies have indicated that plasminogen and PAs are 

important for angiogenesis 7, 95-97; however, a more precise role for the PA system in 

tumor development still remains elusive. Depending on the tumor model system, the 

same molecule may play a stimulatory or inhibitory role. For example, mice deficient in 

PAI-1 have reduced vascularization in implanted tumors 98; however, when wild-type 

mice are implanted with Matrigel, angiogenesis into the gel is stimulated by small doses 

of PAI-1 but is inhibited by high doses 99.  

 

Tumor invasion and metastasis. Tumor metastasis includes several interdependent 

processes. First, tumor cells must detach from their original locations and gain access to 

blood and lymphatic vessels through cell migration and invasion of surrounding tissue. 

When contact with a blood or lymphatic vessel is established, tumor cells must further 

invade through the vessel wall into the lumen. Once the cell has found a suitable 

destination, it must escape from the vessel through the endothelium and invade the 

surrounding tissue. To colonize at the new location, tumor cells must attract blood vessels 

to establish the tumor’s own vascular network to obtain oxygen and nutrients 100. Several 

studies have suggested that the PA system provides the required proteolytic activity for 

these processes 101, 102. Among the components of the PA system, uPA and uPAR have 

been suggested to play roles in tumor formation and metastasis, and high levels of uPA 

and uPAR in many types of cancers predict poor patient prognosis (reviewed in 10). In 

particular, cleaved forms of uPAR have been shown to be sensitive prognostic markers 

(reviewed in 34); therefore, inhibition of uPA and/or uPAR in cancer therapy has been 

suggested to have therapeutic potential (reviewed in 34, 103). 

  

Reproduction. Several biological steps are required for successful reproduction, 

including ovulation, fertilization, implantation and embryogenesis, and the PA system 

participates in many of these steps. Animal studies and clinical manifestations of patients 

have shown that plasminogen deficiency or hypoplasminogenemia causes compromised 

fertility in female subjects 104, 105. Plasminogen-deficient female mice produce a 
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maximum of one normal-sized litter and then became infertile. However, further studies 

have shown that there is only a small reduction in ovulation efficiency in plasminogen-

deficient mice and in tPA/uPA double-deficient mice. Ovulation is normal in single-

deficient mice lacking either tPA, uPA or PAI-1 106, 107. The generation of offspring from 

plasminogen-deficient mice demonstrates that plasminogen is not essential for 

development to term 108. The real cause of infertility in plasminogen-deficient females is 

still unclear. The uterus has to undergo placental expulsion, a physiological separation of 

the placenta from the wall of the uterus during delivery 109. Regarding wound healing, 

this process is considered an injury to the uterus. Data from Paper II showed that wound 

healing in plasminogen-deficient mice cannot be completed even after 60 days. 

Plasminogen deficiency leads to chronic inflammation and persistent fibrin deposition at 

the wounded site even after re-epithelialization is complete. Therefore, it is reasonable to 

speculate that poor wound healing in the uterus of plasminogen-deficient mice may cause 

an unsuitable environment for second time pregnancy and may further lead to infertility.  

 

Inflammation is a complex biological and adaptive response that is triggered by noxious 

stimuli and conditions such as tissue injury or pathogen invasion. Inflammation is 

generally divided into two forms: acute and chronic. Both forms are amplified as well as 

propagated following the recruitment of humoral and cellular components of the immune 

system 110, 111.  

 

Acute inflammation 

Acute inflammation is the initial response formed by the body to harmful stimuli. This 

type of inflammation is characterized by enhanced blood flow, increased vascular 

permeability and leukocyte infiltration 112. Acute inflammation leads to the destruction of 

infectious agents, clearance of necrotic debris, release of cytokines, and initiation of the 

healing process 113, 114.  

 

Chronic inflammation 

Usually acute inflammation becomes resolved when the injurious stimulus has been 

removed and when the mediators have either dissipated or have been inhibited. Under 
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some pathological conditions, the resolution of inflammation is disturbed. These 

conditions include persistent injury or infection (ulcer, pulmonary tuberculosis and 

periodontitis), prolonged toxic agent exposure (silica exposure) and autoimmune diseases 

(rheumatoid arthritis and systemic lupus erythematosus). The inability to resolve acute 

inflammation leads to chronic inflammation 115. Chronic inflammation is characterized by 

the simultaneous occurrence of active inflammation, tissue destruction, and healing 

attempts with fibrosis and angiogenesis 116, 117. As a reflection of the persistent reaction to 

stimuli, infiltrated inflammatory cells are still present in chronic inflammation 118, and 

these inflammatory cells cause further tissue destruction 111. Furthermore, when tissues 

are chronically exposed to inflammatory mediators, cell mutagenesis and oncogene 

activation may occur 119.  

 

Depending on the conditions, inflammation can play either a beneficial or a deleterious 

role 120. The absence of inflammation leads to compromised host defense, resulting in 

uncontrolled infection 121 and unhealed wounds 114. However, persistent inflammation, 

uncontrolled inflammation and overwhelming inflammation are usually considered to be 

harmful and cause diseases such as atherosclerosis 122, rheumatoid arthritis 123 and sepsis 
121. 

