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7Abstract

ABSTRACT

Plasminogen activation system is a potent mechanism for generating localized peri-
cellular proteolytic activity, either directly by degrading matrix proteins or by acti-
vating other extracellular proteases, such as matrix metalloproteinases (MMPs). To-
gether these two protease systems play a major role in tissue remodelling and are
involved in many steps of normal wound healing. They are, however, also associat-
ed with tissue destruction in several pathologies including corneal ulceration, rheu-
matoid arthritis, periodontitis, and cancer. In the wound environment, such a situa-
tion could lead to retardation or even prevention of wound healing. We have therefore
chosen to characterize the relationship between venous leg ulcer, a skin ulcer with
poor healing tendency, and proteolysis.

In an attempt to understand acute and chronic wound healing and possibly restore
existing imbalances, we analysed fluid exudating from wounds as a reflection of the
state of the wound using functional tests. We found that proteolytic profiles between
wound fluids collected from acute, well-healing wounds differ from those collected
from non-healing venous leg ulcers. While urokinase plasminogen activator (uPA)
was detected both in chronic venous leg ulcers and in acute wounds, plasmin-like
activity was found only in leg ulcer exudate. Collagenase activities were also higher
in chronic leg ulcer exudate, and the activity profiles of gelatinases were different
from those of acute wounds. In addition, in a simplified wound-healing model acute
and chronic wound fluids exerted different effects on keratinocyte and fibroblast
uPA, uPA receptor (uPAR), and plasminogen activator inhibitor-1 (PAI-1) expres-
sion. The main differences between cells treated with wound fluids were that 1) the
mean uPA level in chronic ulcer exudate-treated cells was higher than in acute wound
fluid-treated cells, and 2) in chronic ulcer exudate-treated cells both uPA and uPAR
were found to localize at focal contacts, while in acute wound fluid-treated cells uPAR,
but not uPA, localized at focal contacts.

The spatial distributions of plasminogen activation system components were found
to be altered in chronic vs. well-granulating wounds, as observed by immunohisto-
chemical staining and in situ hybridization. In chronic venous leg ulcers tissue-type
plasminogen activator (tPA) mRNA expression was seen in basal and suprabasal
keratinocytes at the wound edge, but in well-granulating wounds and in decubitus
ulcers tPA mRNA was expressed only in a few basal keratinocytes at the leading
edge. No qualitative differences were found in the expression of uPA, PAI-1, or uPAR
in the wound-edge keratinocytes in chronic ulcers vs. normally granulating wounds.
There was, however, abundant expression of tPA, uPA, and PAI-1 in the cells of gran-
ulation tissue in well-granulating wounds, but lower expression in the cells of gran-
ulation tissue of non-healing ulcers.

Our results provide evidence for significant differences between the activities of pro-
teolytic mechanisms in poorly healing venous leg ulcers versus well-healing wounds.
An altered balance of proteolytic mechanisms may be associated with delays in wound
healing. The current results may prove relevant for understanding of the proteolytic
profiles and pathobiology of chronic venous leg ulcers.
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ABBREVIATIONS

α2-M α2-macroglobulin
α2-AP α2-antiplasmin
APMA aminophenyl mercuric acid
ATF aminoterminal fragment (of uPA)
BM basement membrane
BSA bovine serum albumin
D1, D2, D3 domains 1, 2 and 3 of uPAR
DBSA Dulbecco’s balanced salt solution containing BSA
ECM extracellular matrix
EGF epidermal growth factor
EIA enzyme immunoassay
FCS fetal calf serum
FGF fibroblast growth factor
FITC fluorescein isothiocyanate
GAG glycosaminoglycan
GPI glycosyl-phospatidylinositol
HB-EGF heparin-binding EGF
HGF hepatocyte growth factor
HRP horseradish peroxidase
IHC immunohistochemistry
IL interleukin
KGF keratinocyte growth factor
LDL low-density lipoprotein
MEM Eagle´s minimal essential medium
MMP matrix metalloproteinase
MT-MMP membrane-type MMP
PA plasminogen activator
PAGE polyacrylamide gel electrophoresis
PAI plasminogen activator inhibitor
PBS phosphate-buffered saline solution
PDGF platelet-derived growth factor
Pla plasminogen activator of Yersinia pestis
PMC phenylmercuric chloride
PN protease nexin
RGD arginine-glycine-aspartic acid sequence
SAAPPNA benzoyl-arginine-valine p-nitroanilide
SAAVNA N-succinyl-Ala-Ala-Val p-nitroanilide
SAK staphylokinase
SD standard deviation
SDS sodium dodecyl sulphate
SE standard error
SK streptokinase
SSC standard saline citrate
suPAR soluble uPAR
TGF transforming growth factor
TIMP tissue inhibitor of metalloproteinases
TNF tumour necrosis factor
tPA tissue-type plasminogen activator
uPA urokinase-type plasminogen activator
uPAR uPA receptor
VEGF vascular endothelial growth factor
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REVIEW OF THE LITERATURE

INTRODUCTION

Wound healing is a dynamic, interactive process involving soluble mediators, extra-
cellular matrix (ECM), and a series of rapid increases in specific cell populations that
prepare the wound for repair, deposit new matrices and finally, mature the wound
[Martin, 1997; Singer and Clark, 1999]. ECM degradation is an essential part of tissue
remodeling during wound healing. Proteolytic activity is needed for lysis of the blood
clot and removal of debris, and for cells to migrate and invade through anatomical
barriers. In addition, proteolytic enzymes and their inhibitors may modulate the
wound environment in many ways. Proteolytic enzymes may regulate the growth
factor and cytokine reservoir stored in the ECM by mobilizing these factors, or acti-
vating or inactivating them. They may affect cell-matrix interactions during cell mi-
gration by modifying the ECM components and cell adhesion molecules. Degrada-
tion of the ECM molecules may also generate fragments with regulatory impact.

Proteolytic enzymes are classified as either endopeptidases or exopeptidases, based
on whether they cleave internal or terminal peptide bonds. Most endopeptidases are
classified as 1) serine proteinases (including trypsin, plasmin, and plasminogen acti-
vators), 2) cysteine proteinases, 3) aspartic proteinases, and 4) metalloproteinases
(including matrix metalloproteinases), based on their catalytic mechanisms and in-
hibitor sensitivities. The proteases playing major roles in tissue remodelling are plas-
minogen activators and matrix metalloproteinases [Laiho and Keski-Oja, 1989; Mig-
natti and Rifkin, 1996; Mignatti and Rifkin, 2000; Armstrong and Jude, 2002].

In a wound environment, proteolytic activity must be accurately controlled to pro-
duce sufficient proteolysis to enable cell migration and invasion without destroying
the matrix scaffold required for cell motility. It is possible that the same proteolytic
events, if excessive and/or uncontrolled, may lead to generalized tissue destruction.
In a wound environment, such a situation could lead to retardation or even preven-
tion of wound healing. Therefore, we have chosen to study the relationships between
venous leg ulcer, a skin ulcer with poor healing tendency, and proteolysis.

PLASMINOGEN ACTIVATION SYSTEM

Plasminogen activation is a potent mechanism for generating localized pericellular
proteolytic activity. It is a cascade-like, tightly regulated process in which the proen-
zyme plasminogen is converted to the active enzyme plasmin by two specific plas-
minogen activators, urokinase-type plasminogen activator (uPA) and tissue-type
plasminogen activator (tPA) (Fig. 1). Plasminogen activation is part of the haemo-
static mechanism responsible for dissolution of fibrin clots by plasmin (fibrinolysis).
Plasmin can also degrade ECM proteins and has been implicated to have a role in
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cellular migration, a critical event in a number of physiological situations such as
wound healing, embryogenesis, and angiogenesis, and also in pathological situa-
tions such as tumor growth and metastasis [Danø et al, 1985; Andreasen et al, 2000;
Li et al, 2003].

Plasminogen and plasmin

The trypsin-like serine proteinase plasmin is synthesized and secreted as a catalyti-
cally inactive precursor form, plasminogen. Native plasminogen is a 92 kDa single-
chain glycoprotein produced mainly in the liver [Saito et al, 1980], but also else-
where, e.g. in epidermal cells [Isseroff et al, 1983], and it is abundantly present in
plasma and in most extracellular fluids. Plasminogen consists of a catalytic domain
and five homologous domains called kringles (Fig. 2). The kringles have high affini-
ty to lysine, and mediate the binding of plasminogen to the cell surface and fibrin/
fibrinogen, where the rate of activation is enhanced [Fogg et al, 2003]. Plasminogen
binding has been observed in many type of cells, including platelets [Miles and Plow,
1985], fibroblasts [Hajjar et al, 1986; Plow et al, 1986], and keratinocytes [Reinartz et
al, 1993].

The conversion of plasminogen into the active proteinase plasmin is achieved by
plasminogen activators (PAs), which cleave plasminogen between the amino acids
Arg560 and Val561 to yield a structure of two chains held together by two disulphide
bonds. Further cleavage of plasmin produces anti-angiogenic fragments referred as
angiostatins [O’Reilly et al, 1994]. Angiostatins consist of kringles 1 to 3 or 1 to 4.

Plasmin ?
Other proteinases?

 

Single-chain activators
(sc-uPA, sc-tPA)

  

  

Plasminogen

 

Plasmin

   
         

   
     
    
     

  

Two-chain activators
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Fibrin fragments
Matrix protein fragments

MMPs
TGF-β

Fibrin
Matrix proteins
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Latent TGF-β

Inhibitors
(α2M, α2AP…)
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Figure 1. Plasminogen activation cascade.
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Plasmin is a trypsin-like serine protease, the best known substrate of which is fibrin.
Plasmin, however, has relatively broad specifity as it also acts on many ECM and
basement membrane (BM) proteins, including fibronectins, laminins, and throm-
bospondins. In addition to its ability to directly cleave matrix proteins, plasmin can
activate other proteases (matrix metalloproteinases) [Baramova et al, 1997; Mazzieri
et al, 1997; Lijnen et al, 1998]. Plasmin may also activate or release matrix-bound
growth factors, such as latent transforming growth factor-β (TGF-β) [Lyons et al,
1988; Taipale et al, 1992], fibroblast growth factor-2 (FGF-2) [Saksela and Rifkin, 1990],
and vascular endothelial growth factor (VEGF) [Houck et al, 1992]).

Free plasmin is rapidly inhibited by high concentrations of circulating plasma inhib-
itors, of which α2-antiplasmin (α2-AP) is of prime importance [Lijnen and Collen,
1986]. Another important plasmin inhibitor is α2-macroglobulin (α2-M), which is a
less specific general endopeptidase inhibitor able to interact with virtually any pro-
teinase [Borth, 1992]. When bound to a cell surface or to fibrin, plasmin/plasmino-
gen is protected from these inhibitors [Stephens et al, 1989].

Plasminogen activators

Plasminogen may be activated by many proteases including those of bacterial ori-
gin, such as streptokinase (SK), staphylokinase (SAK), and Pla surface protease of
Yersinia pestis [Sodeinde et al, 1992]. Only two plasminogen activators are present in
the human body, however, urokinase-type plasminogen activator (uPA) and tissue-
type plasminogen activator (tPA).

The two physiological plasminogen activators, uPA and tPA, are serine proteinases.
The gene for uPA is located on human chromosome 10, yielding 2.5 kb of mRNA
which is translated and processed to a 54 kDa glycoprotein [Rajput et al, 1985; Trip-
puti et al, 1985]. tPA is coded by a gene located in chromosome 8, yielding mRNA of
2.7 kb and a glycoprotein of 68 kDa [Rajput et al, 1985].

uPA and tPA are approximately 40% homologous and share similar domain struc-
tures: a growth factor domain, kringle domains, and a catalytic domain (Fig. 2). The
second kringle and a finger domain present only in tPA are responsible for the high
affinity to fibrin. The active sites of both uPA and tPA are located in the C-terminal
end of the catalytic domains. uPA binds to its high-affinity cell-surface receptor (uPAR)
at the growth factor domain, which has homology to epidermal growth factor. The
kringle domain promotes binding to other proteins, such as laminin [Stephens et al,
1992a].

Both uPA and tPA are secreted as precursors in a single-chain form. Plasmin is pre-
sumed to be the primary physiological activator of pro-uPA [Ellis et al, 1987]. Other
proteases, such as plasma kallikrein, are able to activate pro-uPA [List et al, 2000].
Pro-uPA is activated faster when bound to its specific cell-surface uPA receptor (uPAR),
and this binding localizes plasminogen activation on the cell surface. However, there
is evidence showing that uPA may without uPAR potentiate pericellular plasmino-
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gen activation [Bugge et al, 1996a; Carmeliet et al, 1998; Longstaff et al, 1999; Mukhi-
na et al, 2000]. While single-chain uPA (scuPA or pro-uPA) has little activity [Fleury
et al, 1993], the enzymatic activity of the precursor form of tPA is substantial [Rijken
et al, 1982; Petersen et al, 1988]. tPA has a high affinity for fibrin, and its catalytic
activity is greatly induced by the interaction [Hoylaerts et al, 1982]. tPA has also been
identified to have cellular binding sites, although they do not appear to have the
high level of affinity and specificity displayed by uPAR (see Section tPA and extravas-
cular proteolysis). PAs also bind to extracellular matrix proteins. uPA binds to heparin
[Stephens et al, 1992b], laminin [Stephens et al, 1992a] and vitronectin [Moser et al,
1995], and tPA binds to fibronectin and laminin [Moser et al, 1993].

Figure 2. Domain structures of plasminogen and its activators.

Schematic representation of plasminogen and its activators present in human body, urokinase-type plas-
minogen activator (uPA) and tissue-type plasminogen activator (tPA). Domains: K, kringle domain; P,

protease domain; F, finger domain, G, growth factor domain. uPA  and tPA are activated by a cleavage of
a single peptide bond to yield a two-chain form (chains A and B).

A B

Plasminogen

tPA

uPA G K1

F
G

K1 K2

P

K1 K2 K3 K4 K5
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uPA can be produced by a number of cells including leucocytes, epithelial cells, fi-
broblasts, and smooth muscle cells [Larsson et al, 1984; Pöllanen et al, 1991; Camoin
et al, 1998; Collen, 1999]. Endothelial cells are the main source of circulating tPA,
which can also be produced by other cells, such as keratinocytes and leucocytes.

Due to differences in the structure and binding properties of the two plasminogen
activators, uPA and tPA are believed to have different physiological functions. As
tPA has the special ability to locate plasminogen activation on fibrin, the most im-
portant biological roles of tPA are associated with intravascular fibrinolysis and throm-
bolysis. Indeed, tPA is administered as one of the thrombolytic therapies for myocar-
dial infarction and ischemic stroke (National Institute of Neuronal Disorders and
Stroke rt-PA Stroke Study Group, 1995). Since binding of uPA to its specific cell-sur-
face receptor enhances and localizes plasminogen activation on the cell surface, uPA
is associated with proteolytic activity in cell migration and cell invasion. There is,
however, considerable evidence suggesting that the division may be an oversimpli-
fication (see Section Plasminogen activation on the cell surface).

Bacterial PAs SK (streptokinase) and SAK (staphylokinase) are not enzymes [for re-
view, Lähteenmäki et al, 2001]. Instead, they form complexes with plasminogen/
plasmin, which are able to activate plasminogen more efficiently than plasmin alone.
SK is an efficient PA associated with the pathogenesis of post-streptococcal glomeru-
lonephritis, while there is no evidence of SAK as a staphylococcal virulence factor.
The Pla surface protease of Yersinia pestis activates plasminogen by limited proteoly-
sis at the same bond as uPA and tPA [Lähteenmäki et al, 2001].

Although used for treatment for brain ischemic injury, tPA is implicated as a poten-
tially neurotoxic agent if permitted access to brain tissue after injury. A promising
alternative for tPA in treatment of ischemic stroke is found from saliva of the vam-
pire bat (Desmodus rotundus), Desmodus rotundus salivary plasminogen activator (DSPA
or desmoteplase) [Liberatore et al, 2003]. Desmoteplase has homology to tPA, but is
more highly specific to fibrin and appears to have no detrimental effects within the
central nervous system [Gardell et al, 1989; Liberatore et al, 2003].

Plasminogen activator inhibitors

Plasminogen activator inhibitors (PAIs) 1 and 2 belong to the serine proteinase in-
hibitor (serpin) superfamily and are specific, fast-acting inhibitors of PAs. PAs are
also known to be affected by inhibitors with broader specificity, such as protein C
inhibitor (also known as PAI-3) and protease nexin-1 (PN-1). Of these inhibitors, only
PAI-1, PAI-2, and PN-1 have a sufficiently high affinity to be effective in vivo [Mign-
atti and Rifkin, 2000].

