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1. The Kidney 

 

The main function of our kidneys is maintaining the delicate internal balance called 

homeostasis. In order to do so, our kidneys filtrate approximately 1700 liters of blood 

daily in order to excrete waste products in the urine1. In the average human adult, each 

kidney is about 11 cm long and 5 cm thick, weighing 130-150 grams. 

The smallest functional unit of the kidney is the nephron, which consists of the 

glomerulus, proximal tubule, Henle’s loop, distal tubule and collecting duct. Each 

human kidney contains about 400,000 to 1,200,000 nephrons2. Nephrons regulate water 

and solute in the body by first filtering the blood under pressure, and then reabsorbing 

indispensable fluid and essential molecules back into the blood while secreting other 

metabolites. Reabsorption and secretion are accomplished with both cotransport and 

countertransport mechanisms established along the nephron3. Apart from excreting 

waste products, the kidney plays an essential role in the regulation of blood pressure 

through water and salt management, the maintenance of plasma acid balance, and the 

secretion of hormones such as erythropoietin, renin, prostaglandins and vitamin D3. 

    

    

2. Renal diseases relevant for this thesis 

 

In the studies presented three different inflammatory kidney disorders have been 

investigated: 1) renal transplant rejection, 2) ischemia-reperfusion injury and 3) acute 

pyelonephritis. 

 
2.1 Renal transplant rejection 

A variety of kidney diseases can cause a progressive deterioration of kidney function. 

Currently, an estimated number of 40,000 Dutch citizens are affected with one or other 

kidney disease4. When approximately 90-95% of normal kidney function is lost, the 

patient enters a state that is referred to as end stage renal disease (ESRD), necessitating 

renal replacement therapy in order to sustain vital functions. In The Netherlands, the 

number of patients that is dependent on dialysis treatment is currently ±5,5004. For 

these patients, the therapy of choice remains renal transplantation. In 2005, 561 renal 

transplantations were performed in The Netherlands4. Despite meticulous mismatch-

screening, the transplant is readily recognized and attacked by the recipient’s immune 

system, requiring aggressive immunosuppressive therapies to safeguard the allograft. 

The development of such therapeutic regimens has resulted in a dramatic improvement 

of patient and graft survival curves over the last three decades5. However, acute renal 

allograft rejection still occurs in 10-20% of patients after cadaveric renal 

transplantation, and is responsible for graft loss in up to 4% of cases in the first year 

after transplantation6. 
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Acute rejection is essentially an inflammatory disorder, which can be mediated by two 

different immunologic pathways: T-cell-mediated (or cellular) rejection and antibody-

mediated (or humoral) rejection. These two pathways have distinct immunopathologic 

characteristics but frequently occur simultaneously7. 

The histopathologic changes that characterize acute cellular rejection include 

interstitial infiltration with T-cells, tubulitis and endothelialitis. Acute antibody-

mediated rejection is characterized histopathologically by congestion, neutrophil influx 

in the glomerular and peritubular capillaries, and in severe cases arteriolar fibrinoid 

necrosis, interstitial hemorrhage and fibrin thrombi in glomerular capillaries. These 

features are present to a varying extent. In general, tubulitis is more commonly seen 

with cellular than with humoral rejection8. 

The type and severity of rejection is determined by renal biopsy. The histomorphologic 

changes are usually graded according to the Banff classification of renal allograft 

pathology9. So far, no reliable biomarkers have been found that can predict the 

occurrence or estimate the severity of acute rejection in a non-invasive fashion. 

 
2.2 Ischemia-reperfusion injury 

Acute renal failure (ARF) is classically defined as a sudden decline in kidney function, 

resulting in an increase of blood urea nitrogen and serum creatinine. ARF is a life-

threatening condition, which is often the result of renal ischemia, followed by 

reperfusion. Ischemia-reperfusion (I/R) injury occurs in shock, sepsis, vascular surgery  

and during renal transplantation procedures. For patients in shock, ARF is associated 

with a mortality rate of more than 50% and the incidence of this major clinical problem 

has been rising for the past 30 years, resulting in a serious financial burden to society10. 

Although knowledge on the pathophysiology of I/R injury has been accumulating, its 

treatment remains largely supportive11. 

The characteristic morphological alterations of tubular epithelial cells (TEC) upon I/R 

have been described as early as 189112. With short periods of ischemia-reperfusion, TEC 

lose polarity. With more severe or sustained ischemia, the epithelial cell is irreversibly 

damaged resulting in necrosis or apoptosis (Figure 1) and intraluminal cast formation. 

During recovery from I/R injury, surviving TEC de-differentiate and start to proliferate, 

eventually replacing the irreversibly injured tubular epithelial cells and restoring 

tubular integrity and function13 (Figure 1). 

Several pathophysiological mechanisms have been identified in the initiation and 

course of I/R injury. Apart from alterations in TEC metabolism and structure, the 

profound inflammatory response is considered to play a pivotal role in the pathogenesis 

of I/R injury. Upon ischemia, TEC can produce several proinflammatory cytokines (e.g., 

TNF-α, IL-6, IL-1β) and chemotactic cytokines (e.g., monocyte chemoattractant 

protein-1 (MCP-1), IL-8 (murine homologue: KC))14, 15. Recently, Toll-like receptor 2 

(TLR2) has been implicated in the initiation of cytokine and chemokine production 

upon I/R16. In addition, activation of the complement cascade17 and up-regulation of 

adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and CD4418, 19 
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facilitate influx into the post-ischemic tissue of large numbers of neutrophils, that 

contribute to tissue damage through the release of oxygen-derived radicals20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Surviving TEC possess an amazing ability to regenerate and proliferate after I/R. In 

recent years, the signal transduction pathways that control the dynamical balance 

between cell death or cell survival have been identified to a certain extent21. Activation 

of the phosphoinositide 3-kinases (PI3K)/Akt and extracellular signal-regulated protein 

kinase (ERK)/mitogen-activated protein kinase (MAPK) pathways generally support 

TEC regeneration and proliferation22, 23, whereas initiation of c-Jun N-terminal kinase 

(JNK) and p38MAPK pathways typically result in TEC apoptosis21. 

 
2.3 Acute pyelonephritis 

Urinary tract infections (UTI) are among the most common bacterial infections, 

affecting approximately 50% of women at one point in their lifetime24, while 10% of 

women experience recurrent episodes of UTI24. In addition, UTI occur frequently in the 

pediatric patient population; 8% of girls and 2% of boys under the age of 7 years 

develop at some time acute pyelonephritis25. In most patients, these infections remain 

limited to the lower urinary tract and are manifest by asymptomatic bacteriuria only. 

Although cystitis is usually uncomplicated, the upper urinary tract may become 

Figure 1. Structural consequences of I/R injury to renal tubular epithelial cells (TEC). 
Upon I/R, TEC lose polarity followed by necrosis or apoptosis and cast formation. During recovery from I/R injury, TEC 
de-differentiate and start proliferating, replacing irreversibly injured TEC and restoring tubular function. Figure adapted 
from reference 13. 
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involved by ascending infection. Pyelonephritis is defined as infection of the renal 

parenchyma and pelvicaliceal system. Acute pyelonephritis is a clinical syndrome 

characterized by flank pain, chills and fever, and variable symptoms of dysuria, 

urgency, and frequency26. If left untreated, recurrent pyelonephritis can lead to scarring 

of the renal parenchyma, which is responsible for up to 24% of children that develop 

ESRD27. 

Urinary infections can be caused by several bacterial species, the majority of which 

belong to normal perineal flora. Although the overwhelming majority of UTI are caused 

by strains of Escherichia coli (E. coli), most of the remainder are caused by 

Enterobacter, Enterococcus, Proteus mirabilis, and Klebsiella species. Also Gram-

positive organisms, including group B Streptococcus and Staphylococcus saprophyticus 

are isolated with increasing frequency in elderly, diabetics and immune compromised 

patients28. Specific serogroups of uropathogenic E. coli are identified as the causative 

organism in approximately 80% of community-acquired UTI29. Uropathogenic E. coli 

have a number of virulence factors that facilitate colonization and invasion of urinary 

epithelium. Some of these include adhesins, such as S-pili, P-fimbriae and type 1-

fimbriae, which enhance binding to epithelial cells within the urinary tract30. Other E. 

coli serogroups express an increase in K antigen production which helps protect the 

microorganism from leukocyte phagocytosis30. A complete list of identifiable virulence 

factors is beyond the scope of this introductory chapter. 

Course and outcome of UTIs depend largely on the balance between bacterial virulence 

factors and host defense mechanisms. Important, though non-specific, host defense 

mechanisms against UTI comprise regular bladder voiding, urine components that can 

act as anti-adherence factors (e.g. Tamm-Horsfall protein), shedding of urothelial cells 

upon bacterial infestation and antimicrobial peptides such as β-defensin 1, which is 

expressed by tubular epithelial cells31. 

Once bacterial adhesion has been achieved, complement activation and rapid 

production of pro-inflammatory cytokines and chemokines result in recruitment of 

neutrophils that subsequently ingest the invading microbes32-34. Actual killing of 

bacteria happens through generation of an oxidative burst by neutrophils. Reactive 

oxygen species (ROS) are the result of activation of the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase, which is responsible for transferring 

electrons from NADPH to O2, resulting in the formation of superoxide anion (O2
-) and 

generation of hydrogen peroxide (H2O2)35. Furthermore, neutrophil myeloperoxidase 

(MPO) has the ability to react with O2
- and H2O2 to generate the extremely cytotoxic 

hypochlorous acid (HOCl), chlorine, chloramines, hydroxyl radicals and ozone (O3)36. 
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3. The Fibrinolytic System 

 

Haemostasis or blood coagulation is essential to sustain vital functions in organisms 

with a closed high-pressure circulatory system. After injury to the vasculature, the 

haemostatic system is called into action in order to prevent blood loss. Formation of a 

fibrin-rich clot at the site of vessel injury is a highly complex process that is 

orchestrated by the coagulation cascade. This cascade comprises an intricate system of 

serine proteases that, once activated, leads to the formation of thrombin which 

subsequently cleaves fibrinogen into fibrin37. 

Once tissue integrity has been restored, the now redundant fibrin clots are dissolved by 

the fibrinolytic system (Figure 2), which thus plays an important role in the 

maintenance of vascular patency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
3.1 The mechanism of fibrinolysis 

The key protease in the fibrinolytic cascade is plasmin (Figure 2), which degrades fibrin 

into fibrin degradation products (FDPs). Plasmin is formed through conversion of its 

proenzyme, plasminogen (Figure 2). Two physiological plasminogen activators have 

Figure 2. Schematic overview of the fibrinolytic system. 
T-shaped lines indicate inhibition. TAFI: thrombin-activatable fibrinolysis inhibitor, FDP: fibrin degradation 
products, tPA: tissue-type plasminogen activator, uPA: urokinase plasminogen activator, uPAR: urokinase 
plasminogen activator receptor, PAI-1: plasminogen activator inhibitor type 1, MMP: matrix metalloproteinases, 
TIMP: tissue inhibitors of matrix metalloproteinases, ECM: extracellular matrix. 
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been recognized: tissue-type plasminogen activator (tPA) and urokinase-type 

plasminogen activator (uPA)38. The latter interacts with its own highly specific receptor 

(uPAR, CD87). Other proteolytic effects of the fibrinolytic system involve the 

orchestration of tissue remodelling. Plasmin and tPA can activate matrix 

metalloproteinases (MMP) that have the ability to break down extracellular matrix 

(ECM) components (Figure 2). In addition, plasmin, uPA and tPA are capable of 

transforming pro-hepatocyte growth factor (HGF) into active HGF39, as well as 

activating latent transforming growth factor-β (TGF-β)40. 

Inhibition of the fibrinolytic system can take place at the level of the plasminogen 

activators by specific plasminogen activator inhibitors (PAI) or at the level of plasmin or 

the plasmin-fibrin interaction, by α2-antiplasmin and the thrombin-activatable 

fibrinolysis inhibitor (TAFI) respectively41. Inhibition of MMP is executed by tissue 

inhibitors of MMP (TIMP)38. 

Some physicochemical properties of the main components of the fibrinolytic system 

studied in this thesis are summarized in Table 1. The enzymes of the fibrinolytic system 

are serine proteases, which means that their active site comprises a catalytic triad 

composed of the amino acids serine, aspartic acid, and histidine. The inhibitors of the 

fibrinolytic system belong to the serpin (serine proteinase inhibitor) superfamily. 

 
 

 

    MW (Kd) Carbohydrate 

Content (%) 

Number of 

Amino Acids 

Concentration 

in blood (µg/mL) 

tPA 68 7 530 0.005 

uPA 54 7 411 0.008 

uPAR 55 - 60 ≤ ± 35 313  

PAI-1 52 ND 379 0.05 

 

 

3.1.1. Tissue-type plasminogen activator (tPA) 

tPA is a two-chain serine protease, that is converted out of its single-chain precursor 

form by plasmin. In contrast to the single-chain precursors of most serine proteases, 

single-chain tPA is enzymatically active42. The catalytic site of tPA is involved in most 

functions of the enzyme, such as fibrin-specific plasminogen activation and binding to 

endothelial cell receptors. tPA has a rather low affinity for plasminogen in the absence 

of fibrin. The presence of fibrin enhances the activation rate of plasminogen 

dramatically43. Also in the vicinity of cell surfaces the activity of tPA is markedly 

enhanced44. Many cell types, among which monocytes and neutrophils have been 

described to bind plasminogen activators and plasminogen45. About 95% of tPA in the 

circulation is bound in an inactivated form to PAI-138. Opposed to its functional cousin 

uPA, no specific receptor for tPA has been described thus far. tPA can bind non 

specifically to activation receptors, especially annexin A2, and clearance receptors, most 

Table 1.Table 1.Table 1.Table 1.    Physicochemical properties of the proteins studied in this thesis. 
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notably the low density lipoprotein receptor-related protein-1 (LRP-1). Annexin A2, is 

a widely expressed cell membrane Ca2+/phospholipid binding protein that is present on 

endothelial cells and can bind both tPA and plasminogen, thus enhancing the activation 

of plasminogen by tPA46. LRP-1 is a scavenging receptor that is critically involved in 

the clearance of its numerous structurally different ligands but has the ability to act as a 

signalling receptor as well47. Although tPA-LRP-1 interaction is primarily considered to 

be a clearance mechanism, binding of tPA to LRP-1 can activate cell signalling cascades 

in several cell types such as fibroblasts and smooth muscle cells48, 49. 

 

3.1.2. Urokinase plasminogen activator (uPA) and its receptor (uPAR) 

uPA is produced by several cell types, among which endothelial cells, monocytes and 

macrophages, as single-chain pro-uPA, which needs cleavage by e.g. plasmin to 

generate the two-chain uPA. Both pro-uPA and uPA display enzymatic activity, 

although the activator activity of pro-uPA in the presence of fibrin and plasminogen is 

only 0.4% to 5% that of uPA50. Binding of uPA to uPAR leads to strongly enhanced 

generation of plasmin, due to higher efficiency of plasminogen activation, the 

conversion of pro-uPA to uPA by the generated plasmin, and the protection of cell-

associated plasmin from inhibition by α2-antiplasmin51. 

uPAR is a protein of 50 to 60 kD (dependent on its degree of glycosylation), which is 

anchored to the cell membrane by a glycosylphosphatidylinositol (GPI) moiety. The 

uPAR molecule is composed of three homologous, differently folded structural domains, 

of which the N-terminal domain accounts for binding pro-uPA and uPA52. uPAR is 

expressed in a wide variety of cells and tissues; very few human cell types do not 

express uPAR, such as non-activated lymphocytes and the HEK-293 cell line53. In 

addition to cell-bound uPAR, a soluble form of uPAR occurs both in vitro (in the 

supernatants of cell cultures) and in vivo (in bodily fluids)54. Shedding of uPAR can be 

mediated by GPI-specific phospholipases. Probably other, hitherto unidentified, 

proteases may be involved in uPAR shedding as well. 

With respect to fibrinolysis, an important function of uPAR is to localize uPA at the 

cell surface, thus provoking pericellular fibrinolysis and proteolysis. In recent years it 

has become increasingly clear that uPAR is capable of exerting a plethora of cellular 

responses that include cell differentiation, cell adhesion and cell proliferation in a non-

proteolytic fashion53. Some of the manifold functions of uPAR will be addressed further 

on in this chapter. 

 

3.1.3. Plasminogen activator inhibitor type 1 (PAI-1) 

PAI-1 is a single-chain glycoprotein which belongs to the serpin superfamily. PAI-1 is a 

specific inhibitor of tPA and uPA, which is present in the circulation under normal 

circumstances. PAI-1 inhibits tPA and uPA by formation of a 1:1 reversible complex. 

PAI-1 forms a covalent uPA-PAI-1 complex which inhibits uPA activity55 and is rapidly 

internalized and degraded56. This process requires low density lipoprotein receptor-

related protein (LRP) and uPAR57. Many cells are capable of PAI-1 production, 
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including endothelial cells, platelets, monocytes  and adipocytes58. Plasma PAI-1 levels 

are known to be increased in many different disease states, such as acute myocardial 

infarction, obesity and diabetes58. Upon vascular injury, platelets become activated, 

thereby releasing large amounts of PAI-1. This effect is thought to limit fibrinolysis and 

to stabilize the primary blood clot. 

Apart from proteinase inhibition, PAI-1 is known to play an important role in 

regulating cell adhesion and tissue remodelling through its binding to the ECM 

component vitronectin, thereby competing with integrins and uPAR59. The other 

physiological plasminogen activator inhibitors, PAI-2 and PAI-3, are beyond the scope 

of this thesis. 