 

Regulation of inflammation 

Several cell- or plasma-derived inflammatory mediators triggered by inflammatory 

stimuli act in parallel to propagate and mature the inflammatory response. These cellular 

mediators can be produced by specialized leukocytes (particularly tissue-resident 

macrophages and mast cells) or by cells present in local tissues. Plasma-derived 

mediators such as Factor XII are preformed and circulate as inactive precursors in the 

plasma. The plasma concentration of these mediators increases markedly as a result of 

increased secretion by hepatocytes during the acute-phase response. Once activated, these 

mediators amplify the inflammatory response and modify its evolution 120. In the burn 

injury model, IL-6 and tumor necrosis factor-α (TNF-α) are two of the most important 

mediators of acute inflammatory reactions 124. 
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The PA system is a well-known and potent protease system. The traditional role of the 

PA system during inflammation is its function in ECM degradation. The PA system is 

also thought to facilitate the migration of inflammatory cells and the remodeling of 

inflammatory tissue. Studies have showed that uPA and uPAR are highly expressed at the 

leading edge of migrating monocytes 125 and keratinocytes 126 during the inflammatory 

process. Lack of tPA causes reduced macrophage infiltration in addition to increased 

fibrin deposition in a peritoneal inflammation model 127. Lack of uPA or plasminogen is 

associated with impairment of leukocyte recruitment into the injured area, which results 

in delayed or abolished wound healing 128, 129. Abrogation of the uPA-uPAR interaction 

causes fibrin-associated inflammation 31. 

 

The PA system in cell signaling during inflammation 

Recent studies have shown that in addition to its role in fibrinolysis and ECM 

degradation, the PA system also plays an important role in signal transduction during 

inflammation both in vitro 6 and in vivo (Paper I).  

 

It has been shown that tPA induces signal transduction in fibroblasts through LDL 

receptor–related protein 1, which mediates myofibroblast activation and eventually leads 

to chronic kidney fibrosis 130. Several studies suggest that uPA and uPAR not only 

function as a protease and a protease receptor, respectively, but these proteins may also 

affect cell migration and adhesion via intracellular signaling 32, 131. The interaction 

mechanism between specific plasminogen/plasmin receptors and their ligands remains 

unresolved, but the effects of plasminogen/plasmin intracellular signaling have been 

observed in various in vitro studies. In platelets, plasmin triggers a biphasic reaction 

leading to a gradual elevation of intracellular Ca2+, which induces the aggregation of 

platelets 132. In endothelial cells, plasmin is thought to induce cell migration through 

binding to integrin α9β1 and to mediate proteolytic activation of protease-activated 

receptor-1 70. In inflammatory cells, particularly monocytes and neutrophils, 

plasminogen-mediated signaling has also been observed. Studies demonstrate that 

plasmin activates monocyte chemotaxis via activation of protein kinase C and the 

formation of cGMP 133. Plasmin also activates multiple signaling pathways in monocytes 
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such as the JAK1/STAT, p38 MAPK, ERK1/2, and NF-κB pathways, enhancing 

inflammation 134. Moreover, plasmin suppresses cell apoptosis via activation of the 

ERK1/2 and PI3K/Akt pathways in neutrophils 82.  

 

In this thesis, I have attempted to elucidate the in vivo functional roles of plasminogen 

and other components of the PA system during the wound healing process, particularly 

during the initiation and resolution of inflammation. Based on studies in gene-deficient 

mice lacking different components of the PA system, our results indicate that 

plasminogen, the precursor protein for fibrinolysis that has traditionally been regarded as 

redundant, is actually a key pro-inflammatory regulator of wound healing. Following 

injury, plasminogen binds to inflammatory cells in the circulation and is transported to 

the wound site, where it is subsequently converted into plasmin primarily by uPA. At the 

wound site, plasminogen acts as a key regulatory molecule to activate and potentiate 

wound healing by initiating signal transduction cascades.  

 

2. Wound healing 

2.1. Types of wounds 

A major function of skin is to act as a physical protective barrier against the environment. 

Loss of skin integrity as a result of injury or illness creates a wound, which may lead to 

death or a major disability 135. Two primary types of wounds exist: acute wounds and 

chronic wounds. Acute wounds heal readily and do not result from an underlying 

pathological defect. In wounds resulting from preexisting pathophysiological conditions 

such as diabetes, the healing process is impaired, and this type of wound is called a 

chronic wound 136. Chronic wounds not only impair the quality of life for millions of 

patients but also inflict an enormous burden on the healthcare system both in terms of 

cost and in the intensity of required care. In the last few decades, large research efforts 

have been undertaken to dissect the molecular mechanisms underlying the wound healing. 

The goal of these studies is to develop new approaches to treat chronic wounds; however, 

very few biological substances have reached clinical practice to date, and no effective 

biological substances are widely used for the treatment of chronic wounds 137.  
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2.2. Normal healing of acute wounds 

Wound healing is a dynamic process that restores damaged cellular structures and tissue 

layers. This healing process requires the orchestrated integration of complex biological 

and molecular events. These events follow a specific sequence and can be temporally 

categorized into three overlapping phases: inflammation (Figure 2A), tissue formation 

(Figure 2B), and tissue remodeling (Figure 2C) 135, 138. 
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Figure 2. Three phases of wound healing (A) Inflammation of a skin wound at 24-48 

hours after injury. (B) Tissue formation of a skin wound at 5-10 days after injury. (C) 

Tissue remodeling of a skin wound at 1-12 months after injury. Modified from Gurtner et 

al. 138 

 

2.2.1. Inflammation phase 

Immediately after injury, the inflammation phase begins by initiating several vascular and 

cellular responses. Hemostasis, in the form of fibrin clot formation, is the first response 

when tissue injury causes leakage of blood from damaged blood vessels. The fibrin clot 

consists of platelets, fibrinogen, fibrin, fibronectin, vitronectin and thrombospondin. 