PAI-1 is a single-chain 46 to 54 kDa glycoprotein secreted in an active form, able to
couple with and inhibit the activity of both tPA and uPA. The active form is, howev-
er, unstable and is spontaneously transformed into a latent, non-inhibitory confor-
mation that can be re-activated in vitro [Hekman and Loskutoff, 1985]. The activity is
retained by binding to vitronectin, both in plasma and in the ECM [Mimuro and
Loskutoff, 1989]. PAI-1 is also found in another non-inhibitory form (substrate form),
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which may not inhibit the PAs but can be cleaved by them [Declerck et al, 1992]. In
plasma, PAI-1 is found at a 200 pM concentration, varying between individuals and
diurnally (within an individual), and patients with thrombotic disorders show in-
creased levels [Juhan-Vague et al, 1984]. PAI-1 is also stored in platelets, from where
it can be released during blood clotting [Booth et al, 1988]. PAI-1 may be produced
by a number of cells throughout the body, including endothelial cells [Philips et al,
1984; Siren et al, 2003], smooth muscle cells [Lee et al, 1996], and stromal cells in
adipose tissue [Bastelica et al, 2002].

Kinetic data indicate that PAI-2 is a potent inhibitor of uPA and, albeit less efficiently,
also of tPA. PAI-2 is produced in two active forms: as a 47 kDa single-chain form, and
as a secretory, glycosylated 60 kDa product. PAI-2 remains predominantly cell-asso-
ciated, most likely inside the cell [Belin, 1993]. This has led to speculation that PAI-2
has roles other than inhibition of PAs, such as in keratinocyte differentiation [Wang
and Jensen, 1998] or in protection against programmed cell death [Dickinson et al,
1995]. Under normal circumstances, PAI-2 is found in cutaneous epithelium and oth-
er stratified squamous epithelia, and in monocyte/macrophages [Kruithof et al, 1995].
In plasma, PAI-2 is detectable during pregnancy [Hellgren, 2003], and in cancer pa-
tients [Ho et al, 1998].

PN-1 is able to inhibit active uPA, but has essentially no effect on pro-uPA or tPA.
Instead, it inactivates thrombin and plasmin [Saksela and Rifkin, 1988]. PN-1 is found
in platelets, fibroblasts, and in the central and peripheral nervous systems. Like PAI-
1, PN-1 also binds to vitronectin, but at a different binding site [Kanse et al, 2004].

Plasminogen activation on the cell surface

Pericellular proteolysis

The specific interactions between proteolytic components and pericellular matrix
proteins enable assembly of the proteolytic machinery in such a way as to direct
pericellular proteolysis at a given time point to specific cell surface locations [Vaheri
et al, 1990; Ellis, 2003]. To provide the means for the cells to adhere, migrate, and
invade through anatomical barriers, co-ordinated expression and activity of cell-as-
sociated protease systems, growth factors, and adhesion receptors (which mediate
intercellular adherence or cell-matrix interactions) is essential. Tight regulation of
pericellular proteolysis is required, as excess activity would lead to loss of cell adhe-
sion to the substratum and to tissue destruction.

Plasminogen activation cascade is located on the cell surface following cell surface
binding of plasminogen, uPA and tPA. On the cell surface, plasmin is inaccessible to
its physiological inhibitors α2-AP and α2-M, which rapidly inactivate soluble plas-
min.
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Plasminogen binding to cells

Plasminogen binding has been observed in many types of cells, including platelets,
monocytes, endothelial cells, fibroblasts, and keratinocytes [for review, Fogg et al,
2003]. Binding of plasminogen to the cell surface is mediated through the kringle
lysine-binding sites, which interact with the exposed lysine residues of cell surface
receptors. Several candidate plasminogen receptors on various types of cells have
been identified (Table 1). Although there appears to be a single class of binding sites,
different cells appear to express distinct receptors and there may even be distinct
receptors on the same cell.

Many of candidate receptors, such as annexin II [Hajjar and Krishnan, 1999], and
amphoterin (also known as HMGB1) [Parkkinen et al, 1991], are known to be capa-
ble of stimulating plasminogen activation. It remains unclear which of the candidate
receptors are most important, however, and if the plasminogen receptor profile is
different in different physiological processes [Fogg et al, 2003].

Candidate receptor Cell type Binds tPA

Glycoprotein IIb/IIIa Platelets Not determined

Gangliosides Various cells Yes

Actin Yes

45 kDa protein Yes

Annexin II, Annexin II heterodimer Yes

Amphoterin Neuronal cells Yes

α-enolase Yes

Tip 49a Not determined

Cytokeratin 8 Epithelial breast cancer cells Yes

Monocytoid cells

Endothelial cells

Table 1. Candidate cellular receptors for plasminogen.

(Modified from Fogg et al, 2003).

uPA on the cell surface

uPA is traditionally associated with pericellular proteolysis because of the well-known
interaction with its specific receptor, uPAR. uPAR serves as a focal point for initia-
tion of the plasminogen activation cascade in the immediate pericellular environ-
ment [Behrendt and Stephens, 1998; Kjøller, 2002]. Via additional molecular and func-
tional interactions with vitronectin, integrins (receptors for cell adhesion to ECM),
and PAI-1, uPA/uPAR is suggested to play a part in the modulation of cell adhesion
as well as cell detachment from the ECM, in “grip-and-go” alternating cycles, which
eventually leads to cell movement [Del Rosso et al, 2002] (Fig. 3). There is, however,
considerable evidence suggesting other, alternative pathways for uPA-catalyzed cell-
surface plasminogen activation independent of uPAR, probably acting parallel to
the uPAR-dependent pathway.
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Figure 3. Schematic representation of uPA-catalyzed proteolytic activity
and uPAR-mediated cell adhesion.

PAI-1 acts as a potent disrupting factor, blocking uPAR and integrin binding sites of the
vitronectin molecule. In addition, PAI-1 inhibits uPA activity. Vn, vitronectin. (Figure presented

in III).

uPA receptor (uPAR)

The specific uPA receptor, uPAR, is a highly glygosylated single-chain 55 kDa pro-
tein which consists of three homologous domains (D1, D2, and D3, numbered from
the N terminus), and is linked to the outer cell-surface membrane leaflet via a glyco-
syl-phosphatidyl inositol (GPI) anchor [Ploug et al, 1991]. uPAR binds single- and
two-chain uPA as well as uPA complexed with PAI-1 with high affinity. There is evi-
dence that both D1 and D3 are required for high-affinity uPA binding [Ploug, 1998].
Binding of uPA leads to a conformational change in uPAR, exposing the sequence
linking domains 1 and 2 [Fazioli et al, 1997].

uPAR may also exist on the surface of cells in a two-domain form (D2 and D3), inca-
pable of binding uPA [Resnati et al, 1996; Fazioli et al, 1997]. Several enzymes, in-
cluding uPA and plasmin, are able to detach D1 by cleaving the proteolytically sensi-
tive linker region between D1 and D2, which may represent a negative feedback
mechanism for plasminogen activation on the cell surface [Høyer-Hansen et al, 1992;
Høyer-Hansen et al, 1997]. In addition to the membrane-anchored form, uPAR can
be found as a soluble molecule (suPAR) released from the plasma membrane by cleav-
age of the GPI-anchor [Ploug et al, 1992].
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uPAR binds the plasma and ECM protein vitronectin [Waltz and Chapman, 1994].
Vitronectin binding of uPAR is accelerated by pro-uPA, uPA, the aminoterminal non-
catalytic fragment of uPA (ATF), and the uPA-PAI-1 complex. It is inhibited by PAI-1
[Wei et al, 1994; Deng et al, 1996a; Kanse et al, 1996; Carriero et al, 1997]. uPAR local-
izes with, and also binds directly to, integrins of the β1, β2, and β3 families, and is able
to modulate their function [Wei et al, 1996; Yebra et al, 1996; Xue et al, 1997; Preissner
et al, 2000; Simon et al, 2000; Tarui et al, 2001; Wei et al, 2001; Blasi and Carmeliet,
2002; Tarui et al, 2003].

uPAR-dependent proteolysis

Following secretion, uPA binds to uPAR in its inactive form and is then activated by
proteolytic cleavage [Petersen et al, 1988]. uPA binding to uPAR leads to the localiza-
tion of plasminogen activation at focal sites. PAI-1 binding to uPA or uPA/uPAR
complexes inhibits the proteolytic activity, and is followed by internalization of the
uPA/uPAR/PAI-1 complex in a process involving low-density lipoprotein (LDL)-
receptor-related-protein [Nykjaer et al, 1997; Czekay et al, 2001]. uPA-PAI-1 com-
plexes are degraded in cell lysosomes, but free uPAR is recycled back to the cell
surface [Nykjaer et al, 1997].

During cell migration, uPAR is usually concentrated at the leading edge of the cell
[Estreicher et al, 1990]. Owing to its GPI-anchor, uPAR has a relatively high lateral
mobility in the plasma membrane, and can be found in different locations depend-
ing on the cell type and activation state. uPAR localization within the plasma mem-
brane is affected by both recycling and uPA binding, which lead to uPAR mobiliza-
tion and concentration at focal contacts, where integrins cluster and interact with
actin filaments [Myöhänen et al, 1993; Nykjaer et al, 1997]. Binding of uPAR causes
accumulation of pro-uPA and uPA at these sites, where uPA-catalyzed plasminogen
activation is due to cell surface co-accumulation of plasminogen [Namiranian et al,
1995].

Interestingly, endostatin, an anti-angiogenic fragment of collagen XVIII, causes down-
regulation of the endothelial cell surface urokinase plasminogen activator system,
which is accompanied by disassembly of focal adhesions [Wickström et al, 2001].

Link between uPA-catalyzed proteolysis, adhesion and signalling

uPAR can bind to the extracellular matrix by binding vitronectin, which suggests
that uPAR may also act as a direct adhesion receptor. The PAI-1 and uPAR high-
affinity binding sites for vitronectin for  are located in the N-terminal somatomedin
B-domain [Deng et al, 1996b; Okumura et al, 2002]. Having higher affinity for the
somatomedin-B domain, PAI-1 can inhibit the uPAR-dependent attachment of vit-
ronectin to cells [Deng et al, 1996b; Waltz et al, 1997; Deng et al, 2001].

PAI-1 has been found to possess anti-adhesive properties [Stefansson and Lawrence,
1996] also on cells attached to vitronectin via integrins. The integrin-binding site of
vitronectin, its single RGD (arginine-glycine-aspartic acid sequence) site, is located
in close proximity to the binding sites for uPAR and PAI-1. Binding of PAI-1 to the
somatomedin B-domain was suggested to inhibit integrin-mediated cell adhesion
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by sterically blocking the adjacent RGD site [Stefansson and Lawrence, 1996; Oku-
mura et al, 2002]. Cell detachment by PAI-1 is dependent on the interaction of PAI-1
with uPA, however, rather than with vitronectin [Czekay et al, 2003]. PAI-1, again
depending on the presence of uPA and uPAR, is also able to detach cells from ECM
containing fibronectin or type I collagen, suggesting that uPAR transmits the effects
of PAI-1 to specific integrins involved in cell adhesion [Czekay et al, 2003].

The other inhibitor of uPA, PN-1, is also able to bind to vitronectin either alone or
together with inactivated protease. In the presence of uPA, PN-1 enhances uPAR-
mediated adhesion to the vitronectin matrix, and hence is also associated with cell
adhesion [Kanse et al, 2004]. In vivo localization of PN-1, in the regions of vascular
remodelling in the vessel wall, suggests a role in leucocyte adherence and recruit-
ment.

Increasing evidence indicates that uPA binding to uPAR is able to stimulate intracel-
lular signaling cascades, without plasmin generation and proteolytic activation [for
reviews, Ossowski and Aguirre-Ghiso, 2000; Blasi and Carmeliet, 2002; Kjøller, 2002].
The first indication of a function for uPA/uPAR in signal initiation was described in
reports on changes in cell motility observed as a consequence of uPA binding to
uPAR without generating proteolytic activity [Fibbi et al, 1988]. Subsequently, uPAR-
mediated signalling is reported to be involved in the regulation of the actin cytoskel-
eton and of integrin activation in connection with cell migration [Kjøller, 2002].

The precise mechanisms of uPAR-mediated signalling are not clear. A change in uPAR
conformation, following binding to uPA, has been reported to initiate the signalling
event cascade. There is also evidence that uPAR-mediated signaling may take place
independent of uPA, however [Gyetko et al, 1994; Kjøller and Hall, 2001]. Due to its
GPI-anchor attachment, uPAR has no transmembrane structure and is unable to sig-
nal directly to intracellular proteins. It has been hypothesized that the change in
uPAR conformation allows it to interact with a signal-transducing adapter protein.
There is substantial evidence that the interactions between uPA, uPAR, and integrins
activate the signalling pathways and adhesion or migration events [Ossowski and
Aguirre-Ghiso, 2000; Tarui et al, 2001; Bass and Ellis, 2002; Blasi and Carmeliet, 2002;
Tarui et al, 2003]. Other candidates for transmembrane proteins that act as mediators
for uPAR include caveolin and G-protein-coupled receptors [Wei et al, 1999; Resnati
et al, 2002].

Alternative, uPAR-independent pathways for uPA-catalyzed cell-surface plasminogen

activation

Recent evidence suggests that in addition to the specific uPA receptor uPAR, uPA
binds to other cell surface receptors able to mediate cell-associated uPA-catalyzed
plasminogen activation. This was first suggested by studies with gene-deficient mice.
While uPA-deficient mice show disturbances in wound healing, uPAR-deficient mice
retain the capability to repair tissue damage, such as vascular injuries and incisional
skin wounds [Bugge et al, 1996a; Bajou et al, 1998; Carmeliet et al, 1998; Longstaff et
al, 1999]. In addition, uPA-catalyzed plasminogen activation can take place on cells
lacking uPAR [Longstaff et al, 1999]. On smooth muscle cells, uPA has been found to
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have binding sites other than uPAR [Mukhina et al, 2000]. It has also been proposed
that ECM proteins may substitute for uPAR as a binding site for uPA [Carmeliet et al,
1998]. It is possible that the uPAR-independent proteolytic pathway acts parallel to
the uPAR-dependent pathway.

tPA and extravascular proteolysis
tPA is traditionally associated with intravascular fibrinolysis and thrombolysis. Sev-
eral lines of evidence, however, suggest that tPA is also able to take part in extravas-
cular plasminogen activation. Studies with gene-deficient mice have revealed a broad
functional overlap between the two plasminogen activators [Carmeliet et al, 1994;
Bugge et al, 1996a]. Furthermore, tPA-catalyzed plasminogen activation has recently
been shown to have physiological and pathological activities not strictly related to
fibrinolysis, such as kidney and liver regeneration [Kitching et al, 1997; Bezerra et al,
2001]. In the brain, which is devoid of fibrin, tPA activates locally produced plas-
minogen which may then operate on non-fibrin substrates, and tPA/plasmin is also
associated with neuronal cell migration [Fages et al, 2000; Siao et al, 2003].

Importantly, tPA has been discovered to have cellular binding sites, although they
do not appear to have the high level of affinity and specificity displayed by uPAR.
tPA binds to endothelial cells [Hajjar et al, 1994], fibroblasts [Hoal et al, 1983], vascu-
lar smooth muscle cells [Ellis and Whawell, 1997], and monocyte/macrophages [Felez
et al, 1990]. The candidate receptors for plasminogen appear to function also as bind-
ing sites for tPA (Table 1). Both tPA and plasminogen also bind to ECM proteins
fibronectin and laminin, which suggest co-localization for tPA and plasminogen on
the cell surface and/or in the ECM [Salonen et al, 1984; Salonen et al, 1985; Plow et al,
1986; Moser et al, 1993; Stack and Pizzo, 1993]. It is, however, not well understood
how tPA-catalyzed plasminogen activation takes place on the surface of cells [Wern-
er et al, 1999; Hajjar and Acharya, 2000; Razzaq et al, 2003].

MATRIX METALLOPROTEINASES

Matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) form an important
extracellular proteolytic system, which has been associated with tissue remodelling
and pathological tissue destruction [for reviews, McCawley and Matrisian, 2001;
Armstrong and Jude, 2002; Visse and Nagase, 2003]. To date, the expanding family of
MMPs consists of more than 20 members that have been characterized in man, as
well as four TIMPs (Table 2).