 

 
3.2 The fibrinolytic system in inflammation 

Until quite recently, the fibrinolytic system was considered to be involved in fibrin 

homeostasis solely. In recent years however, evidence has accumulated showing that 

the fibrinolytic system plays a very active role at the intersection between fibrinolysis, 

inflammation and immunity60. These very diverse functions are at least partly 

independent from the classical proteolytic tasks of the various components of the 

fibrinolytic system. On the one hand the fibrinolytic system is required to prevent 

extracellular fibrin deposition, thus acting as an anti-inflammatory factor. On the other 

hand it is required to mount proper innate and adaptive immune responses, thus 

functioning as a pro-inflammatory agent. 

 

3.2.1 tPA 

It has become increasingly clear that tPA can be an active modulator of inflammatory 

responses in a variety of inflammatory conditions49, 61-68. To this, both pro- and anti-

inflammatory effects of tPA have been described, depending on the disease model and 

target organ. 

In experimental arthritis, tPA-/- mice showed more severe disease and more neutrophil 

influx, accompanied by larger fibrin depositions in the joints67, 68. Partly in line with 

these findings, tPA-/- mice displayed more footpad oedema after local carrageenan 

injection than wild type (WT) mice. This effect could be abolished by treatment with 

exogenous tPA69. A comparable anti-inflammatory effect of tPA has been described in a 

model of IL-1 induced lung oedema70. In a model of cerebral ischemia-reperfusion, tPA-

deficient mice exhibited approximately 50% smaller cerebral infarcts than WT mice, 

whereas administration of exogenous tPA resulted in larger infarcts64. 

In the abovementioned studies, the effects of tPA seem largely mediated through its 

plasminogen activating activity. Recently however, it has been shown that tPA has the 

ability to act as a cytokine; through interaction with LRP-1 tPA can activate signalling 

cascades in fibroblasts, resulting in gene transcription49. A similar cytokine-like 

behaviour of tPA has been described in the brain, where tPA mediates activation of 

microglia (the immunocompetent cells of the central nervous system) by signaling 
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through annexin A271, again independent from its classical proteolytic activity. Recently, 

Renckens et al. have described a protective role for tPA during E. coli-induced 

abdominal sepsis. tPA-/- mice showed impaired defense during E. coli peritonitis, 

caused by a reduced migratory capacity of tPA deficient neutrophils. The protective 

function of endogenous tPA was independent of plasmin since plasminogen-/- mice 

displayed the same phenotype as WT mice66. 

 

3.2.2. uPA and uPAR 

The often synergistic roles of uPA and uPAR in inflammatory processes are well-

established.  

The importance of uPA and its receptor in the inflammatory response has been 

especially studied by means of infectious disease models in uPA(R)-deficient mice, 

which have demonstrated that uPA and uPAR favour the inflammatory response 

chiefly by promoting inflammatory cell activation and migration rather than through 

their fibrinolytic function. 

In a model of pulmonary Cryptococcus neoformans infection, uPA-/- mice displayed 

severe impairment of inflammatory cell recruitment towards the site of infection, 

resulting in uncontrolled disseminated infection, and death72. uPA proved to be 

obligatory for the generation of a type 1 immune response to pulmonary cryptococcal 

infection73. On the other hand, uPA requirement depends on the type of microorganism 

that causes the infection, since uPA-/- mice had an unremarkable host defense during 

Pseudomonas aeruginosa pneumonia, with similar neutrophil recruitment to the lung as 

WT mice74. In addition, uPA-/- macrophages and neutrophils have impaired 

antimicrobial activity in vitro73, 75, whereas uPA-/- T cells show a diminished T cell 

receptor-mediated lymphocyte proliferation and activation upon stimulation with 

concanavalin A76. 

uPAR has the ability to promote inflammatory cell migration in two ways. Apart from 

its ability to concentrate proteolytic activity on the cell surface77, uPAR can enable cell 

migration in a non-proteolytic fashion through interaction with several integrins78, 

most notably the β2-integrins on monocytes and neutrophils79. Interaction of GPI-

linked uPAR with transmembrane molecules such as integrins and G protein coupled 

receptors (GPCRs) results in initiation of various signaling cascades, including PI3K/Akt 

and MEK/ERK mediated signaling, which leads to cell adhesion, proliferation and 

migration56. Several studies have shown that uPAR indeed favors inflammatory cell 

migration; uPAR-/- mice showed less influx of neutrophils in bronchoalveolar lavage 

fluid during Pseudomonas aeruginosa- and Streptococcus pneumoniae-induced 

pneumonia74, 80. Furthermore, uPAR-/- mice had attenuated cerebrospinal fluid 

pleocytosis during pneumococcal meningitis81. In addition, uPAR-/- mice display 

decreased neutrophil migration into the peritoneal cavity during lipopolysaccharide 

(LPS)-induced peritonitis82. Also in blistering skin diseases and rheumatoid arthritis 

uPAR has been implicated in inflammatory cell migration83, 84. 
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3.2.3. PAI-1 

Besides its role in regulating fibrinolysis, PAI-1 plays a role in a variety of processes 

dependent on plasmin activity. Studies with transgenic mice have revealed a functional 

role for PAI-1 in processes that involve ECM turnover such as wound healing, 

atherosclerosis, and fibrosis. In these disease models, the antiproteolytic activity of PAI-

1 results in wound healing delay85, increased atherosclerotic plaque growth58 and 

increased bleomycin-induced pulmonary fibrosis86. 

With respect to inflammatory processes, PAI-1 has been shown to act as an acute phase 

protein, with marked elevation of plasma PAI-1 levels upon surgery, myocardial 

infarction and during sepsis87, 88. Enhanced plasma levels of PAI-1 account for the so-

called fibrinolytic shut down during sepsis, that is partly responsible for the occurrence 

of diffuse intravascular coagulation (DIC)88. In addition, in sepsis patients PAI-1 activity 

is a sensitive predictor of lethality89, 90 and the relatively common functional 

insertion/deletion (4G/5G) polymorphism in the promoter region of the PAI-1 gene, 

which causes elevated levels of PAI-1 in the circulation, is associated with poor 

outcome of meningococcal sepsis91. 

PAI-1 regulates (inflammatory) cell migration by three separate, although not mutually 

exclusive pathways: 1) modulating ECM degradation via regulation of plasmin levels; 2) 

regulating cell adhesion; and 3) modifying the formation, or maintenance, of 

chemoattractant gradients92. PAI-1 can inhibit cell bound uPA, resulting in reduced 

pericellular proteolysis and a subsequent decrease in cell migration93. Furthermore, 

PAI-1 inhibits integrin- and vitronectin-mediated cell migration independently of its 

function as an inhibitor of plasminogen activation, by competing for vitronectin 

binding to integrins59. On the other hand, the de-adhesive action of PAI-1 by 

inactivation of the cell-integrin-ECM interaction, may result in an increase of cell 

mobility as well94. Recently it has been shown that PAI-1 in macrophages functions as a 

master switch between cell adhesion and detachment by inducing internalization of the 

CD11b/CD18-LRP complex, thus promoting macrophage migration95. In addition, PAI-

1 acts in vitro as a chemotactic factor for macrophages96. Another mechanism via which 

PAI-1 can influence inflammatory cell migration, is the modification of chemotactic 

gradients92. PAI-1 inhibits the constitutive shedding of endothelial IL-8-heparan 

sulphate-syndecan-1 complexes, resulting in enhanced IL-8-mediated transendothelial 

neutrophil migration97. Which one of the abovementioned mechanisms predominates 

during inflammatory processes, depends strongly on the cellular milieu and the applied 

experimental set up. Recently it was demonstrated that PAI-1 not only influences 

inflammatory cell migration, but neutrophil activity as well. Kwak et al. described that 

addition of PAI-1 to LPS-stimulated neutrophils results in enhanced nuclear 

translocation of NF-κB and increased production of the proinflammatory cytokines IL-

1β, TNF-α and MIP-2, in a JNK dependent fashion98, providing further evidence for the 

pro-inflammatory properties of PAI-1. 
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3.3 The fibrinolytic system and the kidney 

Several studies address the role of the fibrinolytic system in a number of kidney 

disorders. Most of these reports concern renal diseases in which fibrin is thought to be 

of pathogenetic importance, such as crescentic glomerulonephritis. 

 

3.3.1. tPA 

In the kidney, tPA is constitutively expressed by endothelial cells, glomerular cells 

(among which mesangial cells and podocytes) and epithelial cells of the distal collecting 

duct99. As the principle plasminogen activator within the glomerular compartment100, 

tPA influences the course of proliferative glomerulonephritis, a disease that invariably 

is accompanied by glomerular fibrin and matrix deposition101. In the model of anti-

glomerular basement membrane (GBM) antibody-mediated crescentic 

glomerulonephritis, tPA-/- mice display more glomerular fibrin deposits, larger 

crescents, higher glomerular macrophage counts and higher serum creatinine values 

than WT mice61. Plasminogen-/- mice had a similar phenotype, indicating that the 

protective role of tPA in this disease model depends on its role as plasminogen 

activator61. Conversely, injecting recombinant tPA in this model decreased fibrin 

deposits and crescent formation and enhanced renal function in rabbits102. In the rat 

mesangial proliferative model of anti-Thy-1 antibody-mediated glomerulonephritis, 

recombinant tPA increases plasmin generation, with subsequent decrease in matrix 

accumulation and proteinuria103. 

Besides its protective role in glomerular inflammation, there is mounting evidence for a 

deleterious role of tPA in the tubulointerstitial compartment. In obstructive 

nephropathy, characterized by extensive tubulointerstitial damage and fibrosis, tPA-/- 

mice show a reduced deposition of interstitial collagen and fibronectin than WT 

mice104. tPA deficiency leads to decreased MMP-9 production during obstructive 

nephopathy, which results in preservation of tubular basement membrane integrity, 

with less epithelial-to-myofibroblast transition and therefore less fibrosis104. Recently, 

Hu et al. showed that tPA induces MMP-9 gene expression and protein secretion by 

renal interstitial fibroblasts49. This effect is independent of the proteolytic activity of 

tPA, since both WT and non-enzymatic mutant tPA were found to induce MMP-9 

expression. As shown by Hu et al., tPA-LRP-1 interaction results in tyrosine 

phosphorylation on the beta subunit of LRP-1, which is followed by MAPK activation 

and subsequent MMP-9 gene expression49. In this way tPA has the ability to act, 

independent from plasmin generation, in a cytokine-like manner. 

 

3.3.2. uPA and uPAR  

Fibrinolytic activity of human urine has been recognized as early as 1951105. This 

phenomenon is attributable to large quantities (40 to 80 μg/L) of urokinase plasminogen 

activator (uPA) in urine, hence the name of this protease. 
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Opposed to tPA, uPA is normally not produced in the glomerulus, but in abundant 

quantities by TEC99. It is therefore not surprising that uPA plays a limited role in fibrin-

mediated glomerular disease. Although uPA-/- and uPAR-/- mice have lower 

glomerular influx of macrophages in the model of anti-GBM crescentic 

glomerulonephritis, the extent of fibrin deposits, crescent formation and decrease of 

renal function is similar as in WT mice61. Although the primary physiological role of 

uPA within the kidney is unknown, it has been suggested that tubular uPA is involved 

in sustaining tubular patency by dissolving intraluminal proteinaceous material101, 106. 

Indeed, urolithiasis patients have lower levels of urinary uPA levels, suggesting a 

preventive role of uPA in kidney stone formation107. Although tubular uPA expression 

is up-regulated during obstructive nephropathy96 and uPA theoretically could influence 

fibrosis through activation of HGF39, 108 and MMPs109, uPA does not influence the course 

of this disease110. 

In the kidney, uPAR is expressed by glomerular epithelial and mesangial cells and TEC 

throughout the nephron111. During crescentic glomerulonephritis, glomerular uPAR 

expression is up-regulated112. As mentioned above, uPAR directs inflammatory cell 

migration into the glomerulus in this disease model without influencing course or 

outcome61. Interaction between uPA and uPAR results in complement anaphylatoxin 

C5a receptor (C5aR) production by mesangial cells in vitro113. In vivo, intraperitoneal 

administration of LPS in mice causes uPAR-mediated mesangial C5aR expression, 

however without a discernible inflammatory response or neutrophil influx113. Also in 

human thrombotic microangiopathy114 and in streptozotocin-induced diabetic 

glomerulopathy in rats115, glomerular uPAR expression is elevated. 

In the tubular compartment, elevated uPAR expression by TEC has been reported in 

chronic allograft rejection116, acute pyelonephritis117 and obstructive nephropathy118, 119. 

During chronic obstructive nephropathy, uPAR-/- mice experience accelerated 

development of renal fibrosis, associated with higher PAI-1 levels and lower 

plasminogen activator activity118, 119. 

 

3.3.3. PAI-1 

PAI-1 is normally only produced in trace amounts in the kidney, but significant up-

regulation of its expression has been reported in a wide variety of both acute and 

chronic kidney diseases, including thrombotic microangiopathy114, crescentic 

glomerulonephritis120, diabetic nephropathy121, focal segmental glomerulonephritis 

(FSGS)122, membranous nephropathy123 and chronic allograft nephropathy116, 124. 

The presence of fibrin thrombi in the microvasculature, including renal arterioles and 

glomerular capillaries, forms the hallmark of thrombotic microangiopathy125. In renal 

biopsies with features of thrombotic microangiopathy, PAI-1 is expressed in glomeruli 

and in arteriolar walls114. In addition, children infected with E. coli O157:H7, who 

subsequently develop the haemolytic-uremic syndrome (a form of thrombotic 

microangiopathy) have significantly higher plasma concentrations of PAI-1 and 

tPA/PAI-1 complex than children with uncomplicated infection126. 
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In experimental crescentic glomerulonephritis, PAI-1 production results in fibrin 

deposition, macrophage influx and glomerular injury127. Indeed, PAI-1-/- mice develop 

fewer crescents than WT mice, whereas PAI-1 overexpressing mice have increased 

glomerular crescent formation, more glomerular fibrin deposition and increased 

numbers of infiltrating leukocytes128. 

In addition to these acute renal disorders, the anti-proteolytic agent PAI-1 has been 

implicated in a number of chronic kidney diseases, that are associated with matrix 

accumulation and fibrosis. In diabetic nephropathy, classic Kimmelstiel-Wilson nodules 

contain PAI-1 protein121. Opposed to human diabetes, currently available mouse models 

for diabetic nephropathy do not result in overt glomerular sclerosis. However, in 

streptozotocin induced diabetes, PAI-1-/- mice have reduced levels of fibronectin and 

lower albuminuria than WT mice129. In addition, spontaneously diabetic PAI-1-/-db/db 

mice, generated by crossbreeding PAI-1-/- mice with heterozygous leptin receptor 

deficient db/+ mice, display lower albuminuria and collagen accumulation than PAI-

1+/+db/db mice130. 

In obstructive nephropathy, PAI-1-/- mice are protected against the development of 

interstitial fibrosis, with lower accumulation of interstitial macrophages and 

myofibroblasts96. PAI-1 overexpressing mice display the opposite phenotype in this 

model131. Strikingly, plasmin is harmful rather than protective during obstructive 

nephropathy132, suggesting that the pro-fibrotic action of PAI-1 occurs independent 

from plasmin inhibition, but through the promotion of macrophage and myofibroblast 

migration instead. 
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4. Outline of this thesis 

 

This thesis aims to unravel the role of various elements of the fibrinolytic system in the 

pathogenesis of I/R injury and acute pyelonephritis. 

In Chapter 2 the expression of uPA and uPAR during acute renal allograft rejection is 

described. Expression of uPA(R) was determined in human kidney transplant biopsies 

by in situ hybridization and immunostainings, showing that uPA(R) expression 

correlates with the severity of allograft rejection. 

In Chapter 3, the role of uPAR after ischemia-reperfusion (I/R) injury is examined. The 

expression of uPAR by tubular epithelial cells (TEC) was enhanced upon I/R. As 

described in this chapter, we were able to prove that uPAR promotes TEC regeneration 

after I/R. 

We also studied the function of uPAR during experimental pyelonephritis, an infectious 

disease model. As described in Chapter 4, uPAR plays an essential role in host defense 

during pyelonephritis by regulating neutrophil phagocytosis activity. 

The contribution of tPA to I/R injury is determined in Chapter 5. tPA proved to exert 

deleterious effects in I/R, since tPA-deficient mice had less inflammation and quicker 

recovery of renal function than WT mice. 

On the other hand, endogenous tPA is protective during infections. The study 

presented in Chapter 6 shows that tPA-deficiency resulted in lower neutrophil influx 

and lower production of reactive oxygen species by neutrophils during pyelonephritis, 

which partly accounted for the protective effect of tPA. 

PAI-1 is not only the principle plasminogen activator inhibitor, but influences the 

course of inflammatory disorders as well. In Chapter 7    the protective role of PAI-1 

during acute pyelonephritis is described, which is due to diminished neutrophil influx 

into the infected kidney.    
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Abstract 

 

Urokinase (uPA) and its receptor (uPAR) play important roles in fibrinolysis and in 

activation and chemotaxis of neutrophils and lymphocytes. The aim of this study was to 

determine the local and systemic release of uPAR, and the expression of uPA and uPAR 

in renal tissues during acute renal allograft rejection. 

Blood, urine and tissue samples were collected from 33 patients diagnosed with acute 

renal allograft rejection and from 14 transplant patients without rejection. From 10 

healthy volunteers, blood and urine was collected as a control. In urine and blood 

samples the levels of uPAR were determined by ELISA. Immunostaining and in situ 

hybridization for uPA and uPAR were performed on renal biopsies. 

uPAR was detectable at low levels in serum and urine of healthy volunteers and was 

increased in non-rejecting allograft recipients. Serum and urine levels of uPAR were 

higher in transplant recipients with rejection compared to non-rejectors. The urine and 

serum levels of uPAR correlated with the renal function. 