These clots allow the body to ward off bacteria, and they provide temporary wound 

coverage while initiating wound contraction. Platelets in the fibrin clot also release a 

wide range of chemotactic molecules, including platelet-derived growth factor (PDGF) 

and transforming growth factor-β (TGF-β), and these signaling molecules stimulate 

chemotaxis and recruit inflammatory cells to the wound 139. Fibrinopeptides A and B are 

byproducts of the reaction, in which fibrinogen is converted to fibrin by thrombin. These 

byproducts also recruit inflammatory cells to the wound area 135. Leukocytes in the 

bloodstream bind to integrins on endothelial cells and move through endothelial gaps into 

the extracellular space 140. These recruited inflammatory cells have several purposes. For 
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example, infiltrating neutrophils cleanse the wounded area of foreign particles (such as 

bacteria) and serve as a source of pro-inflammatory cytokines that activates local 

fibroblasts and keratinocytes 141. As the healing process progresses, neutrophils are 

extruded with the eschar (scab) or are phagocytosed by macrophages. Additionally, 

monocytes infiltrate the wound site after neutrophils, and they soon become activated 

macrophages that release growth factors such as PDGF and vascular endothelial growth 

factor (VEGF), which initiate the formation of granulation tissue 142. Adherence to the 

extracellular matrix also stimulates monocytes to undergo metamorphosis into 

inflammatory macrophages. Activated macrophages release several growth factors and 

cytokines such as TGF-α, TGF-β, TNF-α, IL-1 and IL-6, which amplify the earlier 

wound signals released by platelets and neutrophils 135. 

 

2.2.2. Tissue formation phase  

The re-epithelialization of wounds is a major event occurring in the tissue formation 

phase, and it begins within hours after injury. Epidermal cells (primarily keratinocytes) at 

the edge of the wound undergo phenotypic transitions, including retraction of 

intracellular tonofilaments, dissolution of most intercellular desmosomes and formation 

of peripheral cytoplasmic actin filaments. These transitions allow epidermal cells to 

become more loosely attached to the basement membrane, and these cells begin to move 

laterally towards the wound 143, 144. Integrins expressed on the membrane of epidermal 

cells facilitate interactions with a variety of ECM proteins (e.g., fibronectin and 

vitronectin) at the margin of the wound and with the fibrin clot in the wound. Epidermal 

cells are guided by the array of integrins to dissect eschar (scab) tissue from viable tissue 
145, 146. The degradation of the ECM is dependent on collagenases produced by epidermal 

cells and on plasmin, which degrades the ECM itself and activates several MMPs 129, 147.   

 

In addition to migration to the wound, epidermal cells also proliferate at the wound 

margin behind actively migrating cells one to two days after injury. However, cell 

migration is not dependent on cell proliferation 148. The exact mechanisms regulating 

epidermal cell migration and proliferation are unresolved. However, several hypotheses 
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exist, including the “free edge” effect caused by the absence of neighboring cells at the 

edge of the wound, chemotactic factors released locally by inflammatory cells and 

neighboring cells or a combination of the above processes 149, 150. 

 

Granulation tissue begins to form and invade the wound space approximately four days 

after injury. Macrophages, fibroblasts and blood vessels are the primary components of 

granulation tissue, and they play different roles during this process. The macrophages 

then release growth factors that stimulate fibroplasia and angiogenesis. The fibroblasts 

produce a new ECM, termed the provisional matrix, to support the formation of 

granulation tissue by providing the scaffold for cell migration. Newly formed blood 

vessels furnish oxygen and nutrients to sustain cell metabolism 151. The invasion of 

fibroblasts requires active proteolysis that can carve a path, and the PA and MMP 

systems are potential candidates for this task 152. As healing progresses, fibroblasts in the 

granulation tissue start to synthesize collagen instead of other ECM molecules (such as 

fibronectin and hyaluronic acid), perhaps as a response to TGF-β. The provisional matrix 

is gradually replaced with a collagen-rich matrix 153, and keratinocytes adhere to and 

migrate on the provisional matrix and/or collagen-rich matrix. With the help of the PA 

system and MMP system, keratinocytes dissect granulation tissue from the eschar (scab) 
152. Once an abundant collagen matrix has been deposited in the wound, fibroblasts stop 

producing collagen. Next, the cells in the wound undergo apoptosis, and fibroblast-rich 

granulation tissue is replaced by a relatively acellular scar 154. 

 

2.2.3. Tissue remodeling phase 

Contraction of the wound begins approximately one week after injury. Fibroblasts 

differentiate into myofibroblasts, which are characterized by increased production of 

ECM proteins such as collagen. Collagen in the wound is synthesized at a high rate and is 

continuously degraded by MMPs 151. In the first 3 weeks following injury, wounds gain 

only approximately 20% of their final strength. To provide more strength to the new skin, 

the collagen fibers must accumulate and be remodeled to form larger collagen bundles 
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with an increased number of cross-links 155; however, this process is notably slow, and a 

scar is only 80% as strong as normal skin even a year after injury 156. 

 

2.3. Epidemiology of chronic diabetic wounds 

Diabetes mellitus, often known as diabetes, is a group of metabolic diseases in which a 

patient has high blood glucose levels. These elevated glucose levels can occur because 

the body does not produce sufficient insulin (Type 1 diabetes) or because cells fail to 

respond to the insulin that is produced (Type 2 diabetes). Impaired wound healing is a 

major problem for diabetic patients 157. Although it is difficult to obtain accurate figures 

regarding the prevalence or incidence of diabetic wounds such as diabetic foot ulcers, 

studies have shown that the prevalence of diagnosed diabetes in the United States is 

approximately 8.3%, and 90% of these patients are diagnosed as having Type 2 diabetes 
158. The lifetime risk of a diabetic patient developing a diabetic foot ulcer is more than 

15% 159. Worldwide, approximately 15-27% of diabetic ulcers result in amputation, but 

the rates vary among countries due to unequal access to care and different opinions 

regarding treatment 137. Following amputation, diabetic patients usually have a poor 

prognosis. Studies in Sweden have indicated that the mortality rates in diabetic patients at 

1, 3, and 5 years after the amputation were 15%, 38%, and 68%, respectively; and these 

mortality rates were approximately four-fold higher than the rates observed in a matched 

non-diabetic population 160, 161. 