MMPs are endopeptidases with similar domain structures and sequence homolo-
gies, and a zinc-binding site is required for full enzymatic activity. Collectively MMPs
are capable of degrading essentially all components of the ECM in vitro, although
their substrates in vivo are largely unknown. The substrate specifities of the MMPs
are partially overlapping. MMPs have been classified into subgroups based on struc-
tural and functional criteria. Collagenases are able to initiate degradation of fibrillar
collagens, and gelatinases (also called type IV collagenases) have high activity to-
wards gelatin and type IV collagen. Collagenases and gelatinases, as well as strome-
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Activated 
by plasmin

MMP-1 Collagenase-1, 
fibroblast collagenase

yes

MMP-8 Collagenase-2, 
neutrophil collagenase

yes

MMP-13 Collagenase-3 yes

MMP-2 Gelatinase A, 72 kDa 
gelatinase, 72 kDa 
type IV collagenase

yes

MMP-9 Gelatinase B, 92 kDa 
gelatinase, 92 kDa 
type IV collagenase

yes

MMP-3 Stromelysin-1 yes
MMP-10 Stromelysin-2 yes

MMP-11 stromelysin-3 Laminin, fibronectin, 
aggrecan

MMP-7 Matrilysin

MMP-14 MT1-MMP yes

MMP-15 MT2-MMP

MMP-16 MT3-MMP

MMP-24 MT5-MMP

MMP-25 MT6-MMP Gelatin, collagen IV, 
fibrin, fibronectin, 
laminin-1

MMP-17 MT4-MMP Gelatin

MMP-23

MMP-12 Metalloelastase yes Elastin, fibronectin, 
fibrin/fibrinogen, laminin, 
proteoglycans

MMP-19 Gelatin, tenascin, 
fibronectin, collagen IV, 
laminin, entactin, 
fibrin/fibrinogen, 
aggrecan

MMP-20 Enamelysin Amelogenin, aggrecan

MMP-28 Epilysin not known

Cleave fibrillar collagens at a 
specific site to yield N-terminal 
3/4 and C-terminal 1/3 
fragments, which in +37 C 
spontaneously denature to 
gelatin.

CommentsMMP

Gelatin, elastin, 
fibronectin, collagen 
I/IV/V/VII/X/XI, laminin, 
aggrecan, vitronectin

Collagenases

Gelatinases

Matrix substrates

Contain a transmembrane 
domain and a cytoplasmic tail 
at the C-terminus.

Contain a GPI-anchor at the C-
terminus.

Stromelysins

Other 

Collagen I/II/III/VII/X, 
gelatin, entactin, 
aggrecan, tenascin

Proteoglycans, laminin, 
fibronectin, gelatin, 
collagen III/IV/V/IX/X/XI, 
fibrin/fibrinogen, 
entactin, tenascin, 
vitronectin

Membrane-type MMPs
Gelatin, fibronectin, 
vitronectin, collagen, 
aggrecan

Matrilysins

Table 2. Matrix metalloproteinases and their substrates.

(Modified from McCawley and Matrisian, 2001; Egeblad and Werb, 2002; Visse and Nagase, 2003).
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lysins, matrilysins, and other MMPs, are soluble proteins secreted from the cell, while
the members of the subgroup of membrane-type matrix metalloproteinases (MT-
MMPs) associate with cellular membranes either by a transmembrane domain or by
a GPI-anchor.

Neutrophils synthesize and store MMP-8 (collagenase-2) and MMP-9 (92 kDa gelati-
nase) in their granules, but normally MMPs are expressed at low levels in adult tis-
sues and are upregulated by signals such as growth factors, inflammatory cytokines,
and cell-matrix and cell-cell interactions [Kähäri and Saarialho-Kere, 1997]. All MMPs
are synthesized as proteolytically inactive proenzymes containing a pro-domain
maintaining the latency, and activation occurs when the linkage between a cysteine
residue in the pro-domain and the zinc ion bound to the catalytic domain is disrupt-
ed (“cysteine switch”) [Van Wart and Birkedal-Hansen, 1990]. In vitro, MMPs may
be activated either chemically, for example by amino phenyl mercuric acid (APMA),
or when the pro-domain is removed proteolytically. Some MMPs, such as MMP-11,
MMP-27, and the MT-MMPs, can be activated intracellularly by furin-like serine pro-
teinases [Sternlicht and Werb, 2001]. Most soluble MMPs are, however, secreted into
the extracellular space in catalytically latent forms, and in vivo are likely to be acti-
vated by other activated MMPs or serine proteinases [Kähäri and Saarialho-Kere,
1997]. The uPA/plasmin system is indicated as physiologically relevant activator for
many MMPs [Carmeliet and Collen, 1997; Mazzieri et al, 1997].

The activity of MMPs is controlled by TIMPs, and by less specific circulating pro-
tease inhibitors, such as α1-antitrypsin and α2-macroglobulin. Four TIMPs are known
(TIMP-1, -2, -3, and -4), and these are able to inhibit most MMPs in vitro, with the
exception of TIMP-1, which is a poor inhibitor of many membrane bound MMPs
[Will et al, 1996; Shimada et al, 1999]. Studies with TIMP-2-deficient mice suggest
that the dominant physiological function of TIMP-2 is the activation of MMP-2 [Wang
et al, 2000]. TIMP-1 and -2 are present in a soluble form in most tissues and body
fluids, while TIMP-3 occurs in the ECM [Gomez et al, 1997].

Like plasminogen activation, MMPs also function in pericellular proteolysis [Werb,
1997; Sternlicht and Werb, 2001]. MMP activity may be localized to the cell surface
by the pericellular presence of MMP-activating enzymes, including uPA/plasmin.
MT-MMPs are themselves anchored to the cell membrane, and some soluble MMPs
may attach to cell-surface receptors. For example, binding of MMP-1 to α2β1-integrin
may play an important role in the migration of keratinocytes during wound healing
[Dumin et al, 2001].

HUMAN SKIN

Epidermis and dermis, separated by a basement membrane (BM), form the human
skin. The epidermis is composed of a keratinized stratified squamous epithelium
with several layers (Fig. 4). The basal layer (stratum basale, stratum germinativum)
is a single layer of cells resting on the BM. It contains proliferating stem cells, which
give rise to keratinocytes, the most important cells of the epithelium, that shift through
the more differentiated layers stratum spinosum, stratum granulosum, and stratum



Review of the Literature24

Stratum corneum

Stratum granulosum

Stratum spinosum

Stratum basale

Basement membrane

Melanocyte

Merkel cell

Langerhans 
cell

corneum. During migration to the body surface, keratinocytes lose their nucleus,
become flattened and keratinize. Finally they are shed away from the surface. Other
cells present in the epithelium include the pigment-producing melanocytes, Merkel
cells that function in cutaneous sensation, and Langerhans cells that have a role in
the local immune system. Melanocytes and Merkel cells are situated in the basal
layer, whereas Langerhans cells are localized in stratum spinosum.

In the metabolically active layers of the skin, epithelial cells maintain physical con-
tact with their neighbours through junctional structures termed desmosomes, adhe-
rens junctions, gap junctions, and tight junctions. Besides providing stability, these
junctions are also involved in signal transduction between the cells and their sur-
roundings. Desmosomes connect the keratin filament cytoskeletons of neighbouring
cells, and adherens junctions are anchored to the actin cytoskeletons. Gap junctions
are fluid channels that connect the cytoplasms of adjacent cells and allow the ex-
change of small cytoplasmic components [Kumar and Gilula, 1996]. Tight junctions,
located only in the granular layer, are responsible for the barrier function of the epi-
thelium and are associated with the actin cytoskeleton [Matter and Balda, 2003].

BM is a thin sheet of specialized ECM which separates the nonvascularized epider-
mis from the dermis, the underlying connective tissue [Ghohestani et al, 2001]. In
addition to its functions as a selective barrier and scaffold to which cells adhere, BM
components participate in biological activities which influence tissue development

Figure 4. Diagram of the epidermis.

The cells in white are keratinocytes in different stages of differentation.
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and repair. Both epidermal cells and fibroblasts in the dermis contribute to the syn-
thesis of BM components. The BM contains a scaffolding of two independent poly-
mer networks consisting of laminin isoforms (5, 6, and 10) and type IV collagen, in
which a group of matrix glycoproteins (such as nidogen) act as stabilizing bridges.

The cells of the basal layer are attached to the BM zone through junctional complexes
called hemidesmosomes, of which integrin α6β4 is an important component.
Hemidesmosomes form a bridge from intracellular keratin intermediate filaments to
anchoring filaments, composed mainly of laminins traversing the BM zone all the
way to the stroma. Here, the anchoring fibrils, composed mainly of type VII colla-
gen, entangle around dermal fiber structures. Hemidesmosomes, intermediate fi-
brils, anchoring filaments, and anchoring fibrils form a functional unit termed the
hemidesmosomal adhesion complex [Ghohestani et al, 2001].

The epidermal appendages, blood vessels, and nerve processes extend into the der-
mis. The more superficial and thinner part of the dermis is the papillary layer, con-
sisting of loose, irregular connective tissue abundantly embedded by cells. The retic-
ular dermis is less cellular and lies between the papillary dermis and subcutaneous
fat. Collagen fibers of the reticular layer are thick, and together with elastin fibers
oriented to form regular lines of tension in the skin.

The cellular compartment of the dermis, which includes fibroblasts, macrophages,
and mast cells, is embedded in interstitial connective tissue. This extracellular ma-
trix is a complex array of macromolecules, predominantly composed of collagens,
elastin, non-collagenous glycoproteins, proteoglycans, and hyaluronan. Interactions
and exchange between cells and ECM are mediated by cell surface receptors, such as
integrins.

CUTANEOUS WOUND HEALING

A cutaneous injury initiates a complex and dynamic repair process aimed at restora-
tion of the integrity of the skin. The repair process involves an integrated series of
events that depends on cutaneous and blood-derived cells, regulatory factors, and
adhesive matrix substrates. Wound healing is an interactive process: migrating in-
flammatory cells, keratinocytes, endothelial cells, and fibroblasts must communi-
cate with each other within the context of the surrounding extracellular matrix. Cell
locomotion requires coordinated activity of cytoskeletal, membrane, adhesion, and
proteolytic mechanisms [Lauffenburger and Horwitz, 1996; Mitchison and Cramer,
1996; Ivaska and Heino, 2000; Kjøller, 2002]. Cytokines and many other molecules,
e.g. integrins, participate in the interactions between cells and the ECM.
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Extracellular matrix involved in wound healing

During wound healing, the ECM molecules serve not only as a scaffold for the mi-
grating cells, but also as a reservoir for the growth factors and cytokines modulating
their activity. Extracellular matrix may also exhibit direct signalling functions via
interactions with matrix receptors like integrins or via signalling through growth
factor receptors. All classes of extracellular matrix molecules may now be consid-
ered macromolecules involved in growth control [Kresse and Schonherr, 2001].

Connective tissue components
Collagens are the most abundant components of the ECM [Prockop and Kivirikko,
1995]. Fibrillar collagens, collagens type I and type III, are the major collagens of
skin. The thick type I collagen fibers provide mechanical strength, and the finer type
III collagen fibers allow flexibility. Collagen types IV and VII are network-forming
collagens, of which type IV is a component of the basement membranes, and type
VII forms the anchoring fibrils beneath the epithelium. Elastic fibers, providing the
skin with elasticity, are composed of an elastin core surrounded by a mantle of fibril-
lin-rich microfibrils [Kielty et al, 2002].

Proteoglycans are a large family of complex and heterogeneous macromolecules [for
reviews, Gallo, 2000; Kresse and Schonherr, 2001]. Stucturally highly diverse prote-
oglycans are composed of a core protein linked to one or more glycosaminoglycan
molecules (GAGs), such as chondroitin sulfate, dermatan sulfate, heparan sulfate,
heparin, and keratan sulfate. GAGs are polysaccharides composed of repeating dis-
accharide units, which have a huge volume relative to their mass, filling most of the
extracellular space. They form porous hydrated gels that provide not only mechani-
cal support to the tissue but also allow migration of cells and diffusion of water-
soluble molecules. In addition to providing ground substance for cells, the structural
diversity of proteoglycans allows multiple other functions in the matrix, including
cell adhesion and matrix organization, and spatial immobilization of growth factors
and other cytokines [reviewed in Taipale and Keski-Oja, 1997]. Most proteoglycans
are located extracellularly, but some proteoglycans are constituents of intracellular
secretory vesicles, and others are integral components of plasma membranes.

Hyaluronan, a long polysaccharide that forms hydrated gels, is an important com-
ponent of granulation tissue during wound healing. Hyaluronan does not form pro-
teoglycans, but aggregates noncovalently to them. Because of its loose, hydrated and
porous nature, hyaluronan gives the cells freedom to move and proliferate.

The extracellular matrix of the dermis also contains several adhesive proteins, such
as fibronectin and vitronectin, that are capable of modulating cell-cell and cell-ma-
trix interactions. These proteins typically have multiple domains, each of which have
specific binding sites for other extracellular matrix molecules and for cell surface
adhesion receptors. In addition, ECM contains a number of proteins with anti-adhe-
sive functions, such as tenascin-C.



Review of the Literature 27

Fibronectin is a large multidomain, multifunctional cell adhesion protein [Mosher,
1989; Yamada and Clark, 1996; Pankov and Yamada, 2002]. Fibronectin is composed
of two large, similar subunits joined by disulphide bonds. Fibronectin is encoded by
a single gene, but exists in a number of splice variants. Soluble plasma fibronectin,
mainly produced in the liver, circulates in the blood and other body fluids. Other
isoforms of fibronectin, produced e.g. by fibroblasts, are deposited in the ECM as
insoluble fibronectin filaments. Cell adhesion is mediated through cell membrane
receptors of the integrin family and mainly through the RGD sequence of fibronectin
[Pierschbacher and Ruoslahti, 1984]. Fibronectin has a number of binding sites for
other ECM molecules including collagen/gelatin, fibrin, and heparin. Studies with
gene-deficient mice suggest that locally expressed fibronectin variants, but not nec-
essarily plasma fibronectin, are required during wound healing [Sakai et al, 2001].

Tenascin-C is an adhesion-modulatory extracellular matrix protein predominantly
expressed during embryonic development and wound healing. The adhesive prop-
erties of fibronectin can be balanced by this antiadhesive molecule to optimize cell-
matrix interactions [Mackie and Tucker, 1999].

Vitronectin is a conformationally labile, multifunctional, and multidomain adhesive
protein that has binding sites for several molecules such as collagen, thrombin-anti-
thrombin III complex, heparin, integrins, plasminogen, PAI-1, and uPAR [Seiffert,
1997; Preissner and Seiffert, 1998; Schvartz et al, 1999]. Vitronectin is produced in the
liver, and circulates mostly as a folded monomer in plasma. An oligomeric form is
present in another circulatory pool of vitronectin, namely platelet α-granules, and
presumably also in the ECM [Preissner et al, 1989]. Plasma levels, especially of oligo-
meric vitronectin, increase during acute-phase response, and there is evidence that
the blood coagulation process may affect vitronectin structure and function, and that
vitronectin accumulates in the sites of tissue damage and inflammation. Vitronectin
also binds to fibrin, and in complex with PAI-1 is accumulated on the surface of
fibrin clots during coagulation [Podor et al, 2000; Podor et al, 2002]. By binding to
integrins and uPAR, vitronectin mediates cell attachment to the ECM, but also func-
tions in a number of proteolytic cascades, providing an unique regulatory link be-
tween cell adhesion, cell migration, and proteolysis (see Section uPA on the cell sur-
face).

Fibrin is not a component of the normal extracellular matrix, but is the major protein
in the blood clot sealing a skin wound. Formation of fibrin occurs by the action of the
coagulation cascade [Mosesson, 1992; Mosesson et al, 2001]. Fibrin is formed in this
cascade as a result of the formation of thrombin, which cleaves soluble fibrinogen to
an insoluble fibrin monomer. The fibrin monomers polymerize and form fibrin fib-
ers. Fibrinogen, a 340 kDa hexamer composed of two Aα, two Bβ, and two γ-chains,
is produced in the liver and is abundantly present in blood.

Cytokines are extracellular signalling proteins which act as local mediators in cellu-
lar interactions such as immune responses. Growth factors are a subclass of cytokines
that specifically stimulate the proliferation of cells, but may also have other func-
tions. Growth factors act through specific cell-surface receptors in close co-operation
with e.g. integrins.



Review of the Literature28

Table 3. Cytokines associated with wound repair, and their effects.

These cytokines have been found in injured tissue and are presumed to participate in the regulation of wound

repair, on the basis of their effects on models of wound healing and cultured cells. (Modified from Gailit and Clark,
1994, additional references: Finch et al, 1989; Sepp et al, 1994; Besser et al, 1995; Gualandris and Presta, 1995;

Byrd et al, 1999; Heldin and Westermark, 1999; Powers et al, 2000). GF, growth factor; PDGF, platelet derived
GF; VEGF, vascular endothelial GF; TGF, transforming GF; EGF, epidermal GF; HB-EGF, heparin-binding-EGF;

FGF, fibroblast GF; KGF, keratinocyte GF; IGF, insulin-like GF; IL, interleukin; TNF, tumor necrosis factor; HGF,
hepatocyte GF.