Immunostaining and in situ hybridization showed an upregulation of both uPA and 

uPAR in rejection biopsies. Non-rejected grafts displayed no expression of uPA and 

uPAR by immunostaining, nor of uPAR by in situ hybridization. uPA was detected in a 

limited number of tubular epithelial cells by in situ hybridization. During rejection, 

lymphocytes as well as tubular epithelial cells showed uPA and uPAR expression. In the 

vascular types of rejection strong expression of uPA was detected in the entire vessel 

wall, while uPAR was expressed by the endothelium. 

This study shows that (1) uPA and uPAR are upregulated during acute renal allograft 

rejection; (2) uPAR levels in urine and serum correlate with serum creatinine levels, 

and (3) uPA and uPAR are produced by inflammatory cells, tubular epithelium and 

vascular endothelium during acute renal allograft rejection. 
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Introduction 

 

Despite the introduction of successful immunosuppressive drug therapies, acute renal 

allograft rejection still occurs in 10 to 20% of patients after cadaveric renal 

transplantation and causes graft loss in up to 4% in the first year after transplantation1. 

Histopathologically, acute rejection is characterized by an inflammatory infiltrate, 

consisting mainly of T lymphocytes, located in the interstitium, tubular epithelium and, 

as type and severity of rejection change, vascular endothelium2. In recent years the 

complex molecular mechanisms underlying the activation and extravasation of 

lymphocytes into the allograft have been largely unraveled3, 4. 

Components of the fibrinolytic system have recently been recognized as major players 

in the recruitment of inflammatory cells. The fibrinolytic system consists of two serine 

proteases, the tissue-type plasminogen activator (tPA) and the urokinase-type 

plasminogen activator (uPA), that both facilitate the conversion of plasminogen into 

plasmin, which is the crucial protease in fibrinolysis5. tPA is mainly involved in 

intravascular thrombolysis, whereas uPA mediates a number of other functions, 

including cell migration, pericellular proteolysis and tissue remodeling. The activity of 

both PAs is inhibited by plasminogen activator inhibitors (PAI) type 1 and, to a lesser 

extent, type 26. uPA exerts most of its effects via interaction with the urokinase receptor 

(uPAR, CD87). uPAR, a GPI-anchored molecule that was first described in 19857, is 

present at the cell surface of a wide variety of different cell types, such as monocytes, 

macrophages, neutrophils, T cells, endothelial cells, smooth muscle cells, and renal 

tubular epithelial cells8-13. 

Beside their contribution to fibrinolysis, uPA and its receptor play an important role in 

the activation and chemotaxis of neutrophils, macrophages and lymphocytes through 

interaction with several integrins14-17 

Furthermore the uPA/uPAR system is involved in a variety of processes that are 

associated with turnover of the extracellular matrix (ECM), such as tumor cell invasion 

and dissemination, angiogenesis, wound healing and embryogenesis15,17-20. This effect is 

partly due to the generation of matrix metalloproteinases (MMP’s) by plasmin21,22. So, 

activation of the uPA/uPAR system not only initiates chemotaxis and extravasation of 

inflammatory cells, but also leads to pericellular proteolysis, thus facilitating the 

penetration of these cells into the inflamed tissue. 

On the other hand the fibrinolytic system is also supposed to play an important role in 

the prevention of both glomerular and tubulointerstitial fibrosis, by diminishing the 

accumulation of tubulointerstitial matrix through the induction of plasmin and 

MMP’s23,24. Several studies on components of the fibrinolytic system in the diseased 

kidney have been performed. An upregulation of glomerular uPAR expression has been 

described in renal thrombotic microangiopathy and in a murine model of nephrotoxic 

nephritis25,26. Also in crescentic glomerulonephritis an upregulation of uPA was 

shown27. Studies using tPA knock-out mice have shown a protective effect of 
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plasminogen and tPA against acute inflammatory injury in a model of crescentic 

glomerulonephritis28. Recently we described a local and systemic release of uPAR in 

kidneys from patients with pyelonephritis29. 

A limited number of studies deal with the involvement of the fibrinolytic system in 

renal allograft rejection, the majority of which concern chronic rejection. A correlation 

between renal allograft function and uPA protein expression was firstly described by 

Bukovsky et al30, but a possible relationship between uPA / uPAR expression and acute 

rejection has not been studied in detail up to now. However, upregulation of uPA, 

uPAR and PAI-1 in chronically rejected kidneys has been reported31-33, suggesting that 

the fibrinolytic system plays an important role in tissue remodeling within the 

chronically rejected graft and the development of fibrosis, one of the major 

histopathologic features of chronic rejection.  

The aim of the present study was to determine the local and systemic release of uPAR, 

the expression of uPA and uPAR in renal tissues during acute renal allograft rejection, 

and to correlate these data with renal transplant function and with severity of rejection. 

 

 

Materials and methods 

 
Patients 

Thirty-three patients with biopsy proven acute renal allograft rejection were selected 

randomly from the patient population of the Academic Medical Center at the 

University of Amsterdam. These patients were divided into three groups according to 

severity of rejection, using the Banff criteria for acute renal allograft rejection2 (Type 1: 

14 patients, type 2: 9 patients, type 3: 10 patients). All biopsies contained at least 7 

glomeruli and 2 arteries. As control, 14 transplant patients who showed no clinical or 

histopathological evidence of acute or chronic allograft rejection were selected at 

random from a total population of 200 transplant patients, undergoing protocol graft 

biopsy several months after transplantation according to a research protocol. The 

protocol had been approved by the medical ethical committee of the Academic Medical 

Center of the University of Amsterdam, and each patient had given written informed 

consent. Urine and serum samples from all patients were collected at the time of biopsy. 

The main clinical data of all patients are summarized in Table1. Urine and serum 

samples were also obtained from a control group of 10 non-transplanted healthy 

volunteers. 

 
ELISA 

Urokinase plasminogen activator receptor concentrations in urine and serum were 

measured by ELISA according to the manufacturer using purified mouse antihuman 

uPAR monoclonal antibody (mAb) (4 μg/mL; R&D systems, Abingdon, UK) as coating 

antibody, biotinylated goat-antihuman uPAR antibody (100 ng/mL; R&D systems) as 

detecting antibody, and recombinant human uPAR (R&D systems) as standard. The  
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detection limit of the assay was 0.2 ng/mL. Urine concentrations are expressed as 

μg/mmol creatinine in order to correct for dilution and renal function. 

 
Immunohistochemical studies 

Immunohistochemical studies were performed on cryostat sections (4-μm-thickness). 

After fixation in acetone for 15 minutes at 4˚C, slides were washed, preincubated first 

 No rejection AR type 1 AR type 2 AR type 3 

No. patients (M/F) 14 (7/7) 14 (8/6) 9 (4/5) 10 (6/4) 

Age in years 51.5 ± 12.4 37.7 ± 13.5 43.9 ± 12.5 49.5 ±13.7 

Donor characteristics:     

age in years 47.9 ±15.0 37 ±19.2a 37.8 ±13.2 46.1 ±17.4 

cadaveric 10 6a 5 10 

living related 3 3a 3 0 

living unrelated 1 1a 1 0 

 
Serum creatinine at 
time of biopsy 

 
189 ± 200 

 
447 ± 396 

 
510 ± 505 

 
568 ± 293b 

 
Creatinine clearance at 
1 yr post transplant  

 
73.7 ± 24.1 

 
62.4 ± 26.0 

 
65.8 ± 22.5 

 
40.0 ± 21.1c 

 
First episode of 
rejection 

 
Not applicable 

 
18.8 ± 24.0 

 
10.5 ± 4.2 

 
20.8 ±13.4 

 
Time of biopsy 

 
109 ± 115 

 
51 ± 89 

 
11 ± 5 

 
57 ±80 

 
Drug regimend 

P 
C 
MMF 
A 
B 
T 

 
 

14/14 
0/14 
14/14 
0/14 
14/14 
6/14 

 
 

14/14 
14/14 
0/14 
3/14 
0/14 
1/14 

 
 

9/9 
9/9 
0/9 
3/9 
0/9 
0/9 

 
 

10/10 
10/10 
2/10 
3/10 
0/10 
2/10 

 
Graft outcome at 1 
year: 

    

adequate graft 
function 

14 (100%) 9 (64%) 7 (78%) 6 (60%) 

graft loss - 5 (36%) 2 (22%) 4 (40%) 

Table 1.Table 1.Table 1.Table 1.    Clinical parameters of the included patients 

All data presented as mean ± SD 
a the characteristics of four donors from this group were unknown. 
bmean creatinine level at time of biopsy was significantly higher compared to the non rejecting group, P<0.05. 
c the mean creatinine clearance in this group was significantly lower compared to the other patient groups, P<0.05. 
d P: prednison, C: cyclosporin, MMF: mycophenolate mofetil, A: azathioprin, B: basiliximab, T: tacrolimus. 
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in 10% normal goat serum for 15 minutes, and then incubated for 16 hours at 4˚C with 

mouse IgG2 anti-human-uPAR mAb (CD87; American Diagnostica Inc., Greenwich, 

CT, USA) or IgG1 anti-uPA mAb (American Diagnostica). Endogenous peroxidase 

activity was then blocked using 0.1% NaN3 and 0.3% H2O2 in phosphate-buffered saline 

(PBS) for 10 minutes at room temperature. Sections were washed and incubated with 

polymerized horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody 

(Powervision™; Immunovision Technology, Daly City, CA, USA). Enzyme activity of 

HRP was finally detected using 3-amino-9-ethyl-carbazol (Sigma, Zwijndrecht, The 

Netherlands) and counterstained with hematoxylin. 

 
In situ hybridization 

uPA and uPAR-specific digoxigenin (DIG)-labeled riboprobes for in situ hybridization 

were prepared by T7 RNA polymerase driven in vitro transcription, from cloned 

specific PCR products as template. Briefly, cDNA was prepared on total RNA extracted 

from human placenta using random hexamer priming. Primers used in the PCR reaction 

were 5’-GAGAATTCACCACCATCGAGAA-3’ and 5’-TAATACGACTCACTATA 

GGGCCAGTGATCTCACAGCTTGTG-3’ for uPA, yielding a 426 bp product, and 5’-

TCATCAGACATGAGCTGTGAGAG-3’ and 5’-TAATACGACTCACTATAGGGTACTG 

GACATCCAGGTCTGG-3’ for uPAR, yielding a 563 bp product. The underlined primer 

regions encode the T7-promoter element. PCR products were cloned and clones were 

identified by sequencing using an ABI sequencer (Perkin Elmer Corp., Norwalk, CT) 

with a dye-terminator cycle-sequencing kit (Perkin Elmer). After purification by 

phenol-extraction, isolated inserts were used as a template in an in vitro transcription 

reaction using T7 polymerase (DIG-RNA labeling kit, Roche Diagnostics, Mannheim, 

Germany). Using these probes, in situ hybridization was performed as follows: 7-μm-

thick  sections were deparaffinized, digested with 20 μg/ml proteinase K (Invitrogen, 

Life Technologies, Breda, The Netherlands) for 15 minutes at 37˚C, treated with 0.2% 

glycine (Merck, Amsterdam, The Netherlands) for 5 minutes and post-fixed with 2% 

paraformaldehyde (Merck) and 0.1% glutaraldehyde (Merck) in PBS for 20 minutes. 

After pretreatment with hybridization solution containing 50% formamide (Merck), 5x 

SSC (Invitrogen, Life Technologies), 1% Blocking Reagent (Roche, Almere, The 

Netherlands), 5 mM EDTA (Sigma, Zwijndrecht, The Netherlands), 0.1% Tween-20 

(Sigma), 0.1% CHAPS (Sigma), 0.1 mg/ml heparin (BD Biosciences, Alphen aan den 

Rijn, The Netherlands) and 1 mg/ml yeast tRNA (Invitrogen, Life Technologies),  the 

sections were subjected to hybridization. The DIG-labeled riboprobes (final 

concentrations 250 ng/ml uPA, and 400 ng/ml uPAR) were added to abovementioned 

hybridization solution. Hybridization was performed in a stove for 18 hours at 70˚C. 

After hybridization the slides were washed with 2x SSC containing 50% formamide at 

65˚C. After washing with 0.1% Tween-20 in PBS, they were treated with 2% Blocking 

Reagent (Roche), 10% normal goat serum and 0.1% tween-20 in PBS for 30 minutes. 

Hereafter they were incubated with alkaline phosphatase-conjugated F(ab) fragments of 

sheep anti-DIG antibody (Roche); bound alkaline phosphatase activity was visualized 
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with nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate, 

toluidine salt (NBT/BCIP) (Roche). Subsequently, a picro sirius red counterstaining was 

performed. Slides were rinsed in tapwater and mounted with glycergel (DAKO, 

Glostrup, Denmark). All slides were coded and judged by two independent pathologists 

who were unaware of the codes. 

 

Statistical analysis 

Data were analyzed by ANOVA, followed by a Bonferroni post hoc test or Dunnett’s T3 

test when appropriate, using the SPSS software. Differences were regarded as 

statistically significant at P <0.05. 

 

 

Results 

 

Association between clinical data and histologic diagnosis 

The clinical and biochemical characteristics of the patients are summarized in Table 1. 

The patients were divided into four groups, according to the histopathologic diagnosis: 

No rejection (14 patients), acute rejection type 1 (14 patients), acute rejection type 2 (9 

patients), and acute rejection type 3 (10 patients). No statistically significant differences 

were observed among the 4 groups for age, sex, age of kidney donor, time of first 

rejection episode (when applicable) and time of biopsy. The mean serum creatinine 

value at the time of biopsy was not significantly different, except in the type 3 group vs. 

the non rejecting group, namely 568 ± 93 vs 189 ±53 (mean ± SEM, P<0.05 determined 

by ANOVA, followed by a Dunnet’s T3 post hoc test). 

As summarized in Table 1, all patients received immunosuppressive therapy based on 

prednison and cyclosporin. Three patients in every rejection group received 

azathioprine. All non rejectors and 2 patients in the type 3 rejection group received 

mycophenolate mofetil. Further, all non rejectors were treated with basiliximab, an IL-

2 receptor antagonist. Six of the non rejectors, 1 patient from the type 1 rejection group 

and 2 from the the type 3 rejection group received tacrolimus. 

The histologic findings are summarized in Table 2. 

 

Secretion of uPAR in serum and urine during acute rejection 

The urokinase receptor uPAR was detectable at low levels in serum (2.6 ± 0.2 ng/mL) 

and urine (679 ± 80 ng/mmol creatinine) of healthy volunteers. As shown in Table 3, 

both serum and urine levels of uPAR were significantly higher in transplant recipients 

with stable renal function in comparison with healthy controls. A further increase in 

uPAR level was measured in serum and urine of patients with acute rejection. As shown 

in Figure 1, urine and serum levels of uPAR correlated with renal function, determined 

by mean creatinine levels in the blood (serum: R = 0.68, P < 0.01; urine: R = 0.50, P < 

0.01; Spearman’s rho test). Furthermore, a correlation was found between the urine and  

 



Chapter 2 

 42 

 

 

 

 

 

 

 

 

 

 

 

Banff classification No rejection Type 1  Type 2 Type 3 

 
No. Glomeruli (mean ± SD) 

 
16 ± 9 

 
11 ± 6 

  
14 ± 8 

 
13 ± 6 

 

Score 

 

 

0 

 

1 

 

2 

 

3 

 

0 

 

1 

 

2 

 

3 

 

 

 

0 

 

1 

 

2 

 

3 

 

0 

 

1 

 

2 

 

3 

 

 
Tubulitis 
 

 
14 

 
0 

 
0 
 

 
0 

 
0 

 
6 

 
4 

 
4 

  
0 

 
4 

 
5 

 
0 

 
0 

 
4 

 
2 

 
4 

Interstitial inflammation 
 

14 0 0 0 0 10 4 0  0 2 5 2 0 4 6 0 

Glomerulitis 
 

14 0 0 0 12 1 1 0  8 1 0 0 5 5 0 0 

Arteriolar thickening 
 

14 0 0 0 14 0 0 0  8 1 0 0 10 0 0 0 

Intimal arteritis 
 

14 0 0 0 12 1 0 1  0 7 2 0 0 0 0 10 

Allograft glomerulopathy 
 

13 1 0 0 14 0 0 0  9 0 0 0 10 0 0 0 

Interstitial fibrosis 
 

11 3 0 0 12 2 0 0  9 0 0 0 9 1 0 0 

Tubular atrophy 
 

14 0 0 0 10 4 0 0  7 2 0 0 9 1 0 0 

Intimal thickening 
 

13 1 0 0 13 1 0 0  8 1 0 0 10 0 0 0 

Mesangial matrix increase 
 

13 1 0 0 13 0 0 1  9 0 0 0 10 0 0 0 

Groups uPAR in serum 

(ng/mL) 

uPAR in urine 

(µg/mmol creatinine) 

Healthy subjects  
 

2.6 ± 0.2 0.7 ± 0.1 

No Rejection 
 

5.1 ± 0.8a 5.8 ± 1.4a 

Acute rejection, all types  8.4 ± 1.0b 10.9 ± 2.3b 

Table Table Table Table 2222....    Histologic characteristics of biopsies 

Kidney biopsies were scored according to the Banff classification ( reference 2). 

Table Table Table Table 3333....    Levels of uPAR in serum and urine 

Levels of uPAR in serum and urine. Data are displayed as mean ± SEM of the individual serum and urine concentrations of 
uPAR in healthy subjects (N = 10), transplant patients with adequate graft function and no evidence of rejection (N = 14), and 
all pooled rejection patients (N = 33). aP ≤ 0.05 compared to healthy subjects; bP < 0.05 compared to the non rejection group. 
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serum levels of uPAR in all groups (R = 0.71, P < 0.01; Spearman’s rho test), as is shown 

in Figure 2. 