 

2.4. Pathogenesis of chronic diabetic wounds 

The pathogenesis behind impaired diabetic wound healing is still unresolved; however, 

many intrinsic (such as vascular abnormalities, neuropathy and abnormal cellular activity) 

and extrinsic factors (such as infection) have been proposed to play a role in this process. 

These factors are overlapping and synergetic because one pathological abnormality can 

lead to another, and eventually the entire healing process is disrupted 137.   

 

2.4.1. Vascular abnormalities 
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Diabetic patients normally suffer with vascular abnormalities, including macrovascular 

diseases (atherosclerosis) and microvascular diseases (a reduction in capillary size and 

thickening of the basement membrane) 136. When the diabetic patient develops a wound 

in the skin, these abnormalities create hypoxia and an ischemic environment of wound 

healing; thus, the healing process cannot be supported with sufficient oxygen and 

nutrition 137.  

 

2.4.2. Neuropathy 

Neurotoxicity resulting from elevated blood glucose in diabetes is one of the potential 

causes of neuropathy 162, and vascular defects in the small arteries that provide blood 

supply to peripheral nerves further exacerbate the damage 163. Loss of protective 

sensation places diabetic patients in great danger, and these patients cannot properly 

sense pressure, heat or other extrinsic signals, making them more susceptible to continued 

unnoticed traumas, which promote the development of chronic diabetic wounds 164. In 

addition to the loss of pain sensation, nerve damage also impairs the neurogenic control 

of small blood vessels and the innervation of small muscles 137.  

 

2.4.3. Abnormal cellular activity 

Studies have shown that the initial recruitment of inflammatory cells following injury is 

impaired and that the early inflammatory response to injury is delayed in diabetic patients 

and in murine diabetic models 157, 165-170. However once infiltration is established, 

infiltrated neutrophils and macrophages are persistently present in diabetic wounds 171. 

Furthermore, inflammatory cells isolated from diabetic patients are dysfunctional. 

Dysfunctional macrophages produce less cytokines and growth factors 172, and they fail 

to remove necrotic wound debris and apoptotic cells. Dysfunctional neutrophils are 

defective in initiating apoptosis and have prolonged production of pro-inflammatory 

cytokines, leading to the impaired resolution of inflammation and the development of 

chronic inflammation 173, 174. In addition to inflammatory cells, fibroblasts in diabetic 

wounds are defective with respect to migration, proliferation and collagen production 175, 

176, and endothelial cells exhibit increased apoptosis 177. Studies from Catrina et al. have 

shown that in primary dermal fibroblasts and endothelial cells, the function of hypoxia-
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inducible factor-1, a critical transcription factor that regulates adaptive responses of the 

cell to hypoxia, is disturbed due to hyperglycemia 178. 

 

2.4.4. Infected wounds 

Infected wounds are generally considered to be the consequence, rather than the cause, of 

diabetic wounds. However, uncontrolled infection substantially hinders the healing of 

diabetic wounds and lead to a worse prognosis 136. Impaired bactericidal activity and 

decreased phagocytic activity of macrophages and neutrophils increase the susceptibility 

of diabetic individuals to infections and allow bacteria to replicate in the wound, which is 

detrimental to healing 172, 179-182. Due to poor host defenses in diabetic patients, wound 

infections spread rapidly and lead to sepsis, which is associated with a high mortality rate 
183. 

 

2.5. Current treatment of chronic diabetic wounds 

Diabetic wounds (e.g., diabetic foot ulcers) are the most common cause of hospitalization 

for diabetic patients 184. Standard treatments of diabetic foot ulcers include debridement, 

wound-pressure off-loading, revascularization, infection control and wound care. The 

purpose of these treatments is to remove necrotic nonviable tissue, to reduce the pressure 

in the wound, to provide adequate blood supply and to prevent or eliminate infection. As 

part of wound care, a wound dressing is applied to keep the wound environment moist 

and clean 184. However, these traditional treatments largely rely on a physical procedure 

(e.g., surgery) and synthesized chemical materials (e,g., antibiotics and wound dressings). 

Notably few biological substances have been used clinically to treat diabetic foot ulcers. 

To date, administration of human recombinant PDGF-BB, also known as becaplermin, is 

the only US Food and Drug Administration (FDA)-approved growth factor therapy 185. 

Additional studies show that this therapy is costly 186, 187 and displays only modest 

efficacy 188. In 2008, the FDA added a black-box warning to highlight the increased risk 

of cancer mortality in patients who need extensive treatment. Therefore, alternative 

therapeutic strategies that enhance the healing of diabetic wounds are greatly needed. As 

shown in Paper I, the administration of plasminogen significantly accelerates the healing 
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of diabetic wounds in animal models, suggesting that plasminogen may be a novel drug 

candidate to treat chronic diabetic wounds.  

 

2.6. Healing of burn wounds 

Burn injury is among the most common and devastating forms of trauma 189. To describe 

the local changes in burn wounds better, Douglas Jackson first defined three distinct 

zones of a burn wound: 1) the zone of coagulation, 2) the zone of stasis and 3) the zone of 

hyperemia (Figure 3) 190. The zone of coagulation receives the greatest damage. This 

zone is characterized by irreversible necrosis and consists of dead tissues, which later 

form the eschar. The zone of stasis is adjacent to the zone of coagulation, and tissues in 

this zone receive mild cellular damage, and are ischemic but still viable. Importantly, 

tissue in the zone of stasis can either heal or progress to form a larger lesion. The zone of 

hyperemia is the most peripheral zone, and it consists of normal tissue with minimal 

cellular damage and is characterized by vasodilatation and increased blood flow as a 

response to injury 191. 