Cytokine Family Source Actions

PDGFs PDGF platelets, macrophages, 
fibroblasts, 

keratinocytes, 
endothelial cells, 

smooth muscle cells 

Stimulates proliferation of fibroblasts and smooth muscle cells, 
chemotaxis, fibroblast contraction, and the production of other 
growth factors, matrix molecules and collagenases 

VEGFs VEGF macrophages, 
fibroblasts, 

keratinocytes

Stimulates endothelial cell proliferation; increases vascular 
permeability

TGF-βs TGF-β platelets, neutrophils, 
macrophages, 
lymphocytes, 
fibroblasts, 

keratinocytes

Growth inhibitor for keratinocytes and endothelial cells; 
growth stimulator for fibroblasts and smooth muscle cells; 
chemoattractant for neutrophils, monocytes, lymphocytes, and 
fibroblasts; stimulates the production of extracellular matrix 
components and keratinocyte migration; inhibits the migration 
of endothelial cells; down-regulates matrix proteolytic 
enzymes 

EGF EGF keratinocytes Stimulates keratinocyte migration, and proliferation of most 
epithelial cells, fibroblasts and endothelial cells 

TGF-α EGF keratinocytes Similar to EGF, but a more potent angiogenesis factor

HB-EGF EGF keratinocytes Stimulates proliferation of keratinocytes, fibroblasts and 
smooth muscle cells

FGF-2 (basic 
FGF, bFGF)

FGF macrophages, 
endothelial cells, 

fibroblasts

Stimulates endothelial cell and fibroblast proliferation and 
production of proteases, keratinocyte proliferation, and 
chemotaxis

FGF-7 
(KGF)

FGF fibroblasts Specific for epithelial cells; stimulates epithelial cell 
proliferation and keratinocyte migration

IGF Insulin-like GF Stimulates chemotaxis and proliferation of fibroblasts and 
endothelial cells 

IL-1 Interleukin Stimulates macrophage production of proteases and fibroblast 
production of extracellular matrix components

IL-2 Interleukin Induces inflammatory cell migration, lymphocyte growth 
factor

TNF-α TNF macrophages, 
fibroblasts, 

keratinocytes

Stimulates macrophage production of proteases; increases 
vascular permeability; inhibits collagen synthesis

fibroblasts Stimulates motility and proliferation of epithelial and 
endothelial cells

HGF (Scatter factor)
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Cytokines are abundantly present in the wound area (Table 2). Platelet degranula-
tion releases the initial burst, and soon after macrophages start the production of
cytokines in situ [Rappolee and Werb, 1988]. In the wound area, platelets and macro-
phages are the main sources of growth factors, but other inflammatory cells produce
them, as do keratinocytes, fibroblasts, and endothelial cells. Growth factors and cy-
tokines are also mobilized from the matrix reservoir or activated from precursors
[Benezra et al, 1993; Taipale and Keski-Oja, 1997]. Growth factors participate in the
regulation of the wound healing through several mechanisms. In addition to mi-
togenic activity to stimulate the proliferation of cells,  growth factors have chemotac-
tic activity to attract migrating cells to the wound area, and they affect the produc-
tion and degradation of ECM proteins and the synthesis of other mediators
[Greenhalgh, 1996].

Cells communicate with ECM components through cell surface receptors, such as
integrins. During wound healing, cell movement depends on integrin-mediated in-
teractions. Integrins are important cell adhesion receptors [Plow et al, 2000; Hynes,
2002]. These transmembrane cell surface receptors anchor the cell cytoskeleton to the
ECM and to neighbouring cells. In addition, integrins transduce signals between the
extracellular environment and the inside of the cell, consequently participating in
the regulation of cell morphology and cellular processes such as cell migration [Gi-
ancotti and Ruoslahti, 1999; Ivaska and Heino, 2000]. The integrin family consists of
over 20 heterodimeric receptors that are composed of noncovalently associated α-
and β-subunits. Usually integrins bind more than one ligand, including fibrin/fi-
brinogen, fibronectin, collagen, and laminin, and conversely, these proteins can bind
to several integrins. The activation state and distribution of integrins are adjusted in
a number of ways, both by the cells expressing them, and by extracellular molecules.

Provisional matrix
The extracellular matrix of a healing wound, also termed provisional matrix, eventu-
ally progresses from the original blood clot to the fully remodelled replacement tis-
sue. The initial blood clot consists mostly of aggregated platelets, fibrin, fibronectin,
and vitronectin, and serves as a scaffold for cell migration. The blood clot is cleared
through proteolysis by the invading cells, which then deposit the early granulation
tissue. The name “granulation tissue” is derived from the granular appearance due
to the numerous new capillaries. At this stage, hyaluronan (providing low imped-
ance for continuing cell motility) along with fibronectin, are important components
of the provisional matrix. As the matrix matures, it is filled with collagenous stroma,
first by collagen type III, and later by collagen type I. Fibronectin and hyaluronan
disappear, collagen bundles grow in size (increasing wound tensile strength), and
proteoglycans are deposited, increasing wound resilience to deformation.
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Figure 5. Phases of wound healing.
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Wound healing phases

The physiological process of wound healing can be divided into three overlapping
phases, inflammation, proliferation, and remodelling, that roughly follow a chrono-
logical sequence (Fig. 5). The inflammation phase encompasses the first 3 to 4 days
and is characterized by vascular and inflammatory events. A temporary fibrin clot is
formed and inflammatory cells accumulate in the wound area. The proliferation phase,
lasting for 10 to 14 days, involves tissue regeneration. Re-epithelialization and ang-
iogenesis take place. New stroma, termed granulation tissue, is formed mainly by
activated fibroblasts. In larger wounds, modified fibroblasts (myofibroblasts) are re-
sponsible for wound contraction. Within the remodelling phase, which continues up
to 6 to 12 months or longer, the cellularity and capillary number decreases, and the
extracellular matrix is reorganized. The result of a successful wound healing is a
fibrotic scar.

Inflammation phase

Vascular response, blood coagulation and platelet aggregation

Immediately after injury, the damaged vessels narrow in order to prevent further
blood loss. The platelets are activated and form a plug by aggregating to the exposed
collagen of the injured blood vessel wall, and to one another. The coagulation cas-
cade is activated by platelet factors and substances released from the injured cells.
These mutually dependent and interactive processes result in a haemostatic blood
clot [Kanzler et al, 1986; Heemskerk et al, 2002]. Due to interruption of normal vas-
culature and development of a fibrin clot, the wound area is characterized by rapid
development of hypoxic conditions.

The provisional blood clot consists mainly of aggregated platelets and fibrin. Fibrin
deposition occurs through the action of the coagulation cascade, which brings about
the conversion of soluble fibrinogen abundantly present in blood to insoluble fibrin
monomers. The monomers polymerize to fibrils and form a network around the plate-
let plug [Mosesson et al, 2001]. The clot further "catches" blood cells and binds plas-
ma proteins such as fibronectin and vitronectin. This initial blood clot provides not
only provisional stability and external protection to the wound area, but also the
provisional matrix for the migration of different types of cells, such as monocytes
[Ciano et al, 1986; Lanir et al, 1988], fibroblasts [Knox et al, 1986; Brown et al, 1993;
Greiling and Clark, 1997], and endothelial cells [Clark et al, 1996], and a reservoir of
cytokines and growth factors released from the platelets.

Soon after the vessels are sealed by the temporary blood clot, vasoconstriction is
followed by widening of the vessels, raised capillary pressure, and increased vascu-
lar permeability, leading to plasma leakage into the interstitium. Molecular changes
on the surface of capillary endothelial cells also allow larger blood constituents, like
white blood cells, to be recruited from circulating blood to the extravascular space.
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Activated platelets degranulate and release a number of substances, including growth
factors, that are involved in initiation of tissue repair [Ofosu, 2002]. Platelet factors
directly increase blood vessel permeability and act as potent chemotactic and/or
mitogenic molecules for inflammatory and mesenchymal cells.

Inflammatory cell functions

White blood cells are attracted to the wound area by chemotactic factors, e.g. cy-
tokines released by platelets and by-products of the proteolysis of fibrin and other
matrix components. Neutrophils, macrophages, lymphocytes, and mast cells serve
as immunological effector cells and also as sources of inflammatory and growth-
promoting cytokines [Gillitzer and Goebeler, 2001; Noli and Miolo, 2001].

Neutrophils are the first white blood cells to arrive at the wound. Neutrophils clear
the area by phagocytosing and releasing proteolytic enzymes to dissolve degenerat-
ing connective tissue, and are also able to release some pro-inflammatory cytokines.
The senescent neutrophils are phagocytized by macrophages or fibroblasts [New-
man et al, 1982]. If the wound is not infected, the production of neutrophil chemoat-
tractants ceases and the number of neutrophils diminishes radically after a few days.

Monocytes arrive soon after neutrophils, and are transformed into macrophages.
Macrophages are able to phagocytose, and they produce proteolytic enzymes and a
huge number of substances regulating the healing process, associated with initiation
and propagation of new tissue formation [Rappolee and Werb, 1988]. Macrophages
are generally considered as the most important cells of the inflammatory phase [Lei-
bovich and Ross, 1975].

In addition, lymphocytes and mast cells may release several mediators, including
cytokines and proteolytic enzymes, that may have potent effects on the healing proc-
ess [Martin and Muir, 1990; Noli and Miolo, 2001].

Recent studies with gene-deficient mice challenge the importance of inflammatory
cells in wound healing. Mice lacking both neutrophils and macrophages are able to
repair skin wounds over a similar time course as wild-type mice, suggesting that
inflammation is not an essential prequisite for efficient tissue repair, as long as mi-
crobial infection is under control [Martin et al, 2003].

Proliferation phase
New tissue is formed during the proliferation phase. Re-epithelialization begins rap-
idly after injury, usually within hours. Fibroblasts penetrate the blood clot after ap-
proximately 3 days, accompanied by new vessels formed by the endothelial cells.
Granulation tissue begins to form. In addition to fibroblasts and newly formed cap-
illaries, granulation tissue consists of macrophages and loose connective tissue. Mac-
rophages provide a continuing source of cytokines, fibroblasts synthesize new ma-
trix components, and blood vessels supply oxygen and nutrients, all of which are
required for new tissue formation.
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Epithelialization

The stimuli for epithelial proliferation or migration are not known with certainty,
but cytokines, chemotactic factors, exposed matrix proteins guiding the migration,
and loss of nearest neighbour cells may all participate in these processes [Singer and
Clark, 1999]. In addition, other elements, such as hypoxia, changes in pH of the mi-
lieu, and even voltage gradients can act as signals [Coulombe, 2003]. Epithelial cells
near the edge of the wound participate in epithelialization. In partial skin thickness
injury, keratinocytes from the cut epidermal appendages also take part in this proc-
ess. During the first hours after injury, basal and suprabasal keratinocytes located
near the wound margin undergo a number of phenotypic alterations. These include
an increase in size, elongated and polarized morphology, retraction of intracellular
tonofilaments, dissolution of most intercellular adhesive junctions and hemidesmo-
somes, and changes in the expression of the integrin receptors [Singer and Clark,
1999; Coulombe, 2003].

Epidermal cells interact with provisional matrix proteins through integrin receptors,
the array of which appears to determine the path for migration. Integrins α6β4 (bind-
ing laminin), α3β1 (laminin), and α2β1 (collagen), the major integrins expressed by
keratinocytes in normal epidermis, are also associated with epithelialization but with
distinct functions and localization [Nguyen et al, 2000; Nguyen et al, 2001]. Wound-
ing of epidermis disrupts anchorage of keratinocytes on endogenous BM laminin-5
via α6β4. As part of initial activation, keratinocytes spread on the endogenous lam-
inin-5 via α3β1, but activated keratinocytes soon start secreting precursor laminin-5.
When migrating, leading edge keratinocytes recognize precursor laminin-5 by α3β1,
and exposed provisional matrix collagen by α2β1 integrin. BM is maturing behind the
moving cells where cells secrete laminin-5, which is recognized by hemidesmosomal
α6β4 integrin. While precursor laminin-5 induces movement of the epithelial sheet,
major laminin-5 blocks this movement. The expression of integrins binding fibronec-
tin, tenascin, and vitronectin is also increased in the leading cells of epidermal out-
growths, but their roles in wound epithelialization are less clear [Nguyen et al, 2000;
Watt, 2002].

Keratinocytes migrate on viable provisional matrix, separating desiccated or other-
wise non-viable tissue from viable tissue. Keratinocytes lack the αVβ3 integrin, which
makes them unable to interact with fibrinogen/fibrin, and is presumably the reason
why keratinocytes migrate over provisional matrix proteins that coat the type I col-
lagen bundles, avoiding the fibrin clot [Kubo et al, 2001]. Fibrin enhances keratinoc-
yte migration indirectly, however, by exposing plasminogen to migrating cells [Geer
and Andreadis, 2003]. The plasminogen activation system is necessary for the kerat-
inocytes to remove fibrin from its migratory pathway [Bugge et al, 1996b; Rømer et
al, 1996]. MMPs are also important for keratinocyte penetration under the clot [Lund
et al, 1999; Parks, 1999].

After migration has begun, the keratinocytes behind the wound margin undergo a
proliferation burst [Krawchyk, 1971]. Although cell proliferation is not an absolute
pre-requisite for migration, it provides more cells to cover the defect area. Daughter
cells, however, are recruited for the purpose of wound resurfacing and not for the
formation of squames, like in intact epidermis. The combination of enhanced prolif-
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Figure 6. Angiogenesis.
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eration and directed migration results in a stratified invading epithelial sheet [Cou-
lombe, 2003]. Migrating cells do not terminally differentiate, however. This is facili-
tated by fibrin/fibrinogen, which may serve to promote healing by preferentially
detaching differentiated keratinocytes, thus preventing them from migrating into
the wound [Geer and Andreadis, 2003].

As the re-epithelialization ensues, keratinocytes anchor to neighbouring cells and to
the BM and revert to their normal phenotype. The barrier function of the skin is
reestablished by formation of squames and the accompanying terminal differentia-
tion.

Angiogenesis

To restore vascular perfusion to damaged tissues, new blood vessels develop from
an existing vascular bed in a process called angiogenesis [Tonnesen et al, 2000]. Wound
angiogenesis is a multistep process, which occurs in a tightly controlled manner (Fig.
6).

Fibroplasia

Normally sessile and quiescent fibroblasts, situated e.g. in the adventitia of small
vessels, proliferate and activate during the first days after injury. After approximate-
ly 4 days, the activated fibroblasts express integrins that bind provisional matrix
proteins, such as fibrin and fibronectin [Gailit and Clark, 1996; Xu and Clark, 1996]
and move rapidly into the wound [McClain et al, 1996]. Approximately a week after
wounding, the wound clot is fully invaded by activated fibroblasts that at this time
synthesize ECM components such as fibronectin, collagen, elastin, and proteogy-
cans [Singer and Clark, 1999]. Gradually the provisional matrix is replaced by a col-
lagenous matrix produced by fibroblasts. During the second week of healing, a pro-
portion of the fibroblasts are transformed into myofibroblasts, which express strong
actin fibrils and cell-cell and cell-matrix junctions. Myofibroblasts resembling smooth
muscle cells, as they are capable of generating strong contractile forces, are responsi-
ble for wound contraction [Tomasek et al, 2002; Hinz and Gabbiani, 2003].

Remodelling phase
If the defect is limited to the epithelium, the wound can heal without forming a scar.
In deeper defects the resulting scar consists of collagen bundles less coherently ori-
ented than in normal skin, and lacking hair follicles, sebaceous glands, and sweat
glands. A scar never attains the breaking strength of normal skin [Levenson et al,
1965].