Further, we attempted to correlate the serum and urine uPAR levels with the severity 

of renal rejection as defined by the Banff classification. As shown in Figure 3, serum and 

urine uPAR levels seemed to correlate with the severity of the rejection, although only 

for type 3 significant differences could be measured. 

These data indicate that uPAR production is up-regulated after renal transplantation 

and is significantly further up-regulated during acute rejection episodes. 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Correlation between uPAR level in serum (A), in urine (B), and the serum creatinine 
concentration. 
Serum and urine levels of uPAR were determined by ELISA. Urine and serum levels of uPAR correlated with renal 
function, determined by mean creatinine levels in the blood (serum: R = 0.68, P < 0.01; urine: R = 0.50, P < 0.01; 
Spearman’s rho test). 

Figure 2. Correlation between uPAR levels in 
serum en urine. 
Urine and serum levels of uPAR show a significant 
correlation in all groups (R = 0.71, P < 0.01; Spearman’s 
rho test) 
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Immunostaining for uPA and uPAR 

In order to localize the expression of uPA and uPAR, all kidney biopsies (N=47) were 

stained for both molecules by immunohistochemistry. Subsequently, all slides were 

judged by two independent pathologists who were blinded for diagnosis. Representative 

images are shown in Figure 4 (A to F). In the renal biopsies from the group of patients 

without rejection no positive immunostaining for uPA (A) and uPAR (D) was observed. 

In biopsies from patients with rejection, the mononuclear infiltrate was strongly 

positive for uPAR (E) and weakly for uPA (B). The damaged tubular epithelium was 

also strongly positive for uPA (B). In these biopsies the staining was predominantly 

cytoplasmic. In the biopsies with acute rejection type 2 and type 3, the endothelium 

strongly expressed both uPA (C) and uPAR (F). uPA was predominantly expressed by 

the smooth muscle cells within the vessel wall and uPAR was preferentially expressed 

by endothelial cells. 

 

In situ hybridization for uPA and uPAR mRNA 

Next, in situ hybridization for uPA and uPAR mRNA was performed on all biopsies 

(N=47) to confirm the cellular source of uPA and uPAR (Figure 4, G to L). Control 

biopsies (obtained from transplant patients without rejection) showed positive staining 

for uPA in only a limited amount of proximal tubular cells as expected from the 

literature (G)13. These biopsies were negative for uPAR (J). 

In type I rejection the mononuclear infiltrate showed strong positive staining for both 

uPA (H) and uPAR (K). Also the tubular epithelium displayed strong uPA and uPAR 

expression during rejection. In addition to this, in the vascular types of rejection strong 

Figure 3. Levels of uPAR in serum (A) and urine (B). 
Serum and urine levels of uPAR were determined by ELISA. Results are displayed as mean ± SEM of the individual serum 
(A) and urine (B) concentrations of uPAR in transplant patients without rejection, transplant patients with acute rejection 
type 1, 2 and 3, and healthy subjects. Serum and urine levels of uPAR correspond with severity of rejection. *P < 0.05 

compared to the non rejection group; **P ≤ 0.05 compared to the control group of healthy volunteers.  
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expression of uPA was seen in the entire wall of the involved vessels (I), while uPAR 

was expressed by the endothelium (L). 

 

 

 

 

 

Figure 4.    Immunostaining and in situ hybridization for uPA and uPAR.    
Immunostaining (A to F; red staining with blue hematoxylin counterstaining) and mRNA in situ hybridization (G to L; blue 
staining with picro sirius red counterstaining) results for uPA (A, B, C and G, H, I) and uPAR (D, E, F and J, K, L) in non-
rejected transplants (A, D, G, J), type I rejection (B, E, H, K) and vascular rejection (C, F, I, L). Non-rejected grafts show 
no expression of uPA/uPAR with immunostaining (A, D). In situ hybridization shows mRNA expression of uPA in a limited 
number of tubular epithelial cells (G, arrows), and no mRNA expression of uPAR (J) in non-rejected grafts. In type I 
rejection the activated lymphocytes show strong positive staining for both uPA and uPAR protein with immunostaining and 
mRNA using in situ hybridization (B, E, H, K). Since the overall staining intensity of the in situ hybridization for uPAR was 
less than for uPA, an inset was placed in K. Furthermore, the tubular epithelial cells show positive staining for uPA in type 
I rejection (B, H). In the vascular types of rejection strong expression of uPA is seen in the entire wall of the involved 
vessels (C, I), while uPAR is expressed by the endothelium (F, L). Original magnifications: x200 and x400 (C, F, I, L). 
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Discussion 

 

Beside their well-described role in fibrinolysis, uPA and its receptor uPAR are involved 

in other important biological processes such as inflammation, tissue remodeling, 

angiogenesis, and tumor metastasis. In this study, we demonstrate a clear systemic and 

local production of uPAR associated with high expression of uPA and uPAR in the 

kidney in patients with acute renal allograft rejection. 

High serum levels of soluble uPAR have been reported in patients with sepsis34, 

advanced malignancies18, and in healthy volunteers after LPS administration35. As far as 

the systemic production of uPAR is concerned, the cellular source of uPAR in patients 

with acute renal rejection is unknown. Beside leukocytes, endothelial cells are likely 

candidates. Indeed, activation of T cells by phorbol ester, IL-2, or via the TCR/CD3 

complex causes a rapid up-regulation of uPAR in vitro. In contrast, TNF-α has no effect 

and TGF-β1 substantially decreased uPAR expression in activated T cells10. An up-

regulation of uPAR has been also reported on monocytes of healthy volunteers 

receiving LPS injection and in vitro in whole blood stimulation with LPS or TNF-α35. 

Endothelial cells also synthesize and release uPAR upon inflammation. Indeed, after 

stimulation with PMA, endothelial cells produce appreciable quantities of soluble uPAR 

in vitro36 and we found a distinct synthesis and expression of uPAR by endothelial cells 

in the kidney during vascular rejection. 

Variations in immunosuppressive regimens are unlikely to account for the differences 

in uPA and uPAR secretion and expression, because no differences were found between 

patients from the same group that were treated with different immunosuppressive 

agents. Moreover, renal biopsies obtained from patients with acute rejection treated 

with basiliximab, prednison and mycophenolate mofetil, displayed similar uPA and 

uPAR expression as acute rejection patients that were treated with cyclosporine, 

prednison and mycophenolate mofetil (data not shown). 

Transplant patients without rejection also have significantly higher levels of uPAR in 

blood compared to healthy volunteers, although uPAR mRNA was not detected by in 

situ hybridization in renal biopsies of these patients. On the one hand, this might reflect 

an increased systemic synthesis and release of uPAR due to higher circulating levels of 

inflammatory cytokines in patients with renal transplantation compared to healthy 

volunteers37,38. On the other hand, renal filtration of soluble uPAR might be impared in 

transplant patients without rejection. This can contribute to increased serum levels of 

soluble uPAR. Along this line, we found a significant correlation between serum levels 

of uPAR and serum creatinine. This might reflect a higher synthesis of uPAR due to the 

severe inflammatory state (acute rejection) combined with a decreased filtration of 

uPAR. 

uPAR was also dramatically increased in urine during renal rejection and this increase 

was significantly correlated with the severity of the rejection. The release of uPAR in 

the urine might be caused by leakage of uPAR by the tubuli which are damaged during 



uPA and uPAR in acute rejection 

 47 

rejection. Indeed, as shown by in situ hybridization and immunostaining, uPAR was 

strongly expressed by inflammatory cells and damaged tubuli during rejection. In vitro, 

tubular epithelial cells secrete uPAR upon stimulation with inflammatory cytokines 

such as TNF-α and IL-1β29. During vascular rejection episodes, endothelial cells also 

synthesize and express uPAR. A similar upregulation of uPAR expression by 

immunostaining has been reported in several renal diseases such as chronic allograft 

nephropathy31, thrombotic microangiopathy25, chronic pyelonephritis29, and 

nephrototoxic serum sickness26. The pattern of uPA expression during renal rejection 

was comparable to that observed for uPAR. This colocalization of uPA and uPAR 

suggests interactions between both molecules during rejection. Indeed, it has been 

shown that uPA and uPAR are able to up-regulate their expression reciprocally in 

human kidney cells, monocytes and endothelial cells39,40. 

Whether activation of the uPA/uPAR system exerts detrimental or beneficial effects 

during renal allograft rejection remains to be elucidated. The possible detrimental 

effects of uPA and uPAR during rejection are related to their pro-inflammatory 

properties. Indeed, binding of uPA to uPAR results in the generation of cell surface-

associated plasmin which is critical for pericellular proteolysis, an essential step in the 

migration of inflammatory cells41. Independent from plasmin generation, uPAR exerts a 

crucial role in transendothelial migration of monocytes through the formation of 

complexes with the β2-integrin CD11b/CD1842. Moreover, soluble uPAR specifically 

binds α4β1, α6β1, α9β1, and αvβ3 and those uPAR-integrin interaction may mediate 

cell-cell interaction14. Finally, uPA exerts chemotactic activities43. 

Apart from its pro-inflammatory role, the uPA/uPAR system may to some extent 

protect the kidney from injury. Indeed, through the generation of plasmin, uPA and 

uPAR participate in the digestion of fibrin which is known to accumulate during renal 

injury and to be deleterious for the kidney28,44,45. Moreover, uPA is able to directly 

degrade some matrix components such as fibronectin46 and to activate latent matrix 

metalloproteinases which promote degradation of extracellular matrix47. In addition, 

urokinase is implicated in the post-translational activation of several growth factors, 

including TGF-β1 and HGF48,49. Studies involving a mouse model of heart 

transplantation have shown that cardiac allografts are able to produce uPA, tPA and 

active TGF-β. These studies provide considerable evidence that uPA, through plasmin 

dependant TGF-β activation, can cause delayed type hypersensitivity50.  Thus, uPA 

might have the ability to control donor-reactive cell-mediated immunity and lead to 

rejection. 

Since TGF-β1 and HGF are critical regulators of extracellular matrix accumulation that 

function in an opposite manner, the precize effect of urokinase in tissue remodeling and 

fibrosis remains unclear. Indeed, it has been recently reported that uPAR deficiency 

accelerates renal fibrosis51 but tPA deficiency reduces renal fibrosis52 in the same mouse 

model of chronic obstructive nephropathy. Moreover, tPA-based therapy has been 
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reported to reduce the glomerular matrix accumulation in an experimental model of 

glomerulonephritis53. 

In summary, the present study shows strong local up-regulation of the uPA/uPAR 

system during acute renal allograft rejection. Future studies in animal models will be 

required to determine the pathophysiological significance of uPA and uPAR in renal 

inflammation and fibrosis, before the fibrinolytic system could serve as a target for 

therapeutic interventions during acute renal rejection and eventually for the prevention 

of chronic allograft nephropathy. 
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Abstract 

 

Renal ischemia reperfusion (I/R) injury is a life-threatening condition. The factors that 

influence tubular epithelial cell (TEC) repair remain incompletely understood. The 

urokinase plasminogen activator receptor (uPAR) is upregulated upon renal injury. 

uPAR is a multifunctional receptor that plays a role in tumor cell migration and 

proliferation. 

uPAR expression by human and mouse TEC was upregulated after I/R. To investigate 

the role of uPAR in I/R, we induced renal ischemia in uPAR-/- and wild-type (WT) 

mice for 45 min, followed by reperfusion. uPAR-/- mice showed more TEC damage and 

worse renal function than WT mice, with more infiltrating neutrophils. At 2 hrs and 1 

day after I/R, uPAR-/- kidneys showed lower numbers of proliferating TEC than WT 

kidneys, but equal numbers of apoptotic TEC. The I/R protocol was repeated after 

administration of uPAR-antisense oligonucleotides to WT mice. Antisense-treated mice 

showed similar results as uPAR-/- mice. 

WT and uPAR-/- TEC were isolated and subjected to in vitro hypoxia for 45 min, 

followed by reoxygenation. After in vitro hypoxia, uPAR-/- TEC showed lower 

proliferation activity than WT TEC, whereas levels of apoptosis were similar. Both WT 

and uPAR-/- TEC showed decreased proliferation upon treatment with ERK upstream 

inhibitor PD-98059 and Akt upstream inhibitor Ly-294002. After in vitro hypoxia, ERK 

and Akt phosphorylation levels were similar in WT and uPAR-/- TEC. 

We conclude that uPAR is protective during renal I/R, through promoting TEC 

proliferation, independent from ERK or Akt activation. 
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Introduction 

 

Acute renal failure (ARF) is a severe clinical condition, that is defined by an acute 

decline of renal function. ARF is often the consequence of a sudden arrest of blood flow, 

which results in renal ischemia, followed by reperfusion. Ischemia-reperfusion (I/R) 

injury frequently occurs in shock, sepsis and during renal transplantation procedures. 

I/R injury is associated with a mortality rate of >50% and treatment of this major 

clinical problem has been merely supportive for the past 40 years1. Effective therapeutic 

strategies are still wanted, partly since full understanding of the mechanisms that 

mediate I/R injury and orchestrate post-ischemic renal repair is still lacking. 

Upon I/R, a strong inflammatory response is induced through up-regulation of 

endothelial adhesion molecules and production of pro-inflammatory cytokines and 

chemokines, including IL-1β, IL-6 and IL-8 (murine homologues: KC and MIP-2)2. 

Subsequently, the post-ischemic tissue is invaded by neutrophils that contribute to 

tissue damage through the release of oxygen-derived radicals and cytotoxic proteases2. 

The morphological alterations of tubular epithelial cells (TEC) after I/R injury have 

been well defined. I/R leads to loss of cell polarity, impairment of tubular epithelial 

integrity, TEC necrosis or apoptosis, and dedifferentiation of the remaining cells, 

followed by proliferation and eventually functional recovery3. In recent years, the most 

important cell signaling cascades that orchestrate the balance between TEC survival or 

death after I/R have partially been revealed4. Activation of the phosphoinositide 3-

kinases (PI3K)/Akt and extracellular signal-regulated protein kinase (ERK)/mitogen-

activated protein kinase (MAPK) pathways in most cases support cell survival and 

proliferation5, 6, whereas initiation of c-Jun N-terminal kinase (JNK) and p38MAPK 

pathways generally leads to apoptosis4. 

The urokinase plasminogen activator receptor (uPAR, CD87) is a glycosyl-

phosphatidylinositol (GPI)-anchored molecule with high affinity for urokinase 

plasminogen activator (uPA), which is one of the main proteases of the fibrinolytic 

system. Apart from the ability to concentrate fibrinolytic and proteolytic activity at the 

cell surface, uPAR has been recognized as a multifunctional protein that can act as a 

signaling receptor7, 8. uPAR lacks a cytosolic domain but has the ability to transmit 

intracellular signals through interaction with several transmembrane proteins such as 

integrins, G-protein coupled receptors (GPCRs) and caveolin7. uPAR is expressed by 

many different cell types, among which renal TEC9. In several neoplasms, such as breast 

carcinoma, prostate carcinoma and colon carcinoma, uPAR expression correlates 

directly to cell proliferation activity10-12. Downregulation of uPAR, e.g. by means of 

antisense or RNA interference technique, results in a decrease of tumor cell 

proliferation11, 12. 

Although these studies have provided a direct link between uPAR expression and cell 

proliferation in human cancer, little information is available on the relationship 
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between uPAR and cell proliferation in non-neoplastic tissues. In the current study, we 

examined the role of uPAR in TEC proliferation and subsequent renal recovery after I/R. 

 

 

Materials and methods 

 
Mice and experimental protocol  

uPAR-/- mice on a C57BL/6J background13 were purchased from The Jackson 

Laboratory (Bar Harbor, Maine) and bred in the institutional animal facilities. Age and 

weight matched C57Bl/6J mice (Charles River, Maastricht, The Netherlands) served as a 

wild type (WT) control. 

The ischemia reperfusion (I/R) protocol was performed as described previously14. 

Bilateral induction of renal ischemia or sham surgery was performed under general 

anesthesia (0.07 mL/10g mouse of FFM mixture, containing 1.25 mg/mL midazolam 

(Roche, Mijdrecht, The Netherlands), 0.08 mg/mL fentanyl citrate and 2.5 mg/mL 

fluanisone (Janssen Pharmaceutica, Beerse, Belgium)) in 8-10 weeks old male mice. 

Renal ischemia was induced by clamping both renal arteries for 45 minutes. After 

removal of the clamps the abdomen was closed in two layers with 6-0 Sofsilk™ sutures 

(Tyco Healthcare, Gosport, UK). All mice received postoperative analgesia (0.15 mg/kg 

buprenorphine, administered subcutaneously (Shering-Plough, Brussels, Belgium)). 

Mice (n=8 per group) were sacrificed 2 hours, 1, 5 and 11 days after surgery by 

exsanguination under general anesthesia. Plasma urea and creatinine were determined 

using regular urease and creatinase assays (Roche). Sham operated mice underwent the 

same procedure without clamping of the arteries and were sacrificed 1 day after surgery. 

Oligodeoxynucleotide (ODN)-treated C57Bl/6 mice received 24 hours prior to surgery 

an intraperitoneal injection of antisense (TCAAGCTCCTTTCTGTGC) or nonsense 

(ACTACTACACTAGACTAC) phosphorothioate-ODN in sterile PBS (5nmol per dose 

per animal). These oligonucleotides were designed and manufactured by Biognostik® 

(Göttingen, Germany). During the surgical procure a second dose of antisense or 

nonsense was administered intraperitoneally. ODN-treated mice were sacrificed after 1 

day as described above. All experimental procedures were approved by the Animal Care 

and Use Committee of the University of Amsterdam, The Netherlands. 