 

The severity of the burn wound is commonly classified according to the depth of the 

injury (Table 1). The histological overview of this classification system is presented in 

Figure 3. A burn injury is a dynamic process and is very different from other types of 

injury. The depth of a burn wound, especially for burns classified as Degree IIa or IIb, 

may continue to increase up to 2 to 4 days after the injury 192. Cell apoptosis in the zone 

of stasis is thought to be involved in the wound progression of the burn 193. 
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Figure 3. Three zones in a Degree II burn wound and classification of burn wounds. 

Modified from Shupp et al. 194 

 

Table 1. Description of skin layers affected by various burn degree wounds 192 

Depth (Degree) Layer of skin affected 

Superficial (I) Epidermis only 

Superficial partial (IIa) Epidermis and superficial dermis 

Deep partial (IIb) Epidermis and deeper layer dermis 

Deep / Full thickness (III) Full thickness of skin to the subcutaneous fat or deeper 

 

In general, the healing of the burn wound is very similar to the healing of other wound 

types such as incisional and excisional wounds. However, some differences are also 

observed 195. The first and most obvious difference is the effect of a burn injury on blood 

vessels in the wound. Burn injuries appear to cause more extensive damage to vessels 

than incisional and excisional wounds. A burn not only damages the blood vessel and 

restricts or stops blood flow in the direct contact area, but it also changes the blood flow 
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in the surrounding area 196. Furthermore, generally no (or very little) physical rupturing of 

blood vessel structure occurs after a burn injury, and no hemostasis occurs 195. Instead, 

injured endothelial cells trigger thrombosis. Another notable difference is the extent of 

tissue formation and remodeling during the healing of burns. In superficial or partial 

thickness burn wounds, the structure matrix in the dermis may remain undamaged, and 

healing in these wounds may not involve replacement and remodeling of the structure 

matrix 197.  

 

2.7. Healing of tympanic membrane perforation 

The tympanic membrane (TM), also known as the eardrum, is a unique structure 

suspended in air, and it separates the middle ear cavity (MEC) from the external ear canal 

(EEC). The TM transmits sound waves to the hearing ossicle (Figure 4A). Histologically, 

the TM consists of three distinct layers. The outermost layer, which faces the EEC, is a 

keratinized stratified squamous epithelium, and underneath this layer, there is a 

connective tissue layer. The inner layer is a flat, single-layered mucosal epithelium layer, 

which is contiguous with the epithelial lining of the MEC (Figure 4B) 198. As shown in 

Figure 4C, the TM is anatomically divided into two parts. The larger acoustic part is 

called the pars tensa (PT), which is approximately 5-10 μm thick in rats and 64-95 μm 

thick in humans 199. The remaining portion of the TM is called the pars flaccida (PF) and 

is approximately 50 μm thick in rats and 30-230 μm thick in humans 200, 201. The 

physiological role of the PF is unknown; however, experimental studies have shown that 

the PF responds to inflammatory stimuli earlier than the PT 202. The vessels supplying 

blood to the TM originate from the external carotid artery. A vessel network is built 

around the annulus fibrosus, through which the TM attaches to the surrounding bone. 

Some larger vessels enter the TM between the PT and PF and then continue along the 

handle of the malleus and spread into the PF. The transparent portion of the PT is devoid 

of vessels, and the oxygen and nutrition consumed in these areas rely on passive diffusion 
203. 
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Figure 4. (A) Anatomic illustration of the right ear. (B) Histological illustration of the 

tympanic membrane. Modified from Lim DJ. 198 (C) Otoscopic appearance of a tympanic 

membrane. Adapted from Sanna et al. 204  

 

TM perforation is a common clinical problem; however the incidence of this disease in 

the general population is unknown. One survey found that 4% of a population of Native 

American children had TM perforations 205. Most TM perforations heal spontaneously 

within 7-10 days; however, some TM perforations may remain open and become chronic. 

Clinically, chronic TM perforations are primary due to otitis media or trauma. Chronic 

TM perforation are a frequent cause of conductive hearing loss 206. The healing of acute 

TM perforations has been studied in animal models and is a well-organized chain of 

events that begins within hours after injury. An inflammatory response, characterized by 

the infiltration of neutrophils, macrophages invasion and increased vascularization, is 

initiated within the PF, which has a reddish color. After a few hours, the inflammatory 

response extends to the vascularized connective layer of the PT along the handle of the 

malleus 207. Four days after injury, inflammatory cells infiltrate into the wounded area 

and prominent proliferation and migration of keratinocytes is observed at the perforation 

site 208. Fibroblast proliferation occurs in the connective tissue, and new vessel 

formations begin at the same time 203. Seven days after injury, the perforation is almost 

closed. Ten to fifteen days following the injury, the perforation is bridged by 

keratinocytes, and the connective tissue layer and the inner mucosal layer are also 
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repaired. The restored TM is thicker than normal, and blood vessels remain in the 

connective tissue of the healed region. Over the next several weeks, the TM will thin out, 

and the newly formed blood vessels will disappear.  

 

Experimental acute and chronic TM perforations are successful models to study wound 

healing 5, 209. However, several differences between general skin wound healing and the 

healing of TM perforations must be considered. First, the transparent portion of the PT is 

devoid of vessels. Hemostasis does not occur after TM perforation; therefore, no blood 

clot is formed. Second, due to the unique anatomy of the TM, no provisional matrix is 

formed to facilitate cell migration in the TM following perforation. Instead, the 

keratinocytes of the outer epithelium form a guiding keratin spur in advance of the in-

growing connective tissue layer 5. Furthermore, once the TM has been healed, the 

residual scar will disappear within a few weeks. In contrast, more than a year following 

skin injury is usually required for some scar to disappear.  

 

Attempts to stimulate the healing of TM perforations have been conducted in several 

studies. Providing additional physical support to guide regenerating tissue is achieved via 

surgery. Paper patching, gel film and biodegradable materials have been tested both in 

animal models and in limited clinical studies with varying degrees of success 210-212. 