During the remodelling phase, the scar tissue is gradually reorganized. In the begin-
ning of this phase, vascularization and the number of inflammatory cells and fibrob-
lasts gradually decrease through apoptosis [Greenhalgh, 1998]. Matrix formation
overlaps with remodelling, cell maturation, and cell apoptosis. Fibronectin and hy-
aluronan disappear as does type III collagen, which is replaced by type I collagen
[Clore et al, 1979]. The remodelling phase mostly consists of restructuring of the
collagen fibers, which are rearranged by simultaneous proteolysis and reproduction.
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Proteases in cutaneous wound healing

Proteolytic activity is an essential feature for repair and remodelling. During wound
healing, proteolytic activity is also needed for many purposes. Dissolution of the
fibrin clot and removal of the devitalized tissue from the wound area are both de-
pendent on proteolytic activity. The early provisional matrix in healing wound, con-
sisting mostly of fibrin and fibronectin, serves as a temporary scaffolding for in-
gressing cells, but also presents a major barrier to cell movement [Dvorak et al, 1995;
Senger, 1996; Hiraoka et al, 1998]. To invade the provisional matrix, migrating cells
take advantage of proteolytic enzymes. Limited to the immediate pericellular envi-
ronment, proteolytic activity may be controlled to produce sufficient proteolysis on
the cell surface to enable cell migration and invasion without destroying the matrix
scaffold required for cell motility. On cell surfaces and in the ECM, proteolytic en-
zymes may affect cell migration also by modulating molecules that are involved in
cell adhesion and migration, and by activating or inactivating cytokines and chem-
okines that regulate the healing process. Co-operation of pericellular proteolysis with
the actin cytoskeleton, and cell attachment via the integrin family of cell-surface re-
ceptors, are essential in controlling cell locomotion [Ivaska and Heino, 2000; Kjøller,
2002].

Present evidence suggests that the plasminogen activation system takes part in the
regulation of cell motility via molecular and functional interactions of uPAR with
vitronectin, integrins, and PAI-1 (see Section uPA on the cell surface). During cell mi-
gration, uPAR is usually targeted to the leading edge of the cell, mediating pericellu-
lar proteolysis of extracellular matrix proteins in the path of cellular invasion [An-
dreasen et al, 1997]. The most apparent consequence of pericellular plasmin generation
is degradation of fibrin and other ECM proteins. Pericellular plasmin generation af-
fects cell adhesion and migration also by the degradation of cell adhesion receptors
and their ECM ligands, either directly by plasmin or through the activation of MMPs.
Together, these proteases are also able to activate latent growth factors or release
them from their ECM-binding sites.

Expression of proteases in the wound area
Immediately after injury, PAs and plasminogen are released into the damaged area
from disrupted blood vessels and by extravasation of plasma constituents. PAI-1 is
accumulated on the fibrin clot complexed with vitronectin, where it may modulate
fibrinolysis and clot re-organization [Podor et al, 2002]. When the efficient amplifica-
tion loop for plasminogen activation is initiated, plasmin is able to activate several
proMMPs, which then may further activate other proMMPs. It is reasonable to as-
sume that in vivo the activation cascades between PAs and MMPs form complicated
networks, where the availability of an active enzyme may be as important a factor as
the type of enzyme [Mignatti and Rifkin, 2000]. PAs and MMPs are both produced
by many cells involved in the wound healing process, and may together contribute
to the proteolytic activity seen in healing wounds.
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Many types of cells involved in the wound healing process are known to express
constituents of the PA system in vitro. Normal undifferentiated human keratinoc-
ytes growing towards confluency, under conditions where they form a stratified sq-
uamous epithelium, express uPA, uPAR, and PAI-2 [Jensen et al, 1990; Schäfer et al,
1995; Bechtel et al, 1998], but tPA and PAI-1 are either detected [Jensen et al, 1990;
Chen et al, 1993] or not [Schäfer et al, 1995]. In a non-confluent monolayer, PAI-1 is
detected [Staiano-Coico et al, 1996]. In addition to tPA, cultured endothelial cells
also express uPA, uPAR, and PAI-1, expression of which is induced in migrating
endothelial cells and by the angiogenic cytokines VEGF and FGF-2 [Pepper et al,
1987; Pepper et al, 1991; Pepper et al, 1992; Pepper et al, 1993]. Hypoxia, a major
stimulus for angiogenesis, increases uPAR and PAI-1 in endothelial cells [Kroon et
al, 2000; Uchiyama et al, 2000]. The expression of PA system components have also
been found to be induced in migrating fibroblasts, neutrophils, monocyte/macro-
phages, and but not usually in lymphocytes [Miles and Plow, 1987; Pöllanen et al,
1987; Estreicher et al, 1990; Pepper et al, 1992; Pepper et al, 1993; Plesner et al, 1997].

Tissue specimens taken from wounded mouse skin show uPA, uPAR and PAI-1 mRNA
and protein expression in keratinocytes in the regenerative epithelial outgrowth at
the edge of the wound, and uPA and PAI-1 also in fibroblast-like cells and possibly
macrophages in granulation tissue [Grøndahl-Hansen et al, 1987; Grøndahl-Hansen
et al, 1988; Rømer et al, 1991; Rømer et al, 1994]. In human superficial skin wounds,
uPA immunoreactivity and mRNA is found in keratinocytes in epithelial outgrowths
[Grøndahl-Hansen et al, 1988; Vaalamo et al, 1996]. In biopsies taken from the center
of the wound, uPA immunoreactivity is found in monocyte/macrophages and fi-
broblasts, and uPAR in monocyte/macrophages [Schäfer et al, 1994]. In biopsies tak-
en 6 and 10 days after wounding, proteolytic activity can be inhibited by amiloride
and anticatalytic anti-uPA antibodies, suggesting that it was plasminogen-depend-
ent [Schäfer et al, 1994].

A great variety of MMPs are found to be expressed by different cells, in different
locations, and at different times during wound healing [Parks, 1999]. Migrating ke-
ratinocytes at the leading edge of the wound express MMP-1, MMP-9, and MMP-10
[Saarialho-Kere et al, 1993; Saarialho-Kere et al, 1994; Madlener et al, 1996; Okada et
al, 1997] (Fig. 7). MMP-3, MMP-19, and MMP-28 are found in the proliferating cells
behind the leading edge [Saarialho-Kere et al, 1994; Saarialho-Kere et al, 2002; Impo-
la et al, 2003]. In the underlying wound bed, fibroblasts, endothelial cells, and perivas-
cular cells may express many MMPs, including MMP-1, -2, -3, -13, and MT1-MMP
[Stricklin et al, 1994; Stricklin and Nanney, 1994; Okada et al, 1997; Madlener et al,
1998]. Neutrophils may store and release MMP-8 and MMP-9 into the wound area
[Hasty et al, 1990; Ståhle-Bäckdahl et al, 1992]. Macrophages produce MMP-1 in the
early stages of wound repair, but start to produce MMP-12 during the remodelling
stage [Saarialho-Kere et al, 1992; Madlener et al, 1998].

Leucocytes are an important source of proteinases in the wound area [Barrick et al,
1999]. In addition to uPA and matrix metalloproteinases, leucocytes express other
proteinases, human leucocyte elastase, proteinase-3, and cathepsin-G.
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Figure 7. Spatial distribution of MMP expression during wound healing.

(Modified from Saarialho-Kere et al, 2002; Impola et al, 2003).

Many growth factors present in the wound area are known to have an impact on the
expression of proteases. The response of protease expression and activity to growth
factors and cytokines seems to be firmly dependent on cell type, and importantly,
the net result may be affected by other regulative elements present.

TGF-β, in general, decreases extracellular proteolysis by decreasing the expression
of proteases (plasmin, PAs, and MMPs) and by increasing expression of protease
inhibitors (PAI-1 and TIMP-1). As plasmin may activate latent TGF-β forms, PAI-1
production induced by TGF-β may act as a negative feedback mechanism [Laiho et
al, 1986]. TGF-β also induces basic fibroblast growth factor (bFGF, FGF-2) and vascu-
lar endothelial growth factor (VEGF), which in turn may have an effect on proteases.

FGF-2 enhances the expression of both uPA and PAI-1 in endothelial cells [Saksela et
al, 1987]. VEGF-B bound to its receptor also induces both uPA and PAI-1 [Olofsson et
al, 1998], hence simultaneous induction of proteases and their inhibitors by growth
factors may take place. The expression of MMPs by endothelial cells is also upregu-
lated in response to angiogenic stimulus [Carmeliet and Collen, 2000].

In addition, proinflammatory cytokines may influence protease expression in the
wound area. Their effect may also be modulated by other regulative elements present,
as suggested by findings that while TNF-α upregulated uPA activity in human ke-
ratinocyte culture (monolayer), in human organ skin culture (keratinocytes growing
on collagen lattice including fibroblasts) it downregulated uPA [Bechtel et al, 1996;
Han et al, 2002a]. MMP-2 and MMP-9 activities were, however, stimulated by TNF-
α in human organ skin culture [Han et al, 2001; Han et al, 2002b]. In cell culture,
interleukin 1β induces uPA and tPA expression by keratinocytes [Bechtel et al, 1996;
Rox et al, 1996].
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Potential roles for proteases during wound repair

Production of regulative fragments

ECM-degradation products are produced early after tissue injury and several have
regulatory potential. Proteolytic activity may direct the migration of cells by creating
degradation products, of fibrin, fibronectin, laminin, elastin, and collagen, that are
chemotactic for granulocytes and macrophages, fibroblasts and endothelial cells
[Postlethwaite et al, 1978; Postlethwaite et al, 1981; Bowersox and Sorgente, 1982;
Norris et al, 1982; Postlethwaite and Kang, 1988]. Many distinct MMPs are able to
process the laminin-5 γ2-chain to a form triggering epithelial cell migration [Pirilä et
al, 2003]. Extracellular proteolysis may also produce fragments that have angioregu-
latory activity. These include angiostatin and endostatin, negative regulators of ang-
iogenesis derived from plasminogen and collagen XVIII [O'Reilly et al, 1994; O'Reilly
et al, 1997].

Cytokine mobilization and activation

Several growth factors are known to be activated or mobilized from the ECM by
proteolytic enzymes, and may generate rapid and highly localized signals to regu-
late adjacent cells. Plasmin may release matrix-bound FGF-2 and VEGF [Saksela and
Rifkin, 1990; Houck et al, 1992], and release and activate latent TGF-β [Lyons et al,
1988; Taipale et al, 1992]. uPA can activate hepatocyte growth factor/scatter factor
[Naldini et al, 1992]. MMPs may also regulate the bioavailability or activity of growth
factors, by cleavage of matrix proteins associated with growth factors or directly
cleaving and activating the growth factor. For example, MMP-1 and MMP-3 may
release FGF-2, and MMP-2 and MMP-9 activate TGF-β [Whitelock et al, 1996; Yu and
Stamenkovic, 2000].

Leucocyte adhesion and chemotaxis

Leucocytes egress from the vasculature to the injured area in a process involving
adhesion to the vessel wall and subsequent penetration of tissue barriers including
the endothelium, BM, and the ECM. uPA and uPAR participate in these processes.
Leucocyte chemotaxis is induced by uPA binding to uPAR [Blasi, 1997]. Studies with
gene-deficient mice support the view that proteolysis-independent crosstalk of uPA/
uPAR with β2-integrins is required for the initial phase of leucocyte adhesion to the
vessel wall. uPAR is needed for β2-integrin-dependent leucocyte recruitment into
sites of inflamed peritoneum, for recruitment into lungs infected by P. aeruginosa,
and also for Mac-1 independent recruitment to the lungs after S. pneumoniae infec-
tion [May et al, 1998; Gyetko et al, 2000; Gyetko et al, 2001; Rijneveld et al, 2002]. The
subsequent recruitment of neutrophils into injured tissue is, however, thought to
require proteolysis provided by plasmin for breakdown of anatomical barriers [Blasi
and Carmeliet, 2002].
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Epithelialization and fibrin clot dissolution

Keratinocytes migrating over the wound bed dissect a pathway between the fibrin
clot in the wound space and the fibronectin-rich granulation tissue. Therefore, it is
the regenerating epidermis that ultimately dissects the clot from the wound [Kubo et
al, 2001]. As plasmin efficiently degrades fibrin and has a well-established role in
intravascular fibrinolysis, plasmin-mediated proteolysis has been proposed to play
an important role also in re-epithelialization. This view was supported by studies
showing that migrating keratinocytes at the wound edge express uPA, uPAR, and
PAI-1 [Morioka et al, 1987; Grøndahl-Hansen et al, 1988; Rømer et al, 1991; Rømer et
al, 1994]. The fibrinolytic system was decisively demonstrated as necessary for the
wound epidermis to cleave fibrin from its migratory pathway by the finding of im-
paired skin wound healing in mice with a disrupted plasminogen gene [Rømer et al,
1996]. In these mice, the keratinocytes from the wound edge show a decreased mi-
gration rate when dissecting their way over the wound bed beneath the wound crust.
The observation of normal migration rate of keratinocytes in mice deficient of both
plasminogen and fibrin gives support to this interpretation [Bugge et al, 1996b]. It is
likely that the fibrin clot is responsible for providing and exposing plasminogen to
keratinocytes [Geer and Andreadis, 2003].

Retarded epithelialization is observed in mice treated with the metalloproteinase
inhibitor galardin [Lund et al, 1999]. Mice either deficient of plasminogen or treated
with galardin exceed the wound closure eventually within 60 days, while in mice
both deficient in plasminogen and treated with galardin, healing was completely
arrested. This suggests a functional overlap between these two classes of proteinas-
es, probably in the dissection of the fibrin clot [Lund et al, 1999].

Recent in vitro studies indicate a role for uPA in keratinocyte migration especially
under hypoxic conditions [Daniel and Groves, 2002]. Exposure to hypoxia of kerati-
nocyte cultures resulted in up-regulation of uPA and plasminogen activation, and
enhanced wound closure. Inhibition of uPA activity reduced wound closure under
hypoxic conditions, but had no effect under normoxic conditions.

MMP-1 has been proposed to provide keratinocytes with a mechanism to determine
and maintain their directionality during migration [Pilcher et al, 1999]. At its for-
ward basal tip, the migrating keratinocyte is attached to type I collagen by α2β1 in-
tegrin. MMP-1 aids in dissociating the keratinocyte from these high-affinity attach-
ments by cleaving type I collagen, and thereby allowing the cells to move forward.
In addition, as mentioned previously, many distinct MMPs are able to process the
laminin-5 γ2-chain to a form triggering epithelial cell migration [Pirilä et al, 2003].

Angiogenesis

During angiogenesis, proteolytic enzymes are believed to be involved at least by
aiding in endothelial cell migration and invasion through the ECM and BMs, in cy-
tokine mobilization, and in generating angioregulative fragments [Pepper, 2001].
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In uPA- and plasminogen-deficient mice, neovascularization of fibrin-rich tissues
and the re-endothelialization of damaged vessel walls proceeds in the absence of a
functional uPA/plasmin cascade [Bugge et al, 1996a; Bugge et al, 1996b; Rømer et al,
1996; Bugge et al, 1997; Carmeliet et al, 1998]. In plasminogen-deficient conditions,
MMPs may act as fibrinolysins [Hiraoka et al, 1998]. Inhibition of PAs as well as of
MMPs can reduce endothelial cell migration in vitro, however [Vassalli, 1994; Mign-
atti and Rifkin, 1996], and reduces tube formation and endothelial cell invasion into
a plasma clot [van Hinsbergh et al, 2001]. When there is an increased demand on
neovascularization (as after injury), the PA system may be essential [Heymans et al,
1999]. It seems likely that both protease systems are involved and probably co-oper-
ate in the neovascularization of a plasma clot.

Remodelling

The remodelling process involves the removal of matrix molecules by proteases. The
control of their activity during remodelling is relatively poorly understood at present
[Tomasek et al, 2002].

VENOUS LEG ULCER

Chronic ulceration of the leg is a frequent condition of the elderly, with a prevalence
of 2% in the Swedish population 50 to 89 years of age [Nelzen et al, 1996]. The most
common cause for chronic ulceration of the lower leg is venous insufficiency (ap-
proximately 45-60%). The other common causes are arterial insufficiency (10-20%),
diabetes (15-25%) or combinations of these factors (10-15%) [Mekkes et al, 2003]. Less
frequent conditions include decubitus, vasculitis, and infections.

It is generally accepted that venous hypertension and venous reflux are the principal
haemodynamic abnormalities associated with venous leg ulcer [Valencia et al, 2001;
Mekkes et al, 2003]. During calf muscle relaxation, the venous pressure normally
falls. The drop in pressure allows the deep veins of the leg to be filled with venous
blood via communicating veins from the capillaries and from superficial veins. Mus-
cle contraction leads to increased deep vein pressure, and guided by venous valves
the blood flows in the direction of the heart, emptying the deep veins. In a diseased
venous system, and a faulty calf-muscle pump unit, the expected fall in venous pres-
sure does not occur. This situation is termed chronic venous hypertension or chronic
venous insufficiency (CVI). Observations on microcirculatory level include changes
in blood and lymphatic flow, occlusion of capillaries, and increased capillary pas-
sage. Skin capillaries are dilated, elongated and tortuous, and interendothelial spac-
es are widened. The number of capillaries is decreased or unchanged [Leu, 1991].
The capillaries are surrounded by a cuff consisting of a number of cells and mole-
cules, including fibrin, α2-macroglobulin, denatured collagen, leucocytes, monocytes,
macrophages, fibroblasts, and mast cells [Herrick et al, 1992; Pappas et al, 1997].
Degradation of haemoglobin results in the accumulation of haemosiderin, seen as a
clinical feature as hyperpigmentation. Capillaries may be occluded by microthrombi
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[Leu, 1991]. Oedema fluid accumulates in the papillary dermis of the skin [Leu et al,
1995]. Persistent chronic venous hypertension leads to the clinical sequelae of ede-
ma, cyanosis, hyperpigmentation, lipodermatosclerosis, white atrophy and finally,
ulceration.