 
Histology and immunohistochemistry 

Kidneys were fixed in formalin. Four-micrometer paraffin sections were stained with 

periodic acid Schiff after diastase (PAS-d). The degree of tubular injury was determined 

as described previously14; tubular dilatation, loss of brush border, necrosis and cast 

deposition were graded to the extent of cortico-medullary region involvement in 10 

randomly chosen, non-overlapping high power fields (hpf; x400 magnification), on a 

scale from 0 to 5. Total values were expressed as tubular injury scores. Immunostainings 

were performed in a standard fashion on cryostat sections (uPAR) or paraffine sections 

(others). Primary antibodies used were: anti-human uPAR (American Diagnostica Inc., 
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Greenwich, CT, USA), anti-mouse Ly6-G (BD Biosciences, Alphen aan de Rijn, The 

Netherlands), anti-cleaved caspase 3 (Cell signaling Technology, Beverly, MA) and anti-

Ki67 (NeoMarkers, Fremont, CA). After incubation with the secondary (HRP-labeled) 

antibody (DAKO, Glostrup, Denmark), bound antibodies were visualized by developing 

peroxidase activity using 3,3-diamino-benzidine tetrachloride (DAB; Sigma, St. Louis, 

MO) or 3-amino-9-ethyl-carbazol (AEC, Sigma). The slides were slightly counterstained 

with hematoxylin. 

 
IL-1β, IL-6, KC and MIP-2 ELISA 

One half kidney of each mouse was homogenized in PBS containing 1% Triton X-100, 

1mM EDTA and 1% protease inhibitor cocktail (P8340, Sigma). Concentrations of IL-1β, 

IL-6, KC and MIP-2 were measured in renal homogenates by specific ELISA according 

to the manufacturer’s instructions (R&D systems, Minneapolis, MN). Total protein 

content of homogenates was determined according to the method of Bradford15, using a 

commercially available protein assay kit (Bio-Rad, Hercules, CA). 

 

In vitro hypoxia/reoxygenation model 

Primary mouse TEC were isolated as described previously16. Briefly, after removal of the 

renal capsule, the outer cortex was cut into pieces of approximately 1 mm3, which were 

digested in a 1mg/mL solution of collagenase type 1A (Sigma) at 37°C for 1 hour. After 

several washing steps, TEC were cultured in RPMI 1640 medium (Gibco BRL; 

Invitrogen Corp., Breda, The Netherlands) supplemented with 10% FCS (Integro, 

Zaandam, The Netherlands), 2 mM L-glutamine, 100 IU/ml penicillin, and 100 µg/ml 

streptomycin (all from Invitrogen Corp.). TEC were identified by characteristic 

polygonal or cobblestone-shaped morphology. TEC were cultured in 6-well plates or on 

glass slides to enable immunostainings on cell cultures. Hypoxia was induced by 

replacement of the culture medium with serum free medium containing 4mM sodium-

dithionite (Na2S2O4, Sigma) and 10mM 2-deoxy-d-glucose (Sigma) for 45 minutes. This 

leads to a state of metabolic inhibition, caused by oxygen- and glucose deprivation, 

resulting in ATP-depletion17, 18. After washing, cultures were provided with fresh 

culture medium. Kinetics of ERK, Akt, p38 MAPK and JNK phosphorylation were 

determined at 5, 10, 20, 30, 45 min, 1, 2, 3, 6 and 24 hrs (n=3) after reoxygenation by 

Western blotting (data not shown). 

To study the role of active ERK and Akt in TEC proliferation, WT and uPAR-/- TEC 

cultures were incubated with 50μM MEK inhibitor PD-98059 (Biomol, Plymouth 

Meeting, PA) or 50μM PI3K inhibitor Ly-294002 (Biomol). Effectiveness of p-ERK and 

p-Akt inhibition was determined by Western blotting. 

To determine cell proliferation, equal quantities of TEC were cultured to 50% 

confluence (approximately 1x106 cells), after which hypoxia was induced for 45 minutes 

as described above. After 24hr, 48hr and 72hr cultures were washed, cells were 

detached with trypsine-EDTA, and cell numbers were counted manually using trypan 

blue to exclude non-viable cells.  
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To determine apoptosis, cells were cultured to 80-90% confluence, after which hypoxia 

was induced for 45 minutes as described above. At 24 hrs after reoxygenation, cells 

were washed, detached and lysed, after which caspase 3 activity was determined using a 

colorimetric caspase 3 assay kit, according to the manufacturer’s instructions (CASP-3-C, 

Sigma-Aldrich). As positive control served cell cultures that were incubated with 500 

ng/mL actinomycin D1. 

 
Western blot analysis 

Kidney homogenates or TEC lysates were prepared in RIPA buffer (50mM Tris, 0.15M 

NaCl, 2mM EDTA, 1% deoxycholic acid, 1% NP-40, 0.1% SDS, 1% protease inhibitor 

cocktail (P8340, Sigma), 4mM sodium orthovanadate and 10 mM sodium fluoride). 

Proteins were separated by SDS-PAGE and blotted onto Immobilon-P transfer 

membranes (Millipore Corp., Bedford, MA, USA) using a Trans-Blot® semi dry transfer 

cell (Bio-Rad, Hercules, CA). After blocking in Tris-buffered saline (100 mM Tris-Cl pH 

7.5; 150 mM NaCl) containing 0.1% Tween (Sigma) and 5% nonfat dry milk, 

membranes were incubated with the following antibodies: anti-mouse uPAR (R&D 

systems, Minneapolis, MN), anti-β-actin (Sigma), anti-phospho-Akt (ser 473) (Cell 

Signaling Technology, Beverly, MA, USA), anti-Akt (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), anti-phospho-p44/42 MAPK (ERK1/2; Thr 202/Tyr 204) (New England 

Biolabs, Hitcin, UK), anti-MAPK (Erk 2) (Santa Cruz Biotechnology), anti-phospho-JNK 

(Promega, Leiden, The Netherlands), anti-JNK (Cell Signaling Technology), anti-

phospho-p38 MAPK (Cell Signaling Technology) and anti-p38 MAPK (Cell Signaling 

Technology). Proteins were detected with horseradish peroxidase-conjugated secondary 

antibodies (Dakopatts, Glostrup, Denmark) in a standard chemiluminescence protocol 

(ECL Western Blotting, Amersham Pharmacia Biotech Inc., Aylesbury, UK). Blots were 

analysed in a semi-quantitative densitometric fashion using National Institutes of 

Health ImageJ 1.37v software.  

 

Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM) unless stated otherwise. 

Data were analyzed by Mann-Whitney U test or unpaired Student’s t test when 

appropriate. P≤0.05 was regarded to represent a statistically significant difference. 

    

    

Results 

 

 uPAR is upregulated upon ischemia reperfusion injury 

We investigated the expression of uPAR in human renal transplant biopsies with and 

without signs of acute tubular necrosis (ATN). As shown in Figure 1A-B, no uPAR 

expression was detected in post-transplant renal biopsies without tubular necrosis. In 

contrast, post-ATN biopsies showed distinct tubular expression of uPAR (Figure 1C-D), 

indicating a potential physiological role for uPAR after ATN. We confirmed the up-
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regulation of uPAR by Western blot analysis of ischemic mouse kidneys. As shown in 

Figure 2, post-ischemic kidneys displayed higher levels of uPAR protein than sham 

kidneys, again indicating a potential role for uPAR after I/R injury. 

 

    

    

    

    

    

    

 
 
 
 
 
 
 
 
 

 
 
 
 
 
More renal damage in uPAR-/- mice after ischemia reperfusion 

In order to further investigate this hypothesis, uPAR-/- mice and WT mice were 

subjected to 45 minutes of bilateral renal ischemia, followed by reperfusion (I/R). 

uPAR-/- mice displayed severe renal failure after I/R, with peak plasma creatinine and 

urea levels at day 1 (Figure 3A), whereas WT mice experienced only mild elevation of 

plasma creatinine and urea levels at day 1. WT mice recovered quickly, with creatinine 

Figure 1. uPAR expression in 

human kidney biopsies after acute 
tubular necrosis (ATN).    
Human kidney biopsies, immunostained 
for uPAR. A & B: Renal tissue without 
tubular pathology; no discernible uPAR 
staining present. C & D: Post-ATN 
biopsies show characteristic tubular 
changes, comprising tubular dilation and 
flattened epithelial cells. uPAR expression 
is upregulated in damaged TEC. Original 
magnifications: 25x (A-B), 40x (C-D). 
 

Figure 2. uPAR is up-regulated after ischemia reperfusion in mice. 

Western blot analysis of uPAR expression in sham and post-ischemic kidneys of WT mice. β–Actin was used as loading 
control. Blots were analyzed by densitometric analysis; the ratio uPAR/β-actin is plotted in the graph. Arbitrary Units, mean ± 
SEM, *P<0.05. 
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and urea levels returning to baseline after 5 days, whereas uPAR-/- mice showed a 

markedly slower recovery of renal function (Figure 3A). 

Accordingly, tubular damage was more severe in uPAR-/- mice than in WT mice at 2 

hrs, 1 and 5 days (Figure 3B). The larger extent of tissue damage was associated with a 

more pronounced inflammatory response in uPAR-/- mice, characterized by higher 

renal levels of IL-1β (at days 1, 5 and 11), IL-6 (at 2 hrs and 1 day) and KC (at 2 hrs and 

5 days)(Table 1). Furthermore, post-ischemic uPAR-/- kidneys showed more infiltrating 

neutrophils at day 1 (Figure 3C). 

 

    

    

    

    

    

    

    

    

Lower TEC proliferation but similar TEC apoptosis in uPAR-/- mice 

The amount of proliferating TEC was counted in paraffin sections immunostained for 

proliferation marker Ki67. At 2 hrs and 1 day after I/R, uPAR-/- kidneys showed 

Figure 3. Worse renal function and more tissue damage in uPAR-/- mice. 

(A) Plasma creatinine and urea levels of WT and uPAR–/– mice. uPAR-/- mice show a severe impairment of renal function at 
day 1 and recover slowly. WT mive display only mild elevation of creatinine and urea levels, and recover more quickly. Data 
expressed as mean ± SEM; *P<0.05, **P < 0.01. 
(B) Representative microphotographs of PAS-d staining of WT and uPAR-/- mice, 1 day after I/R. Tubular damage was 
scored semiquantitatively and plotted in the graph. Data expressed as mean total score ± SEM, *P<0.05. 
(C) Representative microphotographs of Ly6G staining at 1 day. Neutrophil numbers were counted and plotted in the graph. 
Data expressed as mean number of granulocytes per hpf ± SEM, *P<0.05. Original magnifications: x40 (B-C). 
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significantly lower numbers of proliferating TEC than WT kidneys (Figure 4A). 

However, the amount of apoptotic TEC, as assessed by counting active caspase 3-

positive TEC, did not differ between both types of mice (Figure 4B). 

 

 
 
 
 

2 hrs Day 1 Day 5 Day 11 
 

 
WT uPAR-/- WT uPAR-/- WT uPAR-/- WT uPAR-/- 

IL-1β 4.2 ± 0.6 5.3 ± 0.3 5.4 ± 0.7 7.9 ± 0.5** 3.2 ± 1.0 6.4 ± 0.6** 3.0 ± 1.4 6.7 ± 2.2* 

IL-6 3.4 ± 0.6 5.5 ± 0.6* 5.0 ± 0.6 6.5 ± 0.4* 4.2 ± 1.7 5.5 ± 0.7 4.4 ± 0.8 2.7 ± 0.3 

KC 71.5 ± 10.7 113 ± 5** 74.8±14.0  81.3 ± 8.4 26.0 ± 8.0  65 ± 7.5** 47.1 ± 9.6 52.7 ± 23.1 

MIP-2 51.7 ± 3.6 54.0 ± 1.7 56.2 ± 6.1 60.1 ± 9.6 58.9± 21.4 64.1 ± 4.5 59.0 ±11.9 60.1 ± 18.8 

 
 
 
 

 
 
 
 
 
 

Table 1.Table 1.Table 1.Table 1.    Pro-inflammatory cytokines and chemokines in kidney    homogenates. 

Data are expressed as pg/mg protein; means ± SEM, *P≤0.05, **P<0.01. 

Figure 4. Lower TEC proliferation activity in uPAR-/- mice. 

(A) Representative microphotographs of Ki67 immunostaining of WT and uPAR-/- mice, 1 day after I/R. Proliferating cell 
numbers were counted and plotted in the graph. uPAR–/– mice (black bars) have significantly lower numbers of 
proliferating TEC than WT mice (white bars) at 2hrs and 1 day after I/R; mean number of Ki67 positive TEC per hpf ± 
SEM, **P<0.01, ***P<0.005. 
(B) Representative microphotographs of active caspase 3 immunostaining of WT and uPAR-/- mice, 1 day after I/R. 
Apoptotic cells were counted and plotted in the graph. Numbers of apoptotic cells were similar at all time points in WT 
(white bars) and uPAR-/- (black bars) mice; mean number of active caspase 3 positive TEC per hpf ± SEM, P=NS. 
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uPAR antisense ODN  treatment matches the knock-out phenotype 

In order to exclude potential adaptive mechanisms that might occur in knock-out mice, 

we repeated the I/R experiment in WT mice after administration of uPAR antisense 

ODN or nonsense control ODN. Intraperitoneally administered ODN are instantly 

targeted to the proximal tubule14. As shown in Figure 5A, uPAR antisense ODN 

administration resulted in partial abrogation of uPAR protein production after I/R, as 

assessed by Western blot analysis. 

uPAR antisense ODN treated animals displayed higher plasma creatinine and urea 

levels, more tubular damage and higher numbers of infiltrating neutrophils than 

nonsense ODN treated mice (Figure 5B). Proliferation activity of TEC in uPAR 

antisense ODN treated mice was also lower than in control mice while TEC apoptosis 

was similar (Figure 5B). Thus, uPAR antisense treated mice displayed a similar 

phenotype as uPAR-/- mice. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. uPAR-antisense 

treatment confirms the 
observations in uPAR-/- mice. 
(A) Western blot analysis of uPAR 
expression in nonsense control 
and uPAR antisense ODN treated 
mice, 1 day after I/R. β–Actin was 
used as loading control. Blots 
were analyzed by densitometric 
analysis; the ratio uPAR/β-actin is 
plotted in the graph. Antisense 
treatment resulted in partial 
abrogation of uPAR protein 
expression. Arbitrary Units, mean 
± SEM, P=0.05. 
(B) uPAR antisense ODN treated 
mice (hatched bars) have higher 
plasma creatinine and urea levels, 
more tubular damage and higher 
neutrophil influx than nonsense 
treated mice (white bars) at 1 day 
after I/R. In addition, uPAR 
antisense ODN treated mice 
(hatched bars) had lower amounts 
of proliferating TEC than control 
mice (white bars), while numbers 
of apoptotic cells were similar at 1 
day after I/R. Data expressed as 
mean ± SEM; *P<0.05, **P<0.01, 
***P<0.005. 
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uPAR-/- TEC show impaired proliferation in vitro 

To investigate whether the observed difference in proliferation represented a secondary 

phenomenon or an intrinsic defect of the uPAR-/- cells, we isolated TEC from WT and 

uPAR-/- mice and submitted them to in vitro hypoxia, followed by reoxygenation (H/R). 

At 1, 2 and 3 days after H/R, total cell numbers were counted. At 1 day after hypoxia, 

all TEC showed a decrease in cell number that was not significantly different between 

WT and uPAR-/- cells (Figure 6A). However, WT TEC recovered quickly and reached 

up to 130 percent of the initial cell number at 3 days, whereas uPAR-/- TEC had not 

even returned to initial values after 3 days (Figure 6A). Accordingly, Ki67 staining 

(Figure 6B) revealed a significantly lower percentage of proliferating cells in uPAR-/- 

cultures than in WT cultures at 24hrs and 48hrs after H/R (Figure 6C). 

Since uPAR-deficiency has been associated with increased apoptosis in cancer cells11, 19, 

we examined whether apoptosis accounted for the observed difference in cell counts 

between WT and uPAR-/- TEC after H/R as well. As shown in Fig. 6D, WT and uPAR-

/- TEC showed comparable caspase 3 activity at 24 hrs after reoxygenation. In addition, 

we examined phosphorylation of JNK and p38MAPK, the two most important pro-

apoptotic signaling pathways in TEC, using Western blotting. WT and uPAR-/- TEC 

showed comparable levels of p-JNK and p-p38MAPK at 3 hrs after H/R (not shown). 

 

 
 
 
 
 

Figure 6. . . . Lower proliferation capacity of uPAR-/- TEC. 

(A) Primary WT and uPAR-/- TEC cultures were subjected to in vitro hypoxia-reoxygenation (H/R). Total cell numbers 
were counted at 24, 48 and 72 hrs after H/R. Mean percentage of initial cell number ± SEM, *P<0.05. Data represent 3 
independent experiments. 
(B) Representative photographs of Ki67 immunostaining of TEC cultures. Original magnification: x400. 
(C) At 24 hrs after H/R, uPAR-/- cultures (black bars) contained lower numbers of proliferating cells than WT cultures 
(white bars). Mean number of Ki67 positive cells/1000 cells ± SEM; **P<0.01, ***P<0.005. 
(D) Caspase 3 activity was determined in cultured WT (white squares) and uPAR-/- (black squares) TEC at 24 hrs after 
H/R. Horizontal lines represent medians, dotted lines represent mean caspase 3 activity in actinomycin D1 (500 ng/mL) 
treated cell cultures (positive control) and non hypoxic TEC cultures (negative control). 
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uPAR influences TEC proliferation independent from ERK and Akt signaling 

We examined the most important signal transduction pathways that regulate TEC 

proliferation upon ischemia4. As previously described6, ERK and Akt phosphorylation 

reached peak levels at 3 hrs after reoxygenation in vitro (not shown). To confirm the 

importance of p-ERK and p-Akt for TEC proliferation in our system, TEC proliferation 

activity was determined after incubation with the MEK inhibitor PD-98059 (upstream 

of ERK) and the PI3K inhibitor Ly-294002 (upstream of Akt). These pharmacological 

inhibitors effectively abrogated phosphorylation of ERK and Akt in a specific manner, 

as determined by Western blotting of TEC lysates (not shown). As shown in Figure 7A, 

ERK and Akt inhibition resulted in decreased proliferation of TEC upon H/R. This 

inhibitory effect was similar in WT and uPAR-/- TEC. 