Another option to stimulate the healing of TM perforations involves inducing cellular 

activities. Growth factors such as PDGF and EGF have been shown to promote the 

healing of acute and chronic TM perforations in animal models 213. However, more recent 

results from a clinical study indicated that PDGF treatment was not a favorable 

alternative to surgery 214. Based on previous findings from our group 5, we investigated 

the therapeutic applications of plasminogen using our TM perforation model, and we 

observed promising outcomes (Paper IV).  

 

2.8. The role of the PA system in wound healing 

Proteolytic activity is required in many wound-healing processes, including inflammation, 

provisional matrix removal, formation of granulation tissue, matrix formation and 
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keratinocyte migration. As a potent protease system, the PA system is intimately involved 

in these processes 215.  

 

PAs in wound healing 

During wound healing, PAs are produced by variety of cells such as keratinocytes, 

fibroblasts, capillary endothelial cells, inflammatory granulocytes and macrophages, and 

they activate plasminogen to yield plasmin 216. The functions of plasmin include 

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

facilitating cell migration, and promoting angiogenesis. During wound healing, leading-

edge migrating keratinocytes express uPA and its cell surface receptor uPAR 216, 217, 

whereas tPA has only been detected in a few keratinocytes late in the re-epithelialization 

process of human wound healing 218. Studies in gene-deficient mice have demonstrated 

that the healing of skin wounds is delayed in uPA-deficient mice but is unaffected in tPA-

deficient mice 126, 219. In another wound healing model, the healing of TM perforations 

was also delayed in uPA-deficient mice, and the removal of fibrin and the resolution of 

inflammation were also disturbed in these mice (Paper III), which is consistent with 

previous findings in skin wounds. However, in uPAR-deficient mice and in mice in 

which the interaction between endogenous uPA and uPAR is selectively abrogated, 

wound-healing processes are not affected 31, suggesting that the role of uPA in this 

process is independent of uPAR.  

 

Plasminogen/plasmin in wound healing 

The importance of plasminogen/plasmin in wound healing has been demonstrated in 

several studies. Plasminogen-deficient mice have a striking delay in the re-

epithelialization of skin wounds 4. Further investigation revealed that when the re-

epithelialization of skin wounds in these mice was completed, the underlying tissue was 

still not properly structured after 60 days. The persistent deposition of fibrin and 

abundant neutrophil infiltration were observed beneath the closed epidermis (Paper II). 

In studies where plasminogen-deficient mice were treated with the MMP inhibitor 

galardin, skin wound healing was completely arrested, indicating that a functional 

overlap between the PA system and the MMP system exists in wound healing 152. 
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Additionally, uPA/tPA double-deficient mice also have a notable delay in skin wound 

healing; however, the severity of the healing defect in these mice is milder compared to 

the defect in plasminogen-deficient mice. Furthermore, plasmin was biochemically 

detected in wound extracts from uPA/tPA double-deficient mice. Addition of the 

kallikrein inhibitor ecotin exacerbated the healing defect in uPA/tPA double-deficient 

mice, and this defect was as severe as the defect observed in plasminogen-deficient mice. 

Therefore, the authors suggest that kallikrein may be an additional plasminogen activator, 

providing sufficient plasmin activity to continue the healing process in the absence of 

uPA and tPA 126. In contrast, mice that are deficient in PAI-1 experience accelerated 

wound healing 220. These results indicate that plasmin generation may be a key factor 

influencing wound healing. The concentration of plasminogen in body fluids is as high as 

2 μM 221; suggesting that plasminogen is present at saturating levels and that this 

molecule does not play a major regulatory role. It has generally been assumed that the 

generation of plasmin is primarily regulated by the accessibility and activity of PAs 1, 221. 

However, as shown in Paper I, our results indicate that plasminogen accumulates 

specifically in the wounded area and acts as a key regulatory molecule, which challenges 

this traditional dogma. 

 

Plasminogen/plasmin is believed to play multiple roles during wound healing. The 

commonly accepted role is to degrade ECM components. This role is supported by the 

observation that normal re-epithelialization of skin wounds was observed in mice that had 

a double deficiency in plasminogen and fibrinogen 147. Recently, additional evidence 

suggests that the role of plasminogen/plasmin extends beyond the degradation of ECM. 

Several in vitro studies have demonstrated that plasmin induces several signaling 

pathways that are critically involved in cell activation and the expression of many pro-

inflammatory mediators during wound healing 134. In vivo evidence suggests that 

inflammatory cells are recruited to the wounded area of plasminogen-deficient mice, but 

the activation of these cells is impaired, leading to a defect in tissue debridement and 

wound healing 5.  Using wild-type mice that do not have impaired fibrinolysis nor a 

defect in extracellular matrix degradation, we demonstrated that supplementation of 

additional plasminogen induces a pronounced pro-inflammatory effect that potentiates 
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the early inflammatory response and accelerates skin wound healing (Paper I). These 

results indicate that plasminogen/plasmin also plays a profound role in the regulation of 

cell activation and the pro-inflammatory response. Moreover, we also show that a 

recently discovered integral membrane Plg-R, Plg-RKT, plays an important role in the 

regulation of plasminogen accumulation and cytokine induction during wound healing 

(unpublished data).  

 

The PA system in the healing of diabetic wounds 

Diabetic wounds have impaired healing capacity, and these wounds are the most severe 

type of chronic wounds affecting millions of people worldwide. However, knowledge 

regarding the role of the PA system in diabetic wound healing is limited and somewhat 

controversial. Some studies suggest that plasmin activity is enhanced in lysates obtained 

from diabetic wounds 222. Plasmin-catalyzed cleavage of the vascular endothelial growth 

factor (VEGF) isoform VEGF165 results in the loss of its bioactivity and exacerbates the 

angiogenesis defect in diabetic wounds 222. However, others have demonstrated that a 

lack of α2-antiplasmin, the main inhibitor of plasmin, markedly causes an increased 

release of VEGF from the fibroblasts at the wound site, inducing angiogenesis and thus 

causing accelerated wound healing 223. It has also been shown that the average and 

median levels of plasminogen in wound secretions from diabetic patients are lower than 

the levels observed in non-diabetic patients. However, a large deviation occurred within 

the group and the number of studied patients was limited, this difference was therefore 

not statistically significant 224. Decreased plasmin activity has been observed in diabetic 

patients and in mesangial cells exposed to high glucose concentrations 225, 226. 