Several hypotheses concerning the pathogenesis of venous leg ulcer have been pre-
sented. Based on the work of Homans [1917] in the beginning of the 20th century, it
was proposed that stagnant blood in varicocities is responsible for ulceration as a
result of impaired tissue nutrition ("venous stasis"). Later studies showed the oppo-
site, and today it is agreed that the evidence is sufficient to prove that there is no
stasis in the microcirculation of patients with CVI [Shami and Sarin, 1992]. In the
legs with CVI, the oxygen content of venous blood turned out to be higher than
normal [Blalock, 1929], and the blood circulation time faster than normal [Fontaine,
1957]. These arguments led to the hypothesis that venous ulceration is due to hypox-
ia of the skin as a result of blood being shunted away from the nutritive capillaries
by arteriovenous communications ("arteriovenous shunts") [Fontaine, 1957; Haimo-
vici et al, 1966]. The existence of the shunts remains unproven, and the subject seemed
to have lapsed as a topic of active research until recently. Based on the finding of
lowered peripheral resistance in arteries of legs with venous ulcers, it has been pro-
posed that there is no need for specific anatomic shunt vessels, but that shunting can
be considered to be a physiologic response to elevated venous pressure [Malanin et
al, 1999; Malanin, 2002].

In 1982, Browse and Burnand presented the "fibrin cuff" hypothesis, based on histo-
logic studies of lipodermatosclerotic skin and observations of systemic and tissue
fibrinolytic abnormalities in patients with venous disease. They proposed that ve-
nous hypertension is transmitted to the capillary circulation, where it leads to wid-
ening of the interendothelial cell pores and leakage of macromolecules, most impor-
tantly fibrinogen, into the extravascular space. Extravascularly, fibrinogen is readily
polymerized to fibrin, which is deposited around the capillaries and forms a cuff.
The fibrin cuff appears to constitute a barrier to the diffusion of oxygen and nutri-
tients, which would lead directly to cell death and ulceration. Although there is no
doubt of the existence of fibrin cuffs [Falanga et al, 1992; Herrick et al, 1992], there is
no evidence for the role of the fibrin cuff as a true diffusion barrier, however [Cheatle
et al, 1990; Pappas et al, 1997]. The cuffs surrounding capillaries contain not only
fibrin, but many other proteins, such as fibronectin, laminin, tenascin, α2-macroglob-
ulin, and collagen types I and III [Herrick et al, 1992; Higley et al, 1995].

According to the “growth factor trap” hypothesis, the cuff is proposed to impede
ulcer healing by another mechanism [Falanga and Eaglstein, 1993]. Macromolecules
such as fibrinogen and α2-macroglobulin, leaking into the dermis as a result of ve-
nous hypertension, bind to or "trap" growth factors and matrix material which then
become unavailable for tissue repair. The relevance of this hypothesis has been ques-
tioned [Mekkes and Westerhof, 1993]. After secretion, the action of growth factors is
usually exerted to nearby cells. Some growth factors are even produced and used by
the same cell. Thus, an area of growth factor-binding macromolecules situated in the
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dermis below a venous leg ulcer could not prevent the effect of growth factors. How-
ever, an aberrant distribution of growth factors, unfavorable to healing, in the leg
ulcer area is proposed [Ågren et al, 2000], and it also is suggested that growth fac-
tors, although present, may be degraded by proteases [Lauer et al, 2000].

The “white cell trapping” hypothesis is based on the observation of increased accu-
mulation of white cells in the lower extremities during dependency in legs with CVI
[Coleridge Smith et al, 1988; Thomas et al, 1988]. According to this hypothesis, the
reduced pressure gradient along the capillaries would lead to accumulation and ac-
tivation of white cells. The activated white cells would then occlude capillaries, caus-
ing tissue hypoxia, and release inflammatory agents and proteolytic enzymes, even-
tually causing tissue destruction. Subsequently, the existence of capillary occlusions
caused by white cells could not be demonstrated [Scott et al, 1990; Leu et al, 1995].
Leucocyte adhesion to perturbed endothelium, perivascular filtration of vessels in
the papillary dermis by macrophages and lymphocytes, and a chronic inflammatory
state are observed, however [Dormandy, 1997; Coleridge Smith, 1999].

It seems evident that several pathophysiological factors contribute to the non-heal-
ing state of venous leg ulcers [Falanga et al, 1994; Ågren et al, 2000]. There are still
unanswered questions about how the progression from chronic skin damage to actu-
al ulceration takes place. While many skin conditions are associated with inflamma-
tory changes, few result in chronic non-healing skin ulceration [Coleridge Smith,
1999].

Ågren et al. [2000] has proposed the following cascade of events. Venous hyperten-
sion leads to disturbed microcirculation and pathological changes of the capillaries.
Activated leucocytes accumulate in the diseased leg resulting in oxygen stress and
vessel injury. Congested capillaries become cuffed with different matrix molecules.
Capillaries also become highly proliferative and more adhesive for leucocytes. The
result is a self-amplifying, detrimental cascade with an aberrant distribution of growth
factors, and persistent activity of proinflammatory cytokines and proteases prevent-
ing progress into a healing phase. As a consequence, fibroblasts senesce and become
less responsive to growth factors. An imbalance of proteases and their inhibitors
disturbs appropriate matrix remodelling and thus arrests keratinocyte migration.
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AIMS OF THE STUDY

It is generally accepted that venous leg ulcers are due to venous hypertension, which
in turn is caused by chronic insufficiency of the veins of lower extremities. Although
several theories concerning the pathomechanisms involved in the formation of a leg
ulcer have been proposed, the question of why an existing ulcer does not heal still
remains to be answered. We became interested in the possible role of proteolysis in
delayed wound healing following the finding that elevated levels of proteolytic ac-
tivity are one of the factors responsible for the persistence of chronic corneal ulcera-
tion [Salonen et al, 1987]. Accurate and co-ordinated functions of proteolytic mecha-
nisms are of great importance for proper normal wound healing. The same proteolytic
cascades, if excessive and/or uncontrolled, may lead to tissue destruction. Therefore
we have chosen to examine the interrelationships between components of the prote-
olytic machinery in non-healing venous leg ulcers.

The present work had the following goals:

1. To examine proteolytic activity, in particular plasmin and plasminogen
activator activity, in leg ulcer exudate samples and in acute wound flu-
ids.

2. To investigate the presence and molecular forms of gelatinases/type IV
collagenases in acute wound fluid and in exudate collected from ve-
nous leg ulcers.

3. To investigate the influence of chronic and acute wound fluids on the
expression of uPA, tPA, and uPAR in cultured human keratinocytes and
fibroblasts. Protease profiles in chronic and acute wounds had been
found to differ from each other. As the differing wound fluids may have
variable impacts on the repair process, we felt it of interest to approach
the subject from another point of view.

4. To investigate the spatial distribution of uPA, tPA, PAI-1, uPAR, and
vitronectin in well-granulating wounds and in venous leg ulcer by im-
munohistochemical and in situ hybridization techniques in vivo.
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MATERIALS AND METHODS

SAMPLES

All parts of the study were approved by the Ethics Committees of the Department of
Dermatology and the Department of Surgery at the Helsinki University Central Hos-
pital, or Aurora Hospital, Helsinki.

Serum (I) Blood samples were collected from healthy volunteers. The samples were
centrifuged to obtain serum, and stored at -20°C.

Wound fluids (I, II, III) Acute wound fluid was obtained from patients undergoing
split skin grafting. The grafts were taken from the thigh. The wound fluid was col-
lected from beneath a semipermeable polyurethane dressing (Op-Site®; Smith &
Nephew Ltd, Hull, Hertfordshire, England) placed on a donor site of the split skin
graft in the operating room. The samples were collected on several days following
operation until the exudation ceased (usually 5 to 6 days).

Leg ulcer exudate samples (chronic wound fluid) were collected from patients whose
chronic venous insufficiency was clinically evident. The duration of the ulcers var-
ied from 2 months to 20 years. Arterial disease was excluded by Doppler ultrasound
examination. The samples were collected directly from exudating ulcer surface us-
ing blunt glass microcapillaries in the morning before the daily treatment (I, II), or
underneath a semipermeable polyurethane dressing (Op-Site®), where the fluid had
been accumulating for 2 to 4 hours (III).

For wound fluid analysis studies, the specimens were centrifuged and stored at -
20°C until assayed (I, II). For cell culture studies, the specimens were stored at -70°C,
and before use the exudate was sterilized by filtration through a 0.2-mm filter (III).

Cells (III) Keratinocyte cultures were prepared from human split skin graft donor
sites on the thighs of patients undergoing plastic surgery. The cells were first cul-
tured in Eagle’s minimum essential medium (MEM) containing low calcium, 5% fe-
tal calf serum (FCS; GibcoBRL, Karlsruhe, Germany), epidermal growth factor (EGF;
Collaborative Research, Bedford, MA), insulin, transferrin, hydrocortisone, cholera
toxin, keratinocyte growth factor (KGF; Pepro Tech EC Ltd., London, UK), L-
glutamine, penicillin, and streptomycin. Human fibroblast cultures (III) were obtained
from embryonic skin and seeded in 8% FCS in MEM.

Tissue biopsies (IV) Samples from venous leg ulcers and decubitus ulcers were col-
lected from patients with chronic leg ulcers undergoing excision and skin grafting
procedures at the Department of Plastic Surgery, Helsinki University Central Hospi-
tal. Samples from well-granulating wounds were obtained from patients undergo-
ing excision and skin grafting due to the large size of the wound. All samples were
formalin-fixed and paraffin embedded.
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ANALYSIS OF WOUND FLUIDS

Radial caseinolysis procedures (I) Diluted samples were applied to a well cut in an
opaque casein-containing agarose gel (with and without plasminogen and aprotinin)
and allowed to diffuse. The gels were incubated at +37°C for 48 h. Lytic zones which
developed around the cells indicated proteinase activity [Saksela, 1981].

Casein zymography (I) Zymographic analysis was performed to determine the mo-
lecular weights of proteinases in the wound fluids [Granelli-Piperno and Reich, 1978].
Samples were diluted in non-reducing sample buffer and electrophoresed in SDS-
PAGE gels. The SDS-PAGE gel was placed on a casein-agarose gel (with and without
plasminogen) similar to that used in the radial caseinolysis procedure. The resulting
lysis in the casein gel was recorded after 24 to 48 h of incubation at +37 °C.

Immunoblotting Fragmentation of fibronectin (I) in exudates was detected using an
immunoblotting procedure [Towbin et al, 1979]. Samples were diluted in reducing
sample buffer. Proteins were separated by SDS-PAGE and transferred to nitrocellu-
lose membranes by electrophoresis. Fibronectin polypeptides were detected with
horseradish peroxidase (HRP)-labelled rabbit anti-human fibronectin (Dako, Copen-
hagen, Denmark).

The molecular forms of collagenases (MMP-1 and -2) and of tissue inhibitors of ma-
trix metalloproteinases (TIMP-1 and -2) present in chronic venous leg exudate were
characterized by Western blotting using specific antisera (II). Polyclonal rabbit antis-
era against MMP-1 and TIMP-1 were kindly provided by Dr. Henning Birkedal-
Hansen (Department of Oral Biology, University School of Dentistry, Birmingham,
Alabama); the specific antisera against human MMP-8 by Dr. Jurgen Michaelis (De-
partment of Pathology, Christchurch Medical School, Christchurch, New Zealand);
and the polyclonal rabbit antisera against TIMP-2 by Dr. William G. Stetler-Steven-
son (Cancer Institute, Bethesda, MD). The detection was achieved with alkaline-phos-
phates conjugated goat-anti-rabbit antibody (Sigma, St. Louis, MO).

Assay for elastase-like and trypsin-like proteolytic activities (II) Elastase- and
trypsin-like activities were assayed by incubating the samples with synthetic N-suc-
cinyl-Ala-Ala-Val p-nitroanilide (SAAVNA) and benzoyl-arginine-valine p-nitroani-
lide (SAAPPNA) [Bieth et al, 1974], (Sigma) at +37°C. Increases in absorbances at 405
nm were regarded as a measure of proteinase activity.

Assays for interstitial collagenase activity (II) For determination of endogenously
active collagenase, the wound fluid samples were incubated with native type I colla-
gen at +22°C for 8 x 24 h. In order to determine the total collagenase activity, 1 mM
phenylmercuric chloride (PMC), an activator of latent collagenase, was added to the
incubation medium. After stopping the reaction, the reaction products were separat-
ed by SDS-PAGE, stained with Coomassie Brilliant Blue, and analysed densitometri-
cally. The value representing the degraded 3/4–cleavage fragments (αA-chain) was
multiplied by 4/3 and the proportion of total type I collagen in the sample reported
as the molar unit [Turto et al, 1977].
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The specific types of interstitial collagenases (MMP-1 and -8) were studied by doxy-
cycline inhibition [Golub et al, 1995]. The wound fluid samples were incubated with
native type I collagen at +22°C for 8 x 24 h in the presence and absence of aminophe-
nylmercuric asetate (APMA), an activator of both latent fibroblast-type and neu-
trophil-type interstitial collagenases. Doxycycline was added to the reaction mixture
in different concentrations. Collagenase activity was measured using SDS-PAGE and
the capacity of different doxycyclin concentrations to inhibit the conversion of the
intact collagen α-chains to the αA-collagenase degradation products was assessed
densitometrically.

Bacterial analysis (I) Bacteria were quantitatively cultivated from leg ulcer exudate
samples by plating prediluted samples on duplicate chocolate and minimal nutrient
agar plates, which were incubated overnight at +37°C.

ANALYSIS OF THE EFFECT OF WOUND FLUID ON CELLS (III)

Antibodies Antibodies used in cell culture experiments, mouse monoclonal antibody
(MAb) clone 12 against human uPA, MAb R4 against human uPAR, a mixture of
MAbs against human uPAR (23% R2, 63% R3, 14% R5), rabbit polyclonal antibodies
to human uPAR, and recombinant soluble human uPAR (suPAR), were kind gifts
from Dr. Gunilla Grøndahl-Hansen and Dr. Keld Danø (Finsen Laboratory, Copen-
hagen, Denmark).

Cell cultures For all the EIAs, keratinocytes were grown in 48-well 1-cm2 plates for 2
to 3 days until the cultures were subconfluent. Fibroblasts were grown for 1 to 2
days. For immunofluorescence staining, the cells were grown in 24-well (2-cm2) plates
on glass coverslips. For all cell culture experiments, cells were first washed three
times with serum-free medium. Keratinocytes and fibroblasts were then treated with
growth medium containing either 2% FCS, 2% acute wound fluid, or 2% chronic
wound fluid for 24 h.

Solid-phase EIA for plasminogen activators To determine the amount of uPA and
tPA bound to the cell after treatment with wound fluids, the cell eluates were sub-
jected to enzyme assays. Plasminogen activators were determined by immunocap-
ture assay [Stephens et al, 1987]. The eluates were bound, in triplicate, to microwell
plates coated with either rabbit IgG to human uPA or goat IgG to human tPA (Amer-
ican Diagnostica, Greenwich, CT). After the binding step, the wells were washed
and purified human plasminogen [Deutsch and Mertz, 1970] was added. Plasmin
formed by the antibody-bound activators was measured by its thioesterase activity
[Green and Shaw, 1979]. Absorbances were recorded at 405 nm without stopping the
reaction.

EIA for plasminogen activator inhibitor-1 PAI-1 from the cell eluates was measured
by Biopool TintElize® PAI-1, an enzyme immunoassay. The TintElize® microplate
wells are coated with monoclonal antibodies against PAI-1. The A-wells also contain
soluble antibodies against PAI-1 while the N-wells contain soluble non-immune an-
tibodies. During sample incubation, the PAI-1 antigen in the sample is quantitatively
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bound to antibodies coating the N-wells, but not the A-wells (prevented from bind-
ing by the soluble anti-PAI-1 antibodies). The difference between absorbances of the
N-well and of the A-well is regarded as a specific PAI-1 response. The sample eluates
were incubated together with HRP-conjugated anti-PAI-1 antibodies (which also bind
to the PAI-1 molecule). The reaction was stopped and the absorbances read at 452
nm.