In order to examine whether uPAR influences ERK and Akt phosphorylation, we 

determined the levels of p-ERK and p-Akt in cell lysates by Western blotting. At 3 hrs 

after H/R, ERK and Akt were phosphorylated to the same extent in WT and uPAR-/- 

TEC (Figure 7B), suggesting that uPAR does not influence TEC proliferation through 

ERK- or Akt-mediated signaling. 

    

    

    

    

    

    

Figure 7. uPAR regulates TEC proliferation independent from ERK and Akt activation.    
(A) In vitro H/R in WT and uPAR-/- TEC cultures, incubated with 50µM PD-98059 or 50µM Ly-294002. ERK and Akt 
inhibition resulted in decreased proliferation of TEC upon H/R, resulting in significantly lower cell counts at 72 hrs after H/R 
in WT and uPAR-/- TEC. H/R. Mean percentage of initial cell number ± SEM, *P<0.05. Data represent 3 independent 
experiments 
(B) Western blot analysis of ERK and Akt phosphorylation in WT and uPAR-/- TEC lysates; control=non hypoxic TEC 
cultures, H/R= 3 hours after H/R; n=3.  
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Discussion 

 

The present study is the first to show that uPAR is critically involved in tubular 

epithelial regeneration and renal functional recovery after ischemic injury. Our study 

demonstrates that uPAR deficient mice experience more severe impairment of renal 

function and slower recovery after I/R than WT mice. 

uPAR, first described in 1985 as the specific cellular receptor for uPA20, has since been 

implicated in a broad range of different processes7. Besides the ability to concentrate 

fibrinolytic and proteolytic activity at the cell surface, uPAR has been recognized as a 

multifunctional protein that initiates a variety of cell functions, among which 

proliferation, differentiation and migration in a non-proteolytic manner7, 8, 21. 

uPAR is expressed by many different cell types, including inflammatory cells, 

endothelial cells, smooth muscle cells, and several neoplastic cell types22-27. Within the 

kidney, uPAR is expressed by glomerular epithelial and mesangial cells and tubular 

epithelial cells (TEC)9. Tubular uPAR expression is upregulated under inflammatory and 

pro-fibrotic conditions, such as acute pyelonephritis, acute renal allograft rejection and 

obstructive nephropathy28-32. In addition to these reports, we now describe upregulation 

of renal uPAR expression after ischemia-reperfusion injury in human and mouse 

kidneys. 

The acute inflammatory response triggered by I/R is characterized by the induction of 

pro-inflammatory chemokines, cytokines, complement and adhesion molecules, 

followed by tissue invasion of neutrophils that contribute to tissue damage33. In our 

study, post-ischemic kidneys of uPAR-/- mice displayed higher cytokine levels 

associated with stronger neutrophil influx than WT mice. This observation is to some 

extent in contrast with a number of studies that have shown that uPAR actively favors 

leukocyte migration, partly through uPA-mediated turnover of extracellular matrix 

(ECM) components and partly through uPAR-mediated cell signaling cascades8, 34-36. 

The role of uPAR in neutrophil migration has been assessed particularly in models of 

infectious diseases. uPAR-/- mice show significantly fewer neutrophils in 

bronchoalveolar lavage fluid during pneumonia caused by Pseudomonas aeruginosa37 

and Streptococcus pneumoniae38, and have significantly lower cerebrospinal fluid 

pleocytosis than WT mice during pneumococcal meningitis39. Although these studies 

demonstrate that uPAR actively promotes neutrophil influx towards the site of 

infection, the net effect of uPAR on neutrophil migration may depend on the disease 

model used. In a previous study concerning a murine model of peritonitis, uPAR-/- 

mice showed decreased neutrophil migration into the peritoneal cavity during 

lipopolysaccharide-induced peritonitis, while no differences in neutrophil influx were 

encountered after induction of peritonitis by intra-abdominal administration of 

Escherichia coli40. In addition, an organ-specific effect could be at play; in Chapter 4 of 

this thesis, in which a study on Escherichia coli-induced acute pyelonephritis is 

described, no differences in neutrophil influx were measured between WT and uPAR-/- 
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mice despite higher bacterial counts and cytokine levels in the uPAR-/- kidneys29. In 

the present study, the higher levels of pro-inflammatory cytokines in the injured 

uPAR-/- kidneys may to a certain extent overrule the reduced migratory capacity of 

uPAR-/- neutrophils. 

Neutrophils are the earliest inflammatory cells that invade the kidney upon I/R41. Since 

neutrophil depletion or abolishment of neutrophil influx provides partial protection in 

most animal I/R models42, 43, neutrophils seem to contribute significantly to tubular cell 

death after I/R. Loss of TEC upon I/R is mediated by both necrosis and apoptosis44. In 

our study, uPAR-/- kidneys showed more TEC damage and worse renal function 

already at 2hrs, preceding the actual differences in neutrophil influx. This finding 

strongly suggests that the higher numbers of neutrophils in uPAR-/- kidneys is a 

consequence of, rather than the primary cause for the higher amounts of tubular 

damage. Indeed, necrotic tissue is a powerful chemoattractant for neutrophils45. In 

several malignancies, abrogation of uPAR has been shown to increase apoptosis. 

Blocking uPAR expression in malignant melanoma cells with RNA-interference induces 

apoptosis by activation of p5346. In addition, downregulation of uPAR expression 

induces caspase-8-mediated apoptosis in SNB19 human glioblastoma cells19, 47. Strikingly, 

no differences in apoptosis were measured in the present study. Despite more tubular 

damage already at 2 hrs post I/R in uPAR-/- kidneys, both in vivo and in vitro no 

differences in TEC apoptosis could be detected. Apart from a cell-specific effect, these 

observations might be explained by the plethora of mutations usually present in 

malignant cells that orchestrate oncogene activation or tumor suppressor gene 

inactivation. In our non-neoplastic TEC, such genetic disturbances are not to be 

expected. 

In recent years, it has become increasingly clear that the GPI-linked uPAR can act as a 

signaling receptor, chiefly through interaction with transmembrane molecules such as 

integrins and GPCRs7, 8. uPAR has been implicated in actions that require modulation of 

the cytoskeleton, such as cell migration, proliferation and dissemination of malignant 

cells48, 49. Several studies from within the oncology research field have revealed a direct 

link between uPAR expression and cell proliferation. Overexpression of uPAR is 

directly correlated to tumor cell proliferation and invasiveness in malignant melanoma, 

glioblastoma and adenocarcinomas of the colon, prostate and breast10-12, 50. Blocking 

uPAR-mediated signaling with specific blocking antibodies decreases proliferation of 

breast carcinoma cells11. In addition, downregulation of uPAR with antisense ODN in 

malignant melanoma and colon carcinoma results in anti-invasive and anti-proliferative 

effects in vitro and reduction of human melanoma dissemination in mice10, 50. A 

comparable approach with the use of anti-uPAR small interfering RNAs demonstrated 

that targeting of uPAR leads to inhibition of prostate cancer cell survival, invasion and 

dissemination in vitro and in vivo12. In agreement with these reports on cancer cell 

proliferation, the present study shows that uPAR facilitates renal epithelial cell 

proliferation after in vivo I/R and in vitro H/R. In line with our findings, a single study 
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described lower numbers of proliferating tubular and interstitial cells in uPAR-/- 

kidneys at days 3 and 14 in a model of chronic obstructive nephropathy32, however 

without providing further mechanistic insights. In contrast, Mazzieri et al. have 

recently reported that uPAR-deficient mouse embryonic fibroblasts show a higher 

growth rate than WT mouse embryonic fibroblasts, associated with higher levels of p-

ERK1/251. Possibly, the role of uPAR in cell proliferation depends on cell type, with 

different effects in embryonic and adult cell types. 

In the abovementioned studies it was shown that uPAR-mediated cancer cell 

proliferation is predominantly regulated via the ERK/MAP kinase pathway. Targeting 

of uPAR invariably decreased ERK1/2 phosphorylation, resulting in decreased cancer 

cell proliferation activity10-12, 50. Previous studies have shown that the Raf/MEK/ERK 

MAPK route plays a central role in tubular epithelial proliferation and regeneration 

after I/R, as well as the PI3K/Akt cascade5, 6. In the present study, incubation with PD-

98059 and LY-294002 resulted in drastic reduction of growth rate, confirming the key 

role of ERK and Akt in TEC proliferation. Abrogation of ERK and Akt phosphorylation 

had a similar effect on proliferation in WT and uPAR-/- TEC. Using an in vitro model 

of I/R, Kwon et al. demonstrated that ERK activation was inhibited by U0126, another 

specific inhibitor of ERK upstream MAPK/ERK kinase (MEK), but not by LY-294002. 

Furthermore, Akt activation was blocked by LY-294002, but not by U0126, indicating 

that there is no cross talk between the MEK/ERK and PI3K/Akt pathways in TEC after 

I/R6. In the present study, lower proliferation of uPAR-/- TEC was not accompanied by 

lower phosphorylation rates of ERK1/2 or Akt. These observations suggest that uPAR 

promotes TEC proliferation independent from ERK and Akt mediated signaling. 

Although more research will be needed to reveal the exact mechanism at play, the 

present study is the first to demonstrate the protective role of uPAR after renal 

ischemia-reperfusion injury. 
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Abstract  

 

Acute pyelonephritis forms a considerable health problem and can lead to end stage 

renal failure. The urokinase plasminogen activator receptor (uPAR) is expressed at the 

cell surface of inflammatory cells and plays an important role in neutrophil migration. 

To investigate the in vivo role of uPAR during urinary tract infection, acute 

pyelonephritis was induced in uPAR-/- and wild type (WT) mice by intravesical 

inoculation with 1x109 CFU of uropathogenic Escherichia coli. Mice were sacrificed 

after 24 and 48 hours, after which bacterial outgrowth and cytokine levels in kidney 

homogenates were determined. Influx of neutrophils was quantified by 

myeloperoxidase-ELISA. uPAR-/- kidneys had significantly higher numbers of E. coli 

CFU, accompanied by higher levels of interleukin-1β (IL-1β), interleukin-6 (IL-6), 

keratinocyte-derived chemokine (KC), macrophage inflammatory protein-2 (MIP-2) 

and tumor necrosis factor-α (TNF-α). However, the number of infiltrating neutrophils 

was similar in uPAR-/- and WT mice at both time points, suggesting that uPAR-/- 

neutrophils have a lower ability to eliminate E. coli. To further investigate this, 

neutrophil oxidative burst and phagocytosis was measured. The generation of reactive 

oxygen species upon stimulation with E. coli was not diminished in uPAR-/- 

neutrophils compared with WT. Interestingly, uPAR-/- neutrophils displayed 

significantly impaired phagocytosis of E. coli organisms compared with WT 

neutrophils. We conclude that uPAR is crucially involved in host defense through 

phagocytosis during E. coli induced acute pyelonephritis. 
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Introduction 

 

Urinary tract infections (UTI), most frequently caused by Gram-negative Escherichia 

coli, are among the most common bacterial infections, affecting approximately 50% of 

women at one point in their lifetime1. Recurrent episodes of UTI afflict about 10% of 

women worldwide1. In addition, UTI form a considerable paediatric problem, since 8% 

of girls and 2% of boys under the age of 7 develop acute pyelonephritis2. The most 

important complication of acute pyelonephritis is renal fibrosis which is responsible for 

up to 24% of children that develop end stage renal failure3. 

Course and outcome of UTI depend largely on the balance between bacterial virulence 

factors and host defense mechanisms. Virulence factors most strongly associated with E. 

coli uropathogenicity include type 1 fimbriae, P fimbriae, hemolysin and aerobactin. 

Type 1 fimbriae are adhesins that facilitate adherence of E. coli to glycoproteins on the 

urothelium, while P fimbriae bind to glycolipids that are expressed by host cells in the 

kidney. After adhesion has been achieved, hemolysin facilitates tissue invasion by E. 

coli and lysis of host leukocytes, whereas aerobactin is a siderophore that ensures 

bacterial metabolism in low-iron environments such as urine and serum4. 

Apart from regular bladder voiding and several urine components that can act as anti-

adherence factors, important host defense mechanisms against acute pyelonephritis 

include antimicrobial peptides such as β-defensin 1, which is expressed by tubular 

epithelial cells and has been reported to be protective against UTI5. Recently, so called 

danger signal receptors, most notably Toll-like receptor 4 (TLR4) have been implicated 

in the defense against E.coli mediated UTI as well6, 7. In the next phase of host response, 

complement activation and rapid production of pro-inflammatory cytokines and 

chemokines result in recruitment of neutrophils that phagocytose and eliminate E. coli 

organisms8. 

The urokinase plasminogen activator receptor (uPAR, CD87) has been recognized as an 

important participant in the mobilization of inflammatory cells. First described in 

19859, uPAR is a glycosyl-phosphatidylinositol (GPI)-anchored molecule with high 

affinity for urokinase plasminogen activator (uPA) and pro-uPA. uPAR lacks a cytosolic 

domain but has the ability to transmit intracellular signals through interaction with 

several transmembrane proteins such as integrins, G-protein coupled receptors (GPCRs) 

and caveolin10. 

uPAR is present at the cell surface of a variety of different cell types, such as monocytes, 

macrophages, neutrophils, T cells, endothelial cells, smooth muscle cells, and renal 

tubular epithelial cells11-16. uPAR has the ability to facilitate cell migration in two 

manners. On the one hand, it binds uPA, resulting in the generation of plasmin activity 

at the cell surface, which leads to pericellular proteolysis. On the other hand, uPAR has 

been implicated in activation and mobilization of leukocytes through interaction with 

β2 integrins, most notably CD11b/CD18 (Mac-1, CR3)17. 
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Recently, we reported an up-regulation of uPAR expression during UTI18. Urine and 

plasma of patients with culture-proven urosepsis contained high concentrations of 

uPAR. Moreover, in the same study it was shown that urine and plasma levels of uPAR 

increase significantly after intravenous administration of E. coli lipopolysaccharide 

(LPS) in healthy volunteers. Of note, E. coli LPS has been shown to establish a 

concurrent upregulation of uPAR and CD11b expression on granulocytes19. In order to 

investigate the in vivo role of uPAR during UTI, we induced acute pyelonephritis in 

uPAR-deficient mice. 

    

    

Methods 

 

Mice and experimental protocol 

uPAR-/- mice on a C57BL/6J background  were purchased from The Jackson Laboratory 

(Bar Harbor, Maine) and bred in the institutional animal facilities. Age and weight 

matched C57Bl/6 mice (Charles River, Maastricht, The Netherlands) served as a wild 

type (WT) control. 

UTI was induced as described previously20. E. coli 1677, isolated from a uroseptic 

patient, was donated by Dr. W.J. Hopkins (University of Wisconsin Medical School, 

Madison). This strain has virulence factors that include type 1 and P fimbriae, 

hemolysin and aerobactin21. Bacteria were cultured for 16 hrs at 37°C in trypticase soy 

broth (TSB). After dilution 1:100 in fresh TSB, the suspension was grown for 3 hrs to 

midlogarithmic phase. E. coli were washed 3 times in sterile PBS. The bacteria were 

resuspended in PBS at a concentration of 1 × 1010 colony-forming units (CFU)/mL, as 

determined by plating 10-fold serial dilutions of the suspension on blood agar plates. 

Acute pyelonephritis was induced under general anesthesia (0.07 mL/10g mouse of FFM 

mixture, containing 1.25 mg/mL midazolam (Roche, Mijdrecht, The Netherlands), 0.08 

mg/mL fentanyl citrate and 2.5 mg/mL fluanisone (Janssen Pharmaceutica, Beerse, 

Belgium)) in 8-10 weeks old female mice. 100 µL of bacterial suspension (1×109 CFU) 

were administered transurethrally through a 0.55mm catheter (Abbott, Zwolle, The 

Netherlands). Sham control mice underwent the same procedure with administration of 

100 µL of sterile PBS instead of bacterial suspension. Mice (n=8 per group) were 

sacrificed 24 and 48 hrs after the procedure by exsanguination under general 

anaesthesia. The Committee on Use and Care of Animals of the Academic Medical 

Center at the University of Amsterdam approved all experiments. Animal 

experimentation guidelines were followed in all experiments. 