Furthermore, studies have shown that uPA stimulates wound healing in diabetic mice 227. 

Sphingosylphosphorylcholine, a sphingolipid metabolite, improves healing in diabetic 

mice through the up-regulation of cell surface-associated PA activity 228. As shown in 

Paper I, we found that in contrast to wild-type mice, wound-specific accumulation of 

plasminogen does not occur in the wounds of diabetic mice. This leads to low 

plasminogen content at the wound site and a suppression of early inflammatory response 

to injury. However, when additional plasminogen is injected into these mice, the level of 

plasminogen in the wound increases, the signal transduction pathway is activated, and 
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wound healing is accelerated. These findings suggest that dysregulation of plasminogen 

may be part of the pathogenesis of diabetic wound healing. Therefore, administration of 

plasminogen may be a novel therapeutic strategy to treat diabetic wounds. 

 

3. The molecular mechanism underlying the role of plasminogen in wound healing 

Based on previous studies and current findings, we propose that plasminogen uses a 

mechanism that is universal for the healing of a variety of tissues in different diseases 

including acute and chronic cutaneous wounds and TM perforations. We propose that 

during the wound healing process, plasminogen, in addition to its well-known role as a 

protease involved in fibrinolysis and ECM degradation, also plays a profound role as a 

key regulatory molecule that initiates, potentiates and possibly also completes the healing 

process. Under normal physiological conditions, plasminogen binding to the surface of 

inflammatory cells is limited 229. However, upon injury, inflammatory cytokines are 

released, thereby providing an “injury signal” to inflammatory cells, which results in 

increased plasminogen binding capacity 73, 229, 230 and locally increased vessel 

permeability 231. Plasminogen bound to inflammatory cells is then actively transported to 

the wounded area where the plasminogen level rapidly increases (Paper I). At the wound 

site, plasminogen is activated to its active protease form, plasmin, mainly by uPA (Paper 

III). Plasmin somehow acts like a regulatory molecule that activates intracellular 

signaling cascades and leads to proteolytic cell activation, possibly through the 

proteolytic cleavage of a putative receptor 134. Consequently, a pro-inflammatory reaction 

is elicited, and the early inflammatory response during wound healing is potentiated 

(Paper I). At later stages of wound healing, plasminogen-dependent inflammatory cell 

activation results in the removal of bacteria and necrotic tissue 232 and facilitates the 

resolution of inflammation. Plasminogen also participates in the activation of 

keratinocytes 233 and is most likely also involved in the activation of fibroblasts, which 

leads to tissue formation and tissue remodeling and eventually completes the healing 

process (Paper II). Our data indicate that plasminogen appears to play a more central and 

diverse role in wound healing than previously appreciated. 
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4. Summary of the present studies 

This chapter provides a summary of the four papers (numbered I-IV) that are the basis of 

this thesis.  

 

4.1. Plasminogen is a key proinflammatory regulator that accelerates the healing of 

acute and diabetic wounds (Paper I) 

Wound healing is a sequence of overlapping events that include inflammation, tissue 

formation and tissue remodeling. In particular, in chronic wounds and diabetic wounds, 

the healing processes are impaired. Chronic wounds not only impair the quality of life for 

millions of patients but also inflict an enormous burden on the healthcare system both in 

terms of cost and the intensity of care required. Large research efforts have been 

undertaken to study wound healing processes with the aim of developing new approaches 

to treat chronic wounds. However, thus far, no effective biological substances are widely 

used for the treatment of chronic wounds.  

 

The PA system has been shown to play an essential role in wound healing; however, it 

has mainly been studied and discussed in terms of fibrin degradation, the generation of 

extracellular proteolytic activity required for cell migration, matrix degradation and tissue 

remodeling. The role of the PA system in the initiation of the inflammatory phase of 

wound healing remains to be determined. Studies in plasminogen-deficient mice indicate 

that plasmin plays an important role in wound healing processes. However, the 

concentration of plasminogen in body fluids is as high as 2 μM; therefore, it has been 

assumed that plasminogen is present at saturating levels and that this molecule does not 

play a major regulatory role. Rather, it has been assumed that the formation of plasmin is 

mainly regulated by the accessibility and activity of the PAs. 

 

In the current study, we used a standard burn injury mouse model to explore the healing 

potential of plasminogen and to reveal the molecular mechanism underlying its effects on 

acute and diabetic wounds. Out data show that administration of additional plasminogen 

accelerates the healing of acute wounds in wild-type mice. After the injury, both 
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endogenous and exogenous plasminogen specifically accumulates at the wounded site 

during the inflammation phase. Using in vivo cell depletion techniques, we found that the 

plasminogen bound to cell surface receptors on inflammatory cells is transported to the 

wound site, increasing the local level of plasminogen, which leads to pro-inflammatory 

cell activation. In diabetic wounds that do not heal, wound-specific accumulation of 

plasminogen does not take place and the activation of inflammation is impaired. However, 

when additional plasminogen is injected, plasminogen accumulates in the wound, the 

inflammation response is enhanced, the signal transduction pathway is activated, and the 

healing rate is significantly increased.  