EIA for uPA receptor To prepare the immunoplates for uPAR EIA, the plates were
coated overnight with polyclonal anti-uPAR antibodies at +4°C, and the remaining
binding sites were blocked by incubation with DBSA [Rønne et al, 1994]. After treat-
ment with wound fluids, the cells were washed and the cell layers were extracted
and centrifuged. The lysates were incubated on anti-uPAR precoated immunoplates
for 60 mins. After washing, the immunoplates were incubated with a mixture of bi-
otinylated monoclonal anti-uPAR antibodies. Detection was via streptavidin-perox-
idase reaction and the absorbances read at 490 nm.

Immunofluorescence The cells were stained when subconfluent, as they were then
active and migrating (simulating the migrating cells at the edge of a wound). The
plates were tranferred onto ice, and the coverslips were washed. The living cells
were then incubated with either MAb clone 12 specific to human uPA [Kristensen et
al, 1984]or MAb R4 antibody [Rønne et al, 1991], reacting with both occupied and
unoccupied human uPAR on the cell surface. After rinsing, the cells were fixed with
cold methanol and incubated with fluorescein (FITC)-conjugated rabbit anti-mouse
IgG F(ab)2 fragment (Dako, Copenhagen, Denmark) [Myöhänen et al, 1993]. The
coverslips were finally mounted on object glasses.

ASSAYS FOR TISSUE SECTIONS (IV)

Riboprobes Riboprobes were used for the in situ hybridization experiments. The 2.3
kb PstI cDNA fragment of human tPA and 1.5 kb of the pHUK-8 uPA clone cDNA
[Verde et al, 1984] were obtained from the American Type Culture Collection, Rock-
ville, MD, and the 2.1 kb Bam H1 fragment of PAI-1 cDNA [Andreasen et al, 1986]
was kindly provided by Dr. Leif Lund (Finsen Laboratory, Copenhagen, Denmark).
Anti-sense and sense probes were transcribed with polymerase chain reaction. The
sizes of the probes were 243 bp (nucleotides 1431-1674) for tPA, 240 bp (nt. 1421-
1661) for uPA, and 226 bp (nt. 134-360) for PAI-1. The probes were labelled by digox-
igenin-uridine triphosphate by in vitro transcription with SP6 and T7 RNA polymer-
ases according to manufacturer’s instructions (Boehringer Mannheim, Mannheim,
Germany). Positive controls included sections from tissues known to produce tPA,
uPA and PAI-1 (melanoma for tPA [Bizik et al, 1996] and stenosed vein grafts for uPA
and PAI-1 [Siren et al, 2003]). The negative controls included sense RNA probes.
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mRNA in situ hybridization After deparaffinization, the in situ hybridization proce-
dure was performed using the automated Ventana Gen II in situ hybridization/im-
munohistochemistry Slide Stainer (Ventana Medical Systems, Inc., Tucson, AZ, USA).
The sections were treated with protease for 16 mins before hybridization at 45°C  for
13 h. The probes were detected with the Ventana 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) biotin avidin detection kit and the sections counterstained with he-
matoxylin and the Bluing reagent (Ventana Medical Systems).

Immunohistochemisty After deparaffinization, the sections were pre-treated to un-
mask the antigens. For tPA, PAI-1, and vitronectin antigens, the slides were incubat-
ed for 48 h at 57°C in citrate buffer (pH 2.5 for tPA, and pH 6.0 for PAI-1 and vitronec-
tin). Pronase (0.1% for 10 minutes at +37°C ) pretreatment was used for uPA and
uPAR stainings. Immunohistochemical stainings were performed with the Ventana
Gen II Slide Stainer using the Ventana alkaline phosphatase Fast red detection kit
(Ventana Medical Systems). Sections were incubated with primary antibodies for 20
to 32 mins. Antibodies used for tPA, uPA, PAI-1, and uPAR were monoclonal (Amer-
ican Diagnostica), as was the antibody for vitronectin (Chemicon, Temecula, CA,
USA). For tPA, polyclonal rabbit IgG against human tPA (ICN/Cappel, Ohio, USA)
was also used. The IHC procedure included blocking of endogenous biotin and coun-
terstaining with hematoxylin and the Bluing reagent (Ventana Medical Systems).

To find an optimal retrieval method for each antibody, we tried both heat-mediated
pretreatments in citrate buffer (pH 2,5 and pH 6) and EDTA (pH 9), and pretreatment
with proteolytic digestion (pronase).

STATISTICAL ANALYSIS

The following tests were used: Kruskal-Wallis test, Wilcoxon signed-rank test and a
standard two-sample t-test. P-values less than 0.05 were considered statistically sig-
nificant.
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RESULTS AND DISCUSSION

Most chronic leg ulcers are caused by venous insufficiency. Other common causes
include arterial insufficiency, diabetes, or a combination of these. In addition, a number
of rare underlying disorders exist [for review, Mekkes et al, 2003]. It is well known
that for accurate treatment, carefully performed differential diagnosis of the ulcer is
crucial. This is due to the fact that although there may be features common to chronic
ulcers, their pathogenesis and also the conditions in the ulcer area may differ pro-
foundly. In this study we have concentrated in the most common leg ulcer, namely
venous leg ulcer.

It is generally accepted that venous leg ulcers are due to venous hypertension, but
the subsequent microcirculatory changes are still unclear. We became interested in
the possible role of proteolysis in delayed wound healing because the same proteo-
lytic mechanisms that are involved in many steps in normal wound healing [Kähäri
and Saarialho-Kere, 1997; Lijnen and Collen, 2003], are also associated with tissue
destruction in several pathologies, including corneal ulceration, rheumatoid arthri-
tis, periodontitis, and cancer [Salonen et al, 1987; Vaheri et al, 1990; Nagase and Woess-
ner, 1999]. In a wound environment, such a situation could lead to retardation or
even prevention of wound healing.

We used exudate collected from chronic leg ulcer and wound fluid collected from
acute, well-healing skin wound to identify proteinases present in the wounds (I, II),
and to study the effect of wound exudate on the plasminogen activation system com-
ponents of keratinocyte and fibroblast cell cultures (III). Contents of the wound fluid
are presumed to reflect the status of the wound. The wound-healing environment is
in many ways reflected in the contents and activities of cytokines, growth factors,
and proteolytic enzymes observed within the wound fluids [Staiano-Coico et al, 2000].
The collection of wound fluid does not affect the healing process and is painless for
the patient, and thus is almost always ethically legitimate. However, wound fluid
does not provide information regarding the spatial tissue localization. Therefore we
investigated the components of the plasminogen activator system also in tissue spec-
imens of venous leg ulcers by the means of immunohistochemistry and in situ hy-
bridization (IV).

PROTEOLYTIC ACTIVITY IN LEG ULCER EXUDATE (I, II)

Plasmin and uPA activity in leg ulcer exudate (I)

In direct radial caseinolysis assays, proteolytic activity was present in 21 of the 25
chronic ulcer exudates. The direct caseinolysis procedure measures, in addition to
plasmin, all other proteinases that cleave casein (plasmin-like activity) [Saksela, 1981].
It should be noted that in this very sensitive test, proteinase inhibitors that are re-
versibly bound to the active enzyme in the exudate might be released from the en-
zyme in the agarose gel if the two are diffusing at different rates. Nevertheless, casei-
nolytic activity indicates that active proteolysis has taken place in the ulcer lesion.
Less than half of the caseinolytically active samples were inhibited by aprotinin, sug-
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gesting that proteinases other than plasmin were present in the exudate samples.
Lysis activities co-migrating with the plasmin standard were, however, seen in 23 of
the 25 chronic ulcer exudates by zymographic analysis. This suggests that plasmin is
one of the proteinases present in leg ulcer exudate, but presumably complexed with
an inhibitor. This is in agreement with the fact that free plasmin is known to be rap-
idly inhibited by the circulating inhibitors α2-antiplasmin and α2-macroglobulin. Rel-
evant plasmin proteolysis, however, takes place on cell surfaces or on the extracellu-
lar matrix, where plasmin is protected from these inhibitors.

Caseinolytic assays also revealed the presence of plasminogen activator activity in
nearly all chronic wound fluids, as 19 of the 25 specimens gave a positive reaction.
Three samples that did not show net PA activity in radial caseinolytic assay still pro-
duced a lysis zone co-migrating with the uPA standard. This suggests that some PA-
positive exudate samples may also contain an inhibitor of PA, which is separated or
dissociated during the SDS-PAGE procedure.

By radial caseinolysis, acute wound fluids showed direct plasmin-like activity and
PA activity only in some samples collected on the operation day. We attribute these
activities to the trauma of the operation. In addition, according to zymographic anal-
ysis, lysis co-migrating with the uPA standard was found, but none was seen to co-
migrate with the plasmin standard. That uPA positivity in the zymographic analysis
was not accompanied by net positivity for uPA in the caseinolytic assay may be relat-
ed to presence of the uPA in the wound during normal uncomplicated re-epitheliza-
tion [Grøndahl-Hansen et al, 1988; Rømer et al, 1991; Vaalamo et al, 1996; IV].

Fibronectin fragmentation and elastase-like activity in leg
ulcer exudate (I, II)

Fibronectin is deposited in the periwound connective tissue just before mesenchy-
mal cell migration into the wound space, and its appearance is considered as one of
the rate-limiting steps in the formation of granulation tissue [McClain et al, 1996; Xu
and Clark, 1996; Clark et al, 2003]. Multiple fibronectin domains are required for
human dermal fibroblast migration on fibronectin [Clark et al, 2003]. By immunos-
taining fibronectin is found to be absent from the venous leg ulcer base, although
collagens type I and III, tenascin, and laminin could be detected [Herrick et al, 1992].
That the lack of fibronectin in the ulcer base is due to degradation rather than lack of
synthesis is supported by cell culture studies with fibroblasts collected from venous
leg ulcers [Herrick et al, 1996]. These fibroblasts produce different kinds of ECM
proteins, including fibronectin.

Fibronectin is a proteolytically very sensitive protein. We found fragmentation of
fibronectin in 19 of the 22 samples from 15 leg ulcer patients. All of these samples
showed a fragmentation pattern with both fragmented and intact fibronectin. None
of the samples showed complete degradation of fibronectin, a pattern in wound flu-
ids collected by a different technique, from beneath an occlusive dressing placed
over the ulcer for 4 to 12 hours [Wysocki and Grinnell, 1990; Grinnell et al, 1992]. It
seems likely that during this extended time proteinases present in the ulcer exudate
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continue to degrade fibronectin. In preliminary experiments we used prolonged ex-
posure of dressing gauze to collect the wound fluid, and found extensive degrada-
tion of fibronectin in such samples. Technique used in this study involved collection
of fresh exudate by capillary tube directly from the surface of the ulcer.

For ethical reasons, however, emptying the accumulating acute wound fluid from
underneath the dressing could not be performed more than once a day. Despite the
extended time wound fluid was present on these wounds, partial fibronectin frag-
mentation was detected in only 4 of 41 acute wound fluid samples. This suggests
that in acute skin wound fluid, there is usually no proteolytic activity capable of
cleaving fibronectin. This is in agreement with the results of no fibronectin fragmen-
tation in fluids from well-healing mastectomy wounds or from suction blisters [Wys-
ocki and Grinnell, 1990; Grinnell et al, 1992].

We found no significant differences between elastase-like activities in chronic versus
acute wound fluids (II). Most leg ulcer exudate samples showed low elastase-like
activities, with activity being higher in only a few samples. Even the highest levels of
elastase-like activity detected in chronic ulcer exudates did not exceed those found
in acute wound fluid. Neutrophil elastase is suggested to be responsible for fibronectin
fragmentation in wound fluids, however. Elevated levels of elastase-like activities
and cleavage of α2-macroglobulin and α1-antiproteinase, inhibitors able to inhibit
elastase, correlate with fibronectin fragmentation in wound fluids [Grinnell and Zhu,
1994; Rao et al, 1995; Grinnell and Zhu, 1996; Schmidtchen, 2000]. The fragmentation
of fibronectin in wound fluid could be prevented by adding specific inhibitors for
neutrophil elastase [Grinnell and Zhu, 1996]. This discrepancy may be due to the
capability of degrading short synthetic peptide substrates, but not larger proteins
like fibronectin, of elastase bound to the inhibitor α2-macroglobulin.

Extensive fibronectin fragmentation due to high elastase activity is occasionally found
in traumatic burn wounds, but is not an indicator of non-healing conditions [Grin-
nell and Zhu, 1994]. In fact, transient fibronectin fragmentation may even be benefi-
cial for wound healing because some fibronectin fragments have activities that may
promote healing, such as chemoattraction of monocytes [Lohr et al, 1990] and induc-
ing neutrophil adhesion [Vercellotti et al, 1983]. This does not exclude the possibility
that permanently high levels of proteases may have pathophysiological consequenc-
es. And in a chronic situation, these fibronectin activities may no longer be desirable.

Gelatinase and collagenase in leg ulcer exudate (II)

Total but not autoactive collagenase activity was higher in chronic leg ulcer exudates
than in acute wound fluid or serum. Immunoblotting tests performed with specific
antibodies showed that both MMP-1 and -8 were present in chronic ulcer exudates.
These enzymes were also found to be partly complexed with TIMPs. Exogenous in-
hibitors such as tetracyclines and their derivates can inhibit MMPs of collagenase
type. As MMP-1 and -8 are known to have different sensitivities to doxycycline inhi-
bition [Suomalainen et al, 1992], the functional doxycycline inhibition test was used
for classification of the type of free collagenase activity in chronic venous leg ulcer
exudate samples. The doxycycline test suggested that collagenase activity would be



53Results and Discussion

mainly of the MMP-1 type, which may represent, at least partially, collagenase that
was not inhibited in vivo by TIMPs. MMP-8 is and can be inhibited by doxycycline
concentrations easily attained by regular treatment in vivo, as occurs in periodonti-
tis [Sorsa et al, 1994], rheumatoid arthritis [Greenwald et al, 1987], reactive arthritis
[Lauhio et al, 1994], and osteoarthritis [Yu et al, 1991]. MMP-1 requires higher con-
centrations and can not be inhibited in vivo by regular treatment regimens [Green-
wald et al, 1987; Yu et al, 1991; Suomalainen et al, 1992; Lauhio et al, 1994].

The gelatinase profiles in acute wound fluid and in chronic venous leg ulcer exudate
clearly differed from each other, as the profile was more complicated in chronic ulcer
exudate. All samples from chronic ulcers were characterized by high molecular mass
gelatinase bands of approximately 130 and 225 kDa, by the presence of the typical
92/82-kDa and 72/62-kDa gelatinase duplex bands, and by prominent low molecu-
lar species. As acute wound fluid was followed from day to day during wound heal-
ing, however, it was possible to observe an increase in the enzyme activities; the 92/
82- and 72/62-kDa duplex bands appeared over the course of time. In addition, faint
low molecular mass species could be seen during the last days of exudation. Similar
alterations in wound fluid from burn wounds have been reported [Young and Grin-
nell, 1994]. The highest levels of metalloproteinase activities in burn wounds were
found on day 4 (also low molecular species), after which the activities decreased. In
contrast, no low molecular mass gelatinases were detected in wound fluid collected
from surgical drains from patients undergoing mastectomies, even 10 days post-op-
eratively [Bullen et al, 1995]. It is thus possible, that wound fluid from a surgical
drain differs from wound fluid collected from a skin wound.

Gelatinase activity in chronic ulcer exudate was not higher than in acute wound
fluid. The gelatinase profile was different from that of acute wound fluid, however.
This is consistent with analyses of the activity and protein localization of MMP-2
and MMP-9 [Mirastschijski et al, 2002]. The overall activities of MMP-2 and MMP-9
were not increased in chronic venous leg ulcers compared to normally healing tis-
sues, but chronic ulcers were distinguished from healing wounds by an unfavorable
distribution and persistence of MMP-9.

A decrease in MMP-9 activity is considered as a reliable prognostic marker of the
healing tendency of a wound [Ågren et al, 2000]. Wound fluid collected from a donor
site of a split skin graft can be studied until about the fifth or sixth day, because at
that point exudation from the wound surface ceases. During that time no decrease in
MMP-9 activity was seen, however.