 

Determination of bacterial outgrowth 

Bacterial load was determined in renal tissue as described earlier20. One half of the left 

kidney from each mouse was homogenized in 4 volumes of sterile saline with a tissue 

homogenizer which was cleaned with 70% ethanol after each homogenization. Serial 

10-fold dilutions were made in sterile saline, and 50 µL volumes of kidney homogenate 
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were plated onto blood agar plates, which were incubated at 37°C for 16 hrs, after which 

E. coli CFU were counted. 

 

Histologic examination 

The remaining part of the left kidney was fixed in 10% formalin and embedded in 

paraffin. Four-micrometer sections were stained with hematoxylin-eosin. For 

granulocyte immunostaining slides were pretreated with 0.25% pepsin (Sigma, St. Louis, 

MO) in 0.01M HCl. Endogenous peroxidase activity was quenched by 0.1% NaN3/0.03% 

H2O2
 and free protein binding sites were blocked with 10% normal goat serum. After 

incubation with fluorescein isothiocyanate (FITC)-labeled anti-mouse Ly6G monoclonal 

antibody (Pharmingen, Erembodegem, Belgium) slides were incubated with a rabbit-

anti-FITC antibody followed by polymerized horseradish peroxidase (HRP)-conjugated 

goat-anti-rabbit IgG antibody (PowervisionTM; Immunovision Technology, Daly City, 

CA). Bound antibodies were visualized with 3,3-diamino-benzidine tetrachloride (DAB, 

Sigma). Neutrophil numbers were counted in the pyelum in 8 non-overlapping high 

power fields (magnification x400). 

 

Cytokine, chemokine and MPO measurements 

The right kidney of each mouse was homogenated in PBS containing 1% Triton X-100, 

1mM EDTA (Merck) and 1% protease inhibitor cocktail (P8340, Sigma). Levels of 

interleukin-1β (IL-1β), interleukin-6 (IL-6), keratinocyte-derived chemokine (KC), 

macrophage inflammatory protein-2 (MIP-2), tumor necrosis factor-α (TNF-α) and 

mouse myeloperoxidase (MPO) in kidney homogenates were measured by specific 

ELISA according to the instructions of the manufacturer (MPO: HyCult biotechnologies, 

Uden, the Netherlands; others: R&D systems, Minneapolis, MN). 

 

Oxidative burst and phagocytosis assay 

Oxidative burst of neutrophils was assessed by dihydrorhodamine 123 (Sigma) 

measurement according to Kampen et al.22. Circulating cells (50 µL whole blood) were 

loaded with 1.5 mg/mL dihydrorhodamine 123 for 30 min. Neutrophils were stimulated 

by addition of 50 x 106 CFU E.coli 1677/mL for 30 min, followed by red blood cell lysis. 

Conversion of dihydrorhodamine was determined by flow cytometry. 

Expression of eGFP was induced in E.coli Top-10 (Invitrogen, Breda, the Netherlands), 

by transfection with pBBR1MCS-5-eGFP (clone pMP2463)23, which was kindly 

provided by Prof. H. Spaink (Leiden University, Leiden, the Netherlands). Bacteria were 

grown under high selective pressure (40µg/mL gentamycin, Sigma). eGFP expression 

was confirmed by flow cytometry and fluorescent microscopy (data not shown). 

Phagocytosis capacity of WT and uPAR-/- neutrophils was determined by flow 

cytometry. In short, GFP-E. coli (equivalent to 50x103 CFU) was added to 50 µL of 

heparinized full blood from WT or uPAR-/- mice and allowed to incubate for 5, 10, 15 

or 20 minutes, vigorously shaking in a water bath at 37°C. Phagocytosis was stopped by 

immediately transferring the samples to ice. Erythrocytes were lysed using a hypotonic 
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lysis buffer and neutrophils were labeled using anti-Ly6-G-APC (Pharmingen). Samples 

were washed with ice-cold FACS buffer after which the degree of phagocytosis was 

determined using a flow cytometer (FACScalibur®, Becton Dickinson, Franklin Lakes, 

NJ). Results are expressed as mean fluorescence intensity (MFI) per neutrophil. 

 

Statistical analysis 

Data were analyzed by Mann-Whitney U test. Correlations were calculated by Pearson’s 

product-moment correlation test. P<0.05 was considered to represent a statistically 

significant difference. 

 

 

Results 

 

uPAR-/- mice display higher bacterial load than WT mice 

In order to determine the role of uPAR in upper urinary tract infection, acute 

pyelonephritis was induced in uPAR-/- and wild type (WT) mice. uPAR-/- mice 

showed a significantly higher number of E. coli colony forming units (CFU) in kidney 

homogenates than WT mice (Figure 1). At T=24 hrs and T=48 hrs, the mean number of 

CFU showed a difference of approximately 102, indicating that uPAR-/- have a seriously 

impaired ability to clear E. coli-caused infections. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

uPAR-/- mice have higher cytokine and chemokine levels during pyelonephritis 

In order to investigate whether higher numbers of bacteria in kidneys of uPAR-/- mice 

were accompanied by higher levels of pro-inflammatory cytokines and chemokines, 

levels of interleukin-1β (IL-1β), interleukin-6 (IL-6), keratinocyte-derived chemokine 

(KC), macrophage inflammatory protein-2 (MIP-2) and tumor necrosis factor-α (TNF-

α) were determined in kidney homogenates by ELISA. At T=24 hrs uPAR-/- kidneys 

displayed significantly higher levels of these cytokines and chemokines than WT 

kidneys (Figure 2A). At T=48 hrs levels were not different between both genotypes (not 

shown). In order to investigate whether higher amounts of E. coli CFU were directly 

Figure 1. Higher bacterial 

outgrowth in uPAR-/- mice. 
At T=24 hr and T=48 hr after inoculation 
uPAR-/- mice (grey boxes) show higher 
numbers of E. coli CFU than WT mice 
(white boxes). *P < 0.05. 
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associated with higher levels of cytokines and chemokines, correlations between CFU 

and cytokine/chemokine levels were calculated in all infected mice. Except for TNF-α, 

cytokine and chemokine levels in renal homogenates were directly proportional to the 

amount of CFU in the kidney (Figure 2B and Table 1). 

 

 

 Correlation coefficient P value 

TNF-α -0.48 0.82 

IL-1β 0.762 < 0.01 

IL-6 0.626 < 0.01 

KC 0.423 < 0.05 

MIP-2 0.902 < 0.01 

Figure 2. Renal 

cytokine and chemokine 
levels. 
(A) uPAR-/- mice (black 
bars) show higher levels of 
pro-inflammatory cytokines 
and chemokines in kidney 
homogenates, compared 
with WT mice (white bars) at 
day 1 after inoculation. Data 
expressed as pg/mg protein, 
mean ± SEM; *P < 0.05; **P 
< 0.01; ***P < 0.005. 
(B) Renal cytokine and 
chemokine levels are directly 
proportional to the amount of 
CFU per kidney, except for 
TNF-α. 
Correlation coefficients and 
P values are displayed in 
Table 1. 

Table 1.    Correlation between amounts of CFU and cytokine levels 

Correlation coefficients and P values of the correlation between the amount of CFU and cytokine levels within all 
infected kidneys (plotted in Fig. 2B). 
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No difference in neutrophil influx in uPAR-/- and WT mice 

In order to investigate the extent of inflammation, histological sections of renal tissue 

were examined. Neutrophil numbers were counted on anti-Ly6G stained paraffin 

sections. At T=24 hrs and T=48 hrs, both mouse genotypes showed comparable numbers 

of neutrophils in renal tissue (24 hrs: 766 ± 262 (uPAR-/-) vs. 1024 ± 331 (WT); 48 hrs: 

423 ± 138 (uPAR-/-) vs. 319 ± 190 (WT), mean number of neutrophils per 8 high power 

fields ± SEM, P > 0.05 for both time points). As shown in Figure 3, both uPAR-/- and 

WT mice showed massive influx of neutrophils in the pyelum region. Neutrophils were 

present in the lamina propria, but invaded the urothelium as well (Figure 3). 

In order to confirm the abovementioned histological findings, myeloperoxidase (MPO) 

measurements on kidney homogenates were performed by ELISA. At    both time points, 

no significant differences were measured in uPAR-/- and WT mice, confirming that 

there was no difference in neutrophil influx between these types of mice (Figure 4A). 

 

 

 
 
 
 
 
 

Figure 3.    Histology. Photomicrographs of uPAR-/- kidneys (A, C) and WT kidneys (B, D). Both uPAR-/- and WT 

kidneys show a dense inflammatory infiltrate and tissue necrosis in the pyelum region (A, B). The infiltrate consists chiefly 
of neutrophils (C, D) that invade the lamina propria but also the urothelium (arrows). T=24 hr after inoculation, H&E 
staining, original magnifications x40 (A, B) and x 400 (C, D). 
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uPAR-/- neutrophils have lower bactericidal potential than WT neutrophils 

Although uPAR-/- mice showed the same numbers of intra-renal neutrophils, they 

displayed higher numbers of E. coli CFU, suggesting that uPAR-/- neutrophils might 

have an impaired ability to eliminate E. coli. In order to further investigate this 

hypothesis, neutrophil potential to generate an oxidative burst reaction was 

determined. As shown in Figure 4B, uPAR-/- and WT neutrophils produced a 

comparable oxidative burst upon activation with E. coli. 

Further, a phagocytosis assay was performed with uPAR-/- and WT neutrophils. As 

shown in Figure 5, uPAR-/- neutrophils indeed showed a significantly lower phagocytic 

potential than WT neutrophils. After 10 minutes of incubation, uPAR-/- neutrophils 

showed no further increase in mean fluorescence intensity (MFI), representing the 

number of ingested green fluorescent protein (GFP)-E. coli organisms, whereas WT 

neutrophils continued to phagocytose GFP-E. coli. 

    

    

Figure 4.    Renal myeloperoxidase levels and oxidative burst of neutrophils. 
(A) At T=24 hr and T=48 hr after inoculation MPO levels were not different between uPAR-/- (black bars) and WT 
(white bars) mice. Data expressed as mean ± SEM; P = ns. (B) uPAR-/- (black bars) and WT (white bars) 
neutrophils display a comparable capacity to generate oxidative burst upon stimulation with E.coli 1677. Data 
expressed as mean fluorescence intensity (MFI), mean MFI ± SEM; P = ns. Data represent n=3. 

Figure 5. Lower phagocytosis 

capacity of uPAR-/- neutrophils. uPAR-
/- neutrophils (black squares) display a 
significantly reduced capacity to ingest 
GFP-E. coli at T = 15 min and 20 min, 
compared with WT neutrophils (white 
squares). Data expressed as mean 
fluorescence intensity (MFI) per neutrophil 
(representing the number of 
phagocytosed GFP-E. coli), mean MFI ± 
SEM; *P < 0.05. Data represent n=3. 
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Discussion 

 

In a previous study, we demonstrated up-regulation of uPAR expression during UTI and 

urosepsis, indicating a physiological role for uPAR during infections of the urinary 

tract18. The present study shows that uPAR-/- mice have a seriously impaired bacterial 

clearance during acute pyelonephritis, caused by a lower ability to phagocytose E. coli 

organisms. 

The importance of uPAR in the defense against micro-organisms has been shown by 

other studies as well. uPAR-/- mice showed significantly fewer neutrophils in 

bronchoalveolar lavage (BAL) fluid during Pseudomonas aeruginosa-caused pneumonia, 

resulting in higher numbers of surviving bacteria24. In Streptococcus pneumoniae-

induced pneumonia, comparable results were obtained; uPAR-/- mice displayed more 

severe disease, with significantly higher numbers of S. pneumoniae CFU in lung tissue 

and lower pulmonary influx of neutrophils25. Furthermore, a recent study concerning 

experimental pneumococcal meningitis showed that uPAR-/- mice had significantly 

attenuated cerebrospinal fluid pleocytosis 24 hrs after inoculation, compared with WT 

mice26. These studies have demonstrated that uPAR is crucially involved in neutrophil 

migration towards the site of infection. Apart from its ability to concentrate proteolytic 

activity on the cell surface, uPAR can facilitate cell migration in a non-proteolytic 

fashion through interaction with several integrins10. uPAR mediates neutrophil 

migration predominantly via interaction with β2 integrin CD11b/CD1827, 28. Our finding 

that uPAR-/- mice experience higher bacterial load than WT mice during acute 

pyelonephritis seems largely in accordance with the abovementioned studies. Opposed 

to the pulmonary infection models however, bacterial persistence is not associated with 

diminished neutrophil influx in the uPAR-/- mice in our model. In view of the well-

described function of uPAR in migration of inflammatory cells, this is an unexpected 

finding. Several studies concerning pyelonephritis have demonstrated that UTI 

susceptibility correlates with neutrophil influx. However, this effect seems to depend 

strongly on the number of CFU in the inoculum and the strain of E. coli used. Although 

TLR4 mutant mice invariably show an impaired neutrophil recruitment in experimental 

pyelonephritis, some authors describe higher amounts of renal E. coli CFU in TLR4 

mutant mice29, whereas others report no differences in bacterial load between mutant 

and non-mutant mice7. Furthermore, in a previous study we demonstrated that the 

administration of anti-CXCR2 antibodies in this model inhibits neutrophil influx nearly 

completely, but this resulted in higher bacterial counts in renal tissue only at T=24 hrs. 

At other time points bacterial load was completely comparable to control mice20. While 

these studies clearly demonstrate the important role of neutrophils in host defense to 

infection, they also provide evidence for redundancy and complexity in the mechanism 

of neutrophil recruitment, as well as the importance of kinetics in mouse models of 

infectious diseases. 



uPAR in acute pyelonephritis 

 81 

In the present study, no differences are found in the numbers of infiltrating neutrophils 

in the pyelum region of uPAR-/- and WT mice. In a previous study concerning a 

murine model of peritonitis, we demonstrated that uPAR-/- mice displayed decreased 

neutrophil migration into the peritoneal cavity during LPS induced peritonitis30. On the 

other hand, no differences in neutrophil influx were encountered when peritonitis was 

induced by intra-abdominal administration of intact E. coli. Taken together, these 

results suggest that the net effect of uPAR on neutrophil migration not only depends on 

the involved bacteria or disease model, but can show organ specificity as well. In 

addition, neutrophil apoptosis might play a role. It has been shown that neutrophils can 

undergo apoptosis after ingestion of E. coli31, 32, linking phagocytic activity to neutrophil 

survival. The observed lower phagocytic capacity of uPAR-/- neutrophils might thus 

lead to a higher neutrophil survival rate, possibly masking a lower migratory potential. 

We have attempted to demonstrate this in our study by counting apoptotic neutrophils 

on sections stained for active caspase 3. Although uPAR-/- kidneys displayed a trend 

towards a lower percentage of apoptotic neutrophils, this trend did not reach statistical 

significance (data not shown). Another explanation for the similar neutrophil influx is 

that the relative impairment of migratory potential of uPAR-/- neutrophils is overruled 

by the higher levels of pro-inflammatory cytokines and chemokines at T=24 hours in 

uPAR-/- kidneys. The difference in cytokine levels was only noted at T=24 while 

neutrophil numbers were similar at both time-points. Possibly, granulocytes that had 

infiltrated renal tissue at 24 hours after infection remained at 48 hours independent of 

chemoattraction. 

IL-1β, IL-6, KC, MIP-2 and TNF-α have all been implicated in the inflammatory 

response during UTI2. After inoculation with uropathogenic E. coli, bladder and tubular 

epithelial cells have been shown to produce IL-1β, IL-6, IL-8 (murine homologues: KC 

and MIP-2) and TNF-α33-35. uPAR-/- kidneys showed significant higher levels of pro-

inflammatory cytokines and chemokines compared to WT kidneys, probably as a direct 

consequence of the 100-fold increase in E. coli CFU in uPAR-/- animals. Indeed, renal 

cytokine levels are directly correlated to the amount of CFU in our model. 

The present study shows that uPAR-/- neutrophils have a lower capacity to phagocytose 

E. coli organisms in vitro. This is in accordance with an earlier report by Gyetko et al., 

that demonstrated that uPAR-/- neutrophils show less phagocytosis of BODIPY®-

stained E. coli after sonication36. Our results show that uPAR is not only involved in 

phagocytosis of fragmented bacteria but of whole E. coli organisms as well; an 

observation that not only corroborates the observations of Gyetko et al., but underlines 

the clinical relevance of these findings. 

In the same article it was shown that uPAR-/- neutrophils had a lower potential to 

generate a respiratory burst after stimulation with high concentrations of the bacterial 

peptide fMLP. However, after stimulation with PMA no differences in oxidative burst 

could be measured36. Another study has shown that uPA enhances fMLP-induced 

superoxide production by neutrophils through uPAR in a CD11b/CD18-dependent 
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fashion37. In contrast to these studies in which synthetic peptides where used as 

stimulus, our study shows no differences in oxidative burst generation after stimulation 

of uPAR-/- and WT neutrophils with E. coli 1677, a strain that was isolated from a 

uroseptic patient and has uropathogenic virulence factors. Apparently, the generation of 

reactive oxygen species can be influenced by uPAR but is dependent on the applied 

method. 

There is increasing evidence that neutrophils not only migrate through uPAR-

CD11b/CD18 interaction, but effect phagocytosis through the same mechanism as well. 

Activation of the uPAR-CD11b/CD18 partnership activates a signalling cascade, that via 

tyrosine kinases results in activation of type 1 Phosphoinositide 3-Kinases (PI3K)10, 38. 

After subsequent modulation of the cytoskeleton, type 1 PI3K causes cell polarization, 

leading to actual cell movement39. A number of studies have shown that activation of 

CD11b/CD18 via a similar signalling cascade can be of crucial importance for 

phagocytosis. Neutrophils have the ability to ingest opsonized particles via 

CD11b/CD18, after which subsequent induction of type 1 PI3K establishes phagosome 

maturation40 and actual phagocytosis39. Indeed, treatment of neutrophils with the 

specific PI3K inhibitor Wortmannin not only prevented CD11b/CD18-mediated 

neutrophil adhesion and mobility41, but resulted in an impairment of phagocytosis as 

well42-44. Although further research will be needed, it seems likely that the association 

of uPAR with CD11b/CD18 leads to enhanced phagocytosis and elimination of E. coli 

via the PI3K pathway in vivo. 

Taken together, the present investigation shows that uPAR is crucially involved in host 

defense mechanisms during E. coli-induced UTI. 



uPAR in acute pyelonephritis 

 83 

References 
 

1. Barnett, B.J. & Stephens, D.S. Urinary tract infection: an overview. Am J Med Sci 314, 245-9 (1997). 

2. Webb, N.J. & Brenchley, P.E. Cytokines and cell adhesion molecules in the inflammatory response 

during acute pyelonephritis. Nephron Exp Nephrol 96, e1-6 (2004). 

3. Cotton, S.A., Gbadegesin, R.A., Williams, S., Brenchley, P.E. & Webb, N.J. Role of TGF-beta1 in renal 

parenchymal scarring following childhood urinary tract infection. Kidney Int 61, 61-7. (2002). 

4. Johnson, J.R. Virulence factors in Escherichia coli urinary tract infection. Clin Microbiol Rev 4, 80-128 

(1991). 

5. Ganz, T. Defensins: antimicrobial peptides of innate immunity. Nat Rev Immunol 3, 710-20 (2003). 

6. Anders, H.J., Banas, B. & Schlondorff, D. Signaling danger: toll-like receptors and their potential roles in 

kidney disease. J Am Soc Nephrol 15, 854-67 (2004). 

7. Patole, P.S. et al. Toll-like receptor-4: renal cells and bone marrow cells signal for neutrophil 

recruitment during pyelonephritis. Kidney Int 68, 2582-7 (2005). 

8. Mulvey, M.A., Schilling, J.D., Martinez, J.J. & Hultgren, S.J. Bad bugs and beleaguered bladders: 

interplay between uropathogenic Escherichia coli and innate host defenses. Proc Natl Acad Sci U S A 97, 

8829-35 (2000). 

9. Vassalli, J.D., Baccino, D. & Belin, D. A cellular binding site for the Mr 55,000 form of the human 

plasminogen activator, urokinase. J Cell Biol 100, 86-92. (1985). 

10. Blasi, F. & Carmeliet, P. uPAR: a versatile signalling orchestrator. Nat Rev Mol Cell Biol 3, 932-43. 

(2002). 

11. Kirchheimer, J.C., Nong, Y.H. & Remold, H.G. IFN-gamma, tumor necrosis factor-alpha, and urokinase 

regulate the expression of urokinase receptors on human monocytes. J Immunol 141, 4229-34. (1988). 

12. Picone, R. et al. Regulation of urokinase receptors in monocytelike U937 cells by phorbol ester phorbol 

myristate acetate. J Cell Biol 108, 693-702. (1989). 

13. Nykjaer, A. et al. Urokinase receptor. An activation antigen in human T lymphocytes. J Immunol 152, 

505-16. (1994). 

14. Mignatti, P., Mazzieri, R. & Rifkin, D.B. Expression of the urokinase receptor in vascular endothelial 

cells is stimulated by basic fibroblast growth factor. J Cell Biol 113, 1193-201. (1991). 

15. Reuning, U., Little, S.P., Dixon, E.P. & Bang, N.U. Effect of thrombin, the thrombin receptor activation 

peptide, and other mitogens on vascular smooth muscle cell urokinase receptor mRNA levels. Blood 84, 

3700-8. (1994). 

16. Wagner, S.N. et al. Sites of urokinase-type plasminogen activator expression and distribution of its 

receptor in the normal human kidney. Histochem Cell Biol 105, 53-60. (1996). 

17. Mondino, A. & Blasi, F. uPA and uPAR in fibrinolysis, immunity and pathology. Trends Immunol 25, 

450-5 (2004). 

18. Florquin, S. et al. Release of urokinase plasminogen activator receptor during urosepsis and 

endotoxemia. Kidney Int 59, 2054-61. (2001). 

19. Juffermans, N.P. et al. Concurrent upregulation of urokinase plasminogen activator receptor and CD11b 

during tuberculosis and experimental endotoxemia. Infect Immun 69, 5182-5 (2001). 

20. Olszyna, D.P. et al. CXC chemokine receptor 2 contributes to host defense in murine urinary tract 

infection. J Infect Dis 184, 301-7 (2001). 

21. Hopkins, W.J., Gendron-Fitzpatrick, A., Balish, E. & Uehling, D.T. Time course and host responses to 

Escherichia coli urinary tract infection in genetically distinct mouse strains. Infect Immun 66, 2798-802 

(1998). 

22. Kampen, A.H., Tollersrud, T. & Lund, A. Flow cytometric measurement of neutrophil respiratory burst 

in whole bovine blood using live Staphylococcus aureus. J Immunol Methods 289, 47-55 (2004). 

23. Stuurman, N. et al. Use of green fluorescent protein color variants expressed on stable broad-host-range 

vectors to visualize rhizobia interacting with plants. Mol Plant Microbe Interact 13, 1163-9 (2000). 

24. Gyetko, M.R. et al. Urokinase receptor-deficient mice have impaired neutrophil recruitment in response 

to pulmonary Pseudomonas aeruginosa infection. J Immunol 165, 1513-9 (2000). 



Chapter 4 

 84 

25. Rijneveld, A.W. et al. Urokinase receptor is necessary for adequate host defense against pneumococcal 

pneumonia. J Immunol 168, 3507-11. (2002). 

26. Paul, R. et al. Urokinase-type plasminogen activator receptor regulates leukocyte recruitment during 

experimental pneumococcal meningitis. J Infect Dis 191, 776-82 (2005). 

27. May, A.E. et al. Urokinase receptor (CD87) regulates leukocyte recruitment via beta 2 integrins in vivo. J 

Exp Med 188, 1029-37. (1998). 

28. Gyetko, M.R. et al. Function of the urokinase receptor (CD87) in neutrophil chemotaxis. J Leukoc Biol 

58, 533-8 (1995). 

29. Haraoka, M. et al. Neutrophil recruitment and resistance to urinary tract infection. J Infect Dis 180, 

1220-9 (1999). 

30. Renckens, R., Roelofs, J.J., Florquin, S. & van der Poll, T. Urokinase-Type Plasminogen Activator 

Receptor Plays a Role in Neutrophil Migration during Lipopolysaccharide-Induced Peritoneal 

Inflammation but Not during Escherichia coli-Induced Peritonitis. J Infect Dis 193, 522-30 (2006). 

31. Watson, R.W., Redmond, H.P., Wang, J.H., Condron, C. & Bouchier-Hayes, D. Neutrophils undergo 

apoptosis following ingestion of Escherichia coli. J Immunol 156, 3986-92 (1996). 

32. Zheng, L., He, M., Long, M., Blomgran, R. & Stendahl, O. Pathogen-induced apoptotic neutrophils 

express heat shock proteins and elicit activation of human macrophages. J Immunol 173, 6319-26 (2004). 

33. Khalil, A. et al. Cytokine gene expression during experimental Escherichia coli pyelonephritis in mice. J 

Urol 158, 1576-80 (1997). 

34. Hedges, S. et al. Uroepithelial cells are part of a mucosal cytokine network. Infect Immun 62, 2315-21 

(1994). 

35. Hedges, S., Svensson, M. & Svanborg, C. Interleukin-6 response of epithelial cell lines to bacterial 

stimulation in vitro. Infect Immun 60, 1295-301 (1992). 

36. Gyetko, M.R., Aizenberg, D. & Mayo-Bond, L. Urokinase-deficient and urokinase receptor-deficient 

mice have impaired neutrophil antimicrobial activation in vitro. J Leukoc Biol (2004). 

37. Cao, D. et al. Human urokinase-type plasminogen activator primes neutrophils for superoxide anion 

release. Possible roles of complement receptor type 3 and calcium. J Immunol 154, 1817-29 (1995). 

38. Mondino, A., Resnati, M. & Blasi, F. Structure and function of the urokinase receptor. Thromb Haemost 

82 Suppl 1, 19-22. (1999). 

39. Stephens, L., Ellson, C. & Hawkins, P. Roles of PI3Ks in leukocyte chemotaxis and phagocytosis. Curr 

Opin Cell Biol 14, 203-13 (2002). 

40. Vieira, O.V. et al. Distinct roles of class I and class III phosphatidylinositol 3-kinases in phagosome 

formation and maturation. J Cell Biol 155, 19-25 (2001). 

41. Capodici, C., Hanft, S., Feoktistov, M. & Pillinger, M.H. Phosphatidylinositol 3-kinase mediates 

chemoattractant-stimulated, CD11b/CD18-dependent cell-cell adhesion of human neutrophils: evidence 

for an ERK-independent pathway. J Immunol 160, 1901-9 (1998). 

42. Dharmawardhane, S., Brownson, D., Lennartz, M. & Bokoch, G.M. Localization of p21-activated kinase 

1 (PAK1) to pseudopodia, membrane ruffles, and phagocytic cups in activated human neutrophils. J 

Leukoc Biol 66, 521-7 (1999). 

43. Hannigan, M.O., Huang, C.K. & Wu, D.Q. Roles of PI3K in neutrophil function. Curr Top Microbiol 

Immunol 282, 165-75 (2004). 

44. Raeder, E.M., Mansfield, P.J., Hinkovska-Galcheva, V., Shayman, J.A. & Boxer, L.A. Syk activation 

initiates downstream signaling events during human polymorphonuclear leukocyte phagocytosis. J 

Immunol 163, 6785-93 (1999). 

 

 



 

 

 

Chapter 5 
 

Tissue-type plasminogen activator modulates 

inflammatory responses and renal function 

in ischemia reperfusion injury 
 

Joris Roelofs, Kasper Rouschop, Jaklien Leemans, Nike Claessen, Anita de Boer, 

Wilma Frederiks, Roger Lijnen, Jan Weening and Sandrine Florquin 

 

 

 

 

 

 

 

 

 

 

 

 

 
Department of Pathology, 

Department of Experimental Internal Medicine, 

Department of Cell Biology and Histology, 

Academic Medical Center, University of Amsterdam, The Netherlands, and 

Center for Molecular and Vascular Biology, University of Leuven, Belgium 

 

 

J Am Soc Nephrol. 2006;17:131-40 



Chapter 5 

 86 

Abstract 

 

Acute renal failure (ARF) is often the result of ischemia-reperfusion (I/R) injury. 

Neutrophil influx is an important damaging event in I/R. Tissue-type plasminogen 

activator (tPA) is not only a major fibrinolytic agent, but is involved in inflammatory 

processes as well. We found a distinct up-regulation of tPA after I/R, with de novo tPA 

production by proximal renal tubules. 

To investigate the role of tPA in I/R, renal ischemia was induced in tPA-/- and wild 

type (WT) mice by clamping both renal arteries for 35 minutes followed by reperfusion. 

Mice were sacrificed 1, 5 and 10 days after reperfusion. After 1 day, tPA-/- mice 

displayed significantly less neutrophil influx into the interstitial area compared to WT 

mice. In addition, tPA-/- mice showed quicker recovery of renal function than WT 

mice.  

The protocol was repeated after injection of tPA-antisense oligonucleotides in WT 

mice, leading to even more explicit results: antisense treated mice showed less 

histological damage, better renal function and less neutrophil influx than control mice. 

Surprisingly, complement C3 concentration, levels of pro-inflammatory cytokines and 

chemokines, ICAM-1 expression and matrix metalloproteinase activity were similar in 

WT and tPA-/- mice. Plasmin activity levels in WT and tPA-/- kidneys were also 

comparable, indicating that tPA influences neutrophil influx into ischemic renal tissue 

independent from plasmin generation. 

This study shows that targeting tPA could be of therapeutic importance in treating I/R 

injury, by diminishing neutrophil influx and preservation of renal function. 
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Introduction 

 
Acute renal failure (ARF) is a severe and potentially life-threatening condition, which is 

often the result of a prolonged period of renal ischemia, followed by reperfusion. 

Ischemia-reperfusion (I/R) injury frequently occurs in shock, sepsis, renal artery 

stenosis and during renal transplantation procedures. I/R tissue damage, mainly 

comprising tubular necrosis, has been associated with a mortality rate of more than 50% 

throughout the past 40 years and treatment of this major clinical problem is still only 

supportive1. 

Numerous studies have shown that the inflammatory response initiated by I/R is an 

important determinant of tissue damage and acute renal failure2, 3. The acute 

inflammatory response initiated by I/R is characterized by the induction of pro- 

inflammatory chemokines and cytokines, and apparent up-regulation of adhesion 

molecules such as intercellular adhesion molecule-1 (ICAM-1)3. Subsequently, the post-

ischemic tissue is invaded by vast numbers of neutrophils, that have been recognized as 

important contributors to actual tissue damage through the release of oxygen-derived 

radicals4. 

Besides their obligatory role in fibrinolysis, components of the fibrinolytic system (FS) 

have recently been implicated in the recruitment of inflammatory cells. The FS consists 

of two serine proteases, tissue-type plasminogen activator (tPA) and urokinase-type 

plasminogen activator (uPA) that both facilitate the conversion of plasminogen into 

plasmin, which is the crucial protease in the fibrinolytic cascade5. The activity of both 

PAs is inhibited by plasminogen activator inhibitor type 1 (PAI-1) and, to a lesser 

extent, PAI-25. Besides its contribution to fibrinolysis, tPA has been shown to play a 

role in various other mechanisms, such as the turnover of extracellular matrix (ECM) 

through activation of matrix metalloproteinases (MMPs) and immunomodulatory 

functions6-8. 

In the kidney, tPA is constitutively expressed by endothelial cells, glomerular cells as 

well as by epithelial cells of the distal collecting duct. Under normal conditions no tPA 

expression is present in the cortico-medullary tubular compartment9. A number of 

studies have demonstrated the importance of tPA in a variety of glomerular diseases. 

tPA deficient mice exhibited significantly increased glomerular fibrin deposition, 

glomerular hypercellularity and renal failure in a model of crescentic 

glomerulonephritis10. In addition, treatment with recombinant tPA notably decreased 

matrix accumulation in mesangioproliferative glomerulonephritis in rats11. These 

studies indicate a protective role of tPA in the glomerular compartment. 

Recently, a possible deleterious role of tPA within the tubulo-interstitial compartment 

of the kidney has been recognized. Yang et al. showed that tPA-/- mice displayed 

considerably less fibrosis in a model of obstructive nephropathy, due to reduction of 

MMP-9 induced tubular basement membrane disruption12. 
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In addition, the present study demonstrates that tPA-gene deletion in mice leads to 

significantly less inflammation and quicker recovery of renal function after I/R injury. 

 

 

Materials and methods 

 

Mice and experimental protocol 

tPA-/- mice, constructed on a C57Bl/6 background13 were bred in our animal facility. 

C57Bl/6 mice (Charles River, Maastricht, The Netherlands) served as a wild type (WT) 

control. 

Renal ischemia was induced by clamping both renal arteries for 35 minutes in 8-10 

weeks old male mice under general anesthesia (0.07 mL/10g mouse of FFM mixture, 

containing 1.25 mg/mL midazolam (Roche, Mijdrecht, The Netherlands), 0.08 mg/mL 

fentanyl citrate and 2.5 mg/mL fluanisone (Janssen Pharmaceutica, Beerse, Belgium)). 

After removal of the clamps the abdomen was closed. Mice (n=8 per group) were 

sacrificed 1, 5, and 10 days after surgery. Plasma was collected and kidneys were partly 

fixed in formalin and partly snap-frozen. Sham operated mice underwent the same 

procedure without clamping of the arteries and were sacrificed 1 day after surgery. All 

experimental procedures were approved by the Animal Care and Use Committee of the 

University of Amsterdam, The Netherlands. 

Oligodeoxynucleotides (ODN)-treated C57Bl/6 mice received 24 hours prior to surgery 

and during the operation an intraperitoneal injection of tPA antisense 

(GTATCTATGTCACAGCGT) or nonsense (ACTACTACACTAGACTAC) 

phosphorothioate-ODN in sterile PBS (5 nmol per dose per animal). These 

oligonucleotides were designed and manufactured by Biognostik® (Göttingen, 

Germany). ODN-treated mice were sacrificed after 1 day. To examine the in vivo 

distribution of ODNs, C57Bl/6 mice were treated twice i.p. with 5 nmol Fluorescein 

Isothiocyanate (FITC)-labeled ODNs (ACTACTACACTAGACTAC) (Biognostik®) 29h 

and 5h before sacrifice. Kidneys were embedded in paraffin for immunostaining. To 

determine the inhibitory effect of the antisense ODN, plasminogen activator activity 

was measured in kidney homogenates of antisense and nonsense treated mice 24 hrs 

after I/R by casein zymographic analysis, as described elsewhere14. Equal amounts of 

sample were loaded on a 12.5% acrylamide gel cast with 1% nonfat dry milk and 5 

µg/mL human plasminogen. After incubation at 37°C, gels were stained with 0.5% 

Coomassie Blue and subsequently destained. Bands were analysed by densitometry 

using NIH Image software (NIH, USA). 

 

In situ hybridization (ISH) 

tPA-specific DIG-labeled riboprobes for ISH were prepared by T7 RNA polymerase 

driven in vitro transcription from cloned specific PCR products as template. Primers 

used in the PCR reaction were: 
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5’-ATTTAGGTGACACTATAGGGCCCTGTATTTCTCTGACTTT-3’ and 5’-

TAATACGACTCACTATAGGGGTCCTCCACGCTGTGTAACTCT-3’, yielding a 466 bp 

product. The underlined primer regions encode the T7-promoter element. Using these 

probes, in situ hybridization was performed as described previously15, using the DIG-

labeled riboprobes at a concentration of 300 ng/ml. After hybridization, slides were 

washed and bound alkaline phosphatase activity was visualized with nitroblue 

tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate, toluidine salt 

(NBT/BCIP) (Roche). A number of slides were immunostained for aquaporin-4 (AQP-

4),  a specific epithelial marker for proximal