 

In conclusion, for the first time, our results show that plasminogen, in addition to its role 

in extracellular matrix degradation, plays a pivotal role as a key pro-inflammatory factor 

that potentiates the early inflammatory response during wound healing. Based on our 

findings, we propose a novel therapeutic strategy for the treatment of different types of 

wounds, including chronic diabetic wounds, and this type of therapy would consist of 

exogenous plasminogen administrated locally or systemically. 

 

4.2. Plasminogen is a critical regulator of cutaneous wound healing (Paper II) 

Wounds have different healing patterns depending on the types of wounded tissues and 

the types of wounds. The two most common types of skin wounds are incision and burn 

wounds. Incision wounds cause bleeding and the formation of a fibrin-rich hemostatic 

clot. However, hemostasis does not occur following burn wounds. Instead, a cauterization 

of the most superficial blood vessels occurs, and the top layer of the skin becomes 

necrotic. Keratinocytes at the wound edge start to migrate on the newly formed collagen-

rich granulation tissue, thereby eliminating the scab and necrotic tissue. 

 

The function of plasminogen in wound healing has been previously investigated. In 

plasminogen-deficient mice, keratinocyte migration over the wound is delayed, but 

wound closure was eventually completed 4. Therefore, it has been proposed that other 

ECM-degrading proteases such as MMPs take over the role of plasmin. Our recent 
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studies suggest that the PA system participates in the generation of inflammatory 

responses in vivo. However, the role of plasminogen/plasmin in the later phase of wound 

healing remains to be further explored. 

 

Our current study demonstrates that wound healing in plasminogen-deficient mice is 

largely delayed. Although the wound eventually closes, the wound site still does not 

properly heal. Immunohistochemical analysis of the underlying tissue in these mice 

shows that intensive fibrin deposition remained underneath the connected keratin layer 

even at day 60 post-injury, and no sign of healing was observed beneath the wound site. 

The migration of neutrophils to the wound area was not impaired in the absence of 

plasminogen, but the recruited neutrophils persistently accumulated in the wounded area. 

Moreover, the inflammation response did not resolve at day 60 post-injury. Intravenous 

or subcutaneous supplementation by human plasminogen restored the healing rate and 

improved remodeling of granulation tissue in the burn wounds of plasminogen-deficient 

mice. 

 

Taken together with our previous studies, our results clearly show that plasminogen is 

essential for the healing of cutaneous wounds. It is not only involved in the initiation of 

inflammation in the early phase of wound healing but also in the completion of the 

healing process during its later phase by clearing fibrin deposition and resolving 

inflammation after full re-epithelialization of the wound. 

 

4.3. Mice deficient in urokinase-type plasminogen activator have delayed healing of 

tympanic membrane perforations (Paper III) 

TM perforation is a common clinical problem worldwide. Most TM perforations heal 

spontaneously within 1 to 3 months. However, in the case of chronic infection and TM 

burst, perforations may persist and become chronic. Chronic perforations often lead to 

conductive hearing impairment, mild tinnitus and/or repeated infections of the middle ear.  
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Previous studies from our lab have shown that the healing of TM perforations is 

completely arrested in plasminogen-deficient mice, indicating that plasmin is essential for 

TM healing 5. However, the function of the two PAs, tPA and uPA, in TM healing still 

remains to be determined. 

 

In the present study, we attempted to determine the role of the two PAs in the healing of 

TM perforations. Our results show that the healing process is clearly delayed in uPA-

deficient mice but not in tPA-deficient mice. Immunohistochemical analysis revealed that 

the delayed healing appeared to result from less pronounced keratinocyte migration, a 

prolonged inflammatory phase with abundant neutrophil accumulation and persistent 

fibrin deposition. 

 

In conclusion, our studies indicate that uPA but not tPA plays a central role in the 

generation of plasmin during the healing of TM perforations. Delayed healing, persistent 

fibrin deposition and the prolonged inflammatory response are most likely due to the 

reduced generation of plasmin. 

 

4.4. Plasminogen initiates and potentiates the healing of acute and chronic tympanic 

membrane perforations in mice (Paper IV) 

In humans approximately 10-20% of TM perforations remain as open, chronic or 

permanent TM perforations. Chronic perforations can lead to an impaired hearing ability 

and recurrent middle ear infections. Traditionally, these perforations have to be surgically 

closed, which is costly and time consuming. Therefore, there is a need for simpler 

therapeutic strategies. Previous studies from our group have shown that plasminogen is a 

potent pro-inflammatory regulator that accelerates cutaneous wound healing in wild-type 

and diabetic mice. We have also shown that the healing of TM perforations is arrested in 

plasminogen-deficient mice and that these mice develop chronic TM perforations. The 

phenotype of these mice can be reverted by systemic supplementation of plasminogen. In 

the present study, we show that local plasminogen injection restores the ability to heal 

TM perforations in plasminogen-deficient mice in a dose-dependent manner. 
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Plasminogen supplementation also potentiates healing of acute TM perforations in wild-

type mice, independent of the administration method used. A single local injection of 

plasminogen in plasminogen-deficient mice can initiate healing of chronic TM 

perforations resulting in a closed TM with a continuous but rather thick outer 

keratinocyte layer. Three plasminogen injections lead to a completely healed TM with a 

thin keratinizing squamous epithelium covering a connective tissue layer that can start to 

reorganize and further mature to its normal appearance. In conclusion, our results suggest 

that plasminogen is a promising drug candidate for the treatment of chronic TM 

perforations in humans.   
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CONCLUSIONS 

Plasminogen plays a pivotal role as a key pro-inflammatory regulator that potentiates the 

early inflammatory response during wound healing.  

 

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

deposition and resolving inflammation. 

 

uPA but not tPA plays a central role in the generation of plasmin during the healing of 

TM perforations. 

 

Plasminogen initiates and potentiates the healing of TM perforations in mice. 

 

The administration of plasminogen is a novel therapeutic strategy for the treatment of 

various types of wounds, including chronic wounds in diabetes and TM perforations. 
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