Inflammatory cells and proteolysis in leg ulcer exudate (I,
II)

It has been proposed that white blood cells have a role in the pathogenesis of venous
leg ulcers [Dormandy, 1997; Coleridge Smith, 1999; Ågren et al, 2000]. Unanswered
questions remain, however, as the infiltration of inflammatory cells seen in chronic
venous leg ulcer lesions are similar to those in many other chronic inflammatory
processes that do not result in ulceration.
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We analysed the white cell count of 25 venous leg ulcer exudate samples (I). The
number of inflammatory cells in exudate samples varied, the majority of these being
polymorphonuclear leucocytes (PMNs). The proportion of PMNs ranged from 56 to
93% (mean 79%) of total cells, whereas mononuclear cells ranged from 7 to 44% (mean
21%). We found no correlation between the white cell count and the proteolytic ac-
tivity in leg ulcer exudate as detected by radial caseinolysis and by zymography,
however (I). In an ELISA, the activity levels of serine proteinases of polymorphonu-
clear origin, cathepsin G and elastase, appeared to be low in chronic venous leg ulcer
exudates despite the predominance of these cells in differential leucocyte counts (II).
Furthermore, most of the collagenase in such exudates was of the “fibroblast”-type
(MMP-1), also produced by many other cells such as monocyte/macrophages [Werb
and Gordon, 1975], keratinocytes [Lin et al, 1987], and endothelial cells [Moscatelli
and Rifkin, 1988], rather than the “neutrophil”-type (MMP-8) (II). This does not sup-
port prominent release, by degranulation or cell death, of the contents of the primary
and secondary PMN granules in the ulcer area. The local presence of 92-kDa gelati-
nase in chronic leg ulcer exudate might suggest degranulation of tertiary PMN gran-
ules, but because MMP-9 is also produced by other cells, e.g. macrophages [Vartio et
al, 1982; Mainardi et al, 1984] and keratinocytes [Salo et al, 1991], it might be derived
from several other sources. These findings, however, do not exclude the possibility
that local mononuclear cells could be the main source of the proteinases found in
chronic leg ulcer exudate.

Bacteria and leg ulcer exudate (I, II)

Despite the lack of obvious signs of bacterial infection, bacterial growth is reported
in the majority of leg ulcers [Kontiainen and Rinne, 1987]. Colonization of an ulcer
obviously occurs easily, since wound fluid is a good growth medium for various
microbes. There were no signs of bacterial infection in the leg ulcer or in the sur-
rounding tissue in any patients, but bacterial growth was detected in 9 of 11 leg ulcer
exudate samples (I). No bacterial growth was seen in wound fluids collected from
underneath a semipermeable dressing placed on clean donor site wound in the oper-
ation room (unpublished results).

Bacteria are able to produce proteolytic enzymes, but in the chronic leg ulcer exudate
samples, the endogenously active matrix metalloproteinases were of host origin (II).
The degradation pattern of the triple helical type I collagen monomers used as a
substrate showed the typical 3/4 and 1/4 degradation fragments produced by spe-
cific cleavage at Gly775-Leu(Ile)776, while the bacterial collagenases degrade colla-
gen at random, not at a specific site [Birkedal-Hansen et al, 1988; Bedi and Williams,
1994; Sorsa et al, 1994]. Similarly, the molecular masses of gelatinases/type IV colla-
genases a suggest mammalian rather than bacterial origin of the enzymes [Grenier et
al, 1989].

Micro-organisms are thought to be the main etiological factors for periodontal dis-
eases, although bacteria themselves are presumably not able to release enough en-
zymes to cause tissue destruction [Potempa et al, 2000]. Instead, bacteria may start a
cascade of immune reactions of the host cells, which produce and/or release en-
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zymes and other molecules that lead to tissue destruction. Some bacteria are known
to contribute to proteolysis by facilitating the generation of plasmin on their surface.
Bacteria such as group A, C, and G streptococci, Staphylococcus aureus, and Esterichia
coli can do this with eukaryotic plasminogen activators [Kuusela and Saksela, 1990;
Parkkinen et al, 1991; Kuusela et al, 1992; Lähteenmaki et al, 2001].

We found no correlation between the bacterial strain or the number of bacteria and
caseinolytic activity in the sample (I). It has recently become evident, however, that
cultivation-dependent methods cannot fully determine the composition of complex
microbial communities, and considerably greater diversity of microflora can be re-
vealed by molecular analysis [Hill et al, 2003]. Comprehensive analysis of wound
microflora may give new insights for the role of bacteria also in venous leg ulcers.

EFFECTS OF WOUND FLUIDS ON UPA, TPA, UPAR, AND

PAI-1 EXPRESSION IN CULTURED CELLS (III)

For cell culture experiments, chronic leg ulcer exudate was collected by the method
previously employed for collection of acute wound fluid, except that the exudate
was allowed to accumulate underneath a semipermeable polyurethane dressing only
for 2 to 4 hours. This method was employed because a larger amount of the exudate
was needed than may reasonably be collected by the microcapillary technique. For
investigating the effects of the wound fluid on cells taking part in the wound healing
process, using this kind of fluid may be justified, however. To provide a wound with
moist conditions, known to be beneficial for the healing process, the wound is often
treated by semiocclusive dressing. One hypothesis is that the accumulating fluid
promotes the repair process.

In subconfluent monolayer cell culture, the level of uPAR remained fairly stable with
or without treatment with wound fluid. The uPA levels varied in acute wound fluid-
treated keratinocytes, being higher the later postoperatively the fluid was collected.
The PAI-1 levels, in turn, decreased. Based on immunohistochemical and in situ zy-
mographical studies of human tissue sections, it has been suggested that in granula-
tion tissue of human well-healing wounds, uPA activity is low during the first few
days of healing, but increases on days 6 and 10 [Schäfer et al, 1994]. This is consistent
with our findings. Unfortunately, wound fluid collected from a donor site of a split
skin graft can only be studied until around the sixth day, because at that point exu-
dation ceases from a well-healing wound. It is also interesting that matrix metallo-
proteinases reach maximal levels in well-healing wounds by day 4, when uPA is still
low [Grinnell et al, 1998]. It may then be possible that the proteolytic activity found
in acute wounds during the first days is plasminogen-independent and due to MMPs,
but later the proteolytic activity may be dependent on uPA and plasmin.

Immunostaining for uPA in acute wound fluid-treated cells revealed a disseminated
punctate pattern over the cell and no enrichment around focal contacts. uPAR im-
munostaining, in turn, not only manifested the punctated pattern, but was also lo-
calized at focal contacts. The disseminated punctate appearance of uPA in the acute
wound fluid-treated cells indicated that uPA was unable to bind to its receptor, but it
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cannot be excluded that uPA-binding sites may be different from those of uPAR.
Whether “focal contacts” exist in living tissue or whether they simply represent a
phenomenon seen in cells growing in a monolayer in vitro is unclear. Nevertheless,
at least in the monolayer, uPA has been shown to co-localize with uPAR at focal
contacts to serve in cell adhesion and migration [Myöhänen et al, 1993]. During wound
healing, however, the plasminogen activation system has been proposed to be pri-
marily (if not solely) used for the migrating cells to proteolytically dissect their way
through fibrin-rich ECM [Ando and Jensen, 1996; Rømer et al, 1996; Johnsen et al,
1998]. Furthermore, cell-associated plasminogen activation catalyzed by uPA has been
proposed to take place independent of uPAR (see Section uPA on the cell surface).

The main differences between cells treated with acute wound fluid and chronic ve-
nous leg ulcer exudate were that 1) the mean uPA level in chronic ulcer exudate-
treated cells was higher than in acute wound fluid-treated cells, and 2) in chronic
ulcer exudate-treated cells both uPA and uPAR were found to localize at focal con-
tacts, while in acute wound fluid-treated cells uPAR, but not uPA, localized at focal
contacts. With double immunostaining, vitronectin was found to co-localize with
uPAR in chronic ulcer exudate-treated cells (unpublished results). uPAR is able to
bind vitronectin, and may act as a direct adhesion receptor, and in co-operation with
uPA and PAI-1 these molecules may promote cell adhesion and movement. In mi-
grating tumour cells, the uPA system is proposed as an alternative adhesion path-
way in response to the disturbed expression of normal cell adhesion proteins [Deng
et al, 1996a]. It is tempting to speculate that this might also be the situation in chronic
non-healing ulcers.

SPATIAL DISTRIBUTION OF UPA, TPA, UPAR, AND PAI-1

(IV)

The plasminogen activator system has well been characterized in the wound edge
area of acute mouse wounds [Grøndahl-Hansen et al, 1988; Rømer et al, 1991; Rømer
et al, 1994] and in the cells of granulation tissue of human acute, well-healing wounds
[Schäfer et al, 1994]. Studies with wound fluids suggest differences in the plasmino-
gen activation system between acute wounds and chronic venous ulcers (I). We found
no differences, however, between uPA, uPAR, and PAI-1 expression at the leading
edge of keratinocytes in well-healing wounds and chronic leg ulcers [Vaalamo et al,
1996, IV]. Instead, we found that epithelial tPA expression is increased in chronic
venous ulcers (IV).

In previous studies, tPA expression was not found in healing human wounds [Grøn-
dahl-Hansen et al, 1987; Schäfer et al, 1994], and enzymatic studies have proposed
uPA as the predominant plasminogen activator present in wounds and ulcers [I; Sta-
cey et al, 1993; Rogers et al, 1999; Peschen et al, 2000]. tPA immunoreactivity has
been found only in some keratinocytes located superficially in epidermal outgrowths
near the edge of acute mouse wounds [Grøndahl-Hansen et al, 1988]. In our study,
tPA antigen and mRNA co-localization, and on the other hand, lack of staining with
the sense tPA probe and different localizations of other probes and antibodies, indi-
cated specific tPA staining. It could be hypothesized that tPA activity was previously
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not revealed due to the techniques employed, or that it was blocked by an endog-
enous inhibitor. The automated staining procedure allowed us to optimize and con-
trol the experimental conditions for reproducible results. In addition, it was crucial
to find the optimal antigen retrieval method. For tPA immunostaining, all other pre-
treatments except the one chosen yielded negative results.

Wound edge keratinocytes

We found tPA expression in keratinocytes of well-granulating wounds and of non-
healing ulcers. It cannot be excluded that tPA may have a role in pericellular proteol-
ysis involved in keratinocyte migration, although previous enzymatic studies have
proposed uPA as the predominant plasminogen activator present in wounds and
ulcers [I; Stacey et al, 1993; Rogers et al, 1999; Peschen et al, 2000]. Several lines of
evidence suggest tPA, in addition to uPA, is also able to participate in extravascular
plasminogen activation. First, tPA has been discovered to have cellular binding sites,
although they do not appear to have the high level of affinity and specifity displayed
by uPAR [Fogg et al, 2003]. Second, studies with gene-deficient mice have revealed a
broad functional overlap between the two PAs in physiological processes including
liver regeneration, tissue fibrin degradation, and skin wound healing [Carmeliet et
al, 1994; Bugge et al, 1996a; Kitching et al, 1997; Bezerra et al, 2001]. Third, tPA has
been shown to activate locally produced plasminogen, which may then operate on
non-fibrin substrates in the brain, an organ devoid of fibrin [Tsirka et al, 1997]. tPA
and plasminogen co-localization with amphoterin at distal tips of extending cell proc-
esses have been associated with neuronal cell migration [Fages et al, 2000]. Fourth,
both uPA-catalyzed and tPA-catalyzed activation of plasminogen have recently been
linked to matrix metalloproteinase activation and fibrillar collagen dissolution by
keratinocytes, in a novel proteolytic pathway that may be relevant for the physiolog-
ical remodelling of skin [Netzel-Arnett et al, 2002].

Chronic venous leg ulcers showed tPA mRNA expression in both the basal and su-
prabasal epidermal layers at the leading ulcer edge, while tPA mRNA was found
only in some keratinocytes at the tip of the leading edge of well-granulating wounds
and decubitus ulcers. In well-healing wounds fibrin is ultimately removed as heal-
ing is proceeding, but in non-healing venous leg ulcers constant fibrin deposition is
a common feature [Herrick et al, 1992]. tPA has a high affinity for fibrin and its cata-
lytic activity is greatly induced by the interaction [Hoylaerts et al, 1982]. The perive-
nular fibrin deposition (fibrin cuffs) found in venous leg ulcers is associated with
decreased endothelial release of tPA [Lotti and Benci, 1995]. Nonetheless, it is possi-
ble that induced tPA mRNA expression in keratinocytes is due to the high levels of
fibrin present in venous leg ulcer, and it cannot be excluded that it may be associated
with pericellular proteolysis required for migration. tPA activity in the epidermis,
however, may also have unfavorable consequences for migration. tPA-catalyzed plas-
min activity may cleave the extracellular matrix protein laminin-5 leading to reduced
cell motility [Goldfinger et al, 2000].  Wound healing is a spatially and temporally
strictly regulated process, and it is possible that proteolytic over-activity in the epi-
dermal compartment would not permit subsequent phases of epidermal healing to
proceed.
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Granulation tissue

There was abundant expression of tPA, uPA, and PAI-1 in the cells of granulation
tissue in well-granulating wounds, but lower expression in the cells of granulation
tissue of non-healing ulcers. This is in agreement with suggestions that PA-depend-
ent proteolytic activity is associated with the venous leg ulcer edge tissue, but not
with the ulcer base [Rogers et al, 1999]. These findings suggest that plasminogen
activation may be decreased in the granulation tissue of chronic ulcers versus well-
granulating wounds.

Some of the fibroblast-like cells in the granulation tissue of venous leg ulcers were,
however, found to express tPA. Interestingly, under pathological conditions plasmin
is suggested to induce anoikis of vascular smooth muscle cells via a tPA-catalyzed
pathway [Meilhac et al, 2003]. Thus disruption of the balance between PAs and their
inhibitors could be a trigger for the pericellular generation of plasmin and subse-
quent detachment of cells from their surrounding tissue, leading to anoikis of the
cell. Enhanced leg ulcer base tPA activity is not supported, however [Stacey et al,
1993; Rogers et al, 1999].

Normal skin

We found tPA expression in normal skin epithelium, in contrast to previous studies
[Gissler et al, 1993; Bechtel et al, 1998]. tPA was detected in granular cells just be-
neath the stratum corneum, a finding that was previously regarded as non-specific
[Spiers et al, 1994]. Terminally differentiating keratinocytes are known to retain the
ability to replicate DNA, however [Gandarillas et al, 2000]. This result is also sup-
ported by the parallel tPA pattern found in the cell culture skin equivalent system (a
stratified, differentiated epidermal portion growing on collagen matrix containing
human dermal fibroblasts) [Chen et al, 1993]. In addition, the previous finding of
small amounts of tPA activity in human epidermal extracts by enzymatic assays
[Jensen et al, 1988] are in agreement with the result showing tPA in normal human
epidermis.

Previously tPA expression has been found in psoriatic skin [Grøndahl-Hansen et al,
1987; Spiers et al, 1994] and in human gingival epidermis [Kinnby et al, 1999]. The
role of epidermal tPA has, however, remains obscure.
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PERSPECTIVES

The pathogenesis of venous leg ulcer is likely to be multifactorial. The sequelae fol-
lowing venous hypertension eventually leading to non-healing ulceration are not
fully understood, but include activated leucocytes accumulating in the capillaries of
the diseased leg, matrix molecules becoming cuffed around the capillaries, and per-
sistent activity of proinflammatory cytokines and proteases around the ulcer area.
The current results elucidated some of the questions that have been raised in the
context of proteolytic activity and venous leg ulcer.

Wound exudates from chronic venous leg ulcers contain a wide array of proteinases,
as detected by us and also others. We found caseinolytic activity co-migrating with
the activity produced by a plasmin standard in leg ulcer exudates, while no such
activity was found in acute wound fluids. This suggests that plasminogen activation
is enhanced in leg ulcers compared to acute wounds, but further studies are needed
to characterize plasmin and plasminogen inhibitors in wound fluids.

Studies on wound fluids give no information concerning the localization of plas-
minogen activation, which takes place on cell surfaces or on extracellular material.
Studies on the spatial distribution of plasminogen activation system components
revealed that uPA, tPA, and PAI-1 were abundant in cells of the granulation tissue in
well-granulating wounds, but were found in fewer cells in the granulation tissue of
non-healing ulcers. These findings suggest that the level of plasminogen activity may
actually be decreased in the granulation tissue of chronic ulcers versus well-granu-
lating wounds. It will be of interest to clarify if the enhanced plasmin activity found
in leg ulcer exudate originates from wound edge keratinocytes. Expression of tPA,
but not of uPA was induced in the keratinocytes at the leading wound edge of chron-
ic venous leg ulcers compared to well-healing wounds, but this finding does not
exclude uPA as responsible for the enhanced plasmin activity in leg ulcer.

Our novel results suggest that tPA is expressed in normal skin, well-healing wounds
and in chronic ulcers. Further studies are needed to clarify the exact role of tPA both
in wound healing and in normal skin, and whether it provides possibilities for ther-
apeutic intervention.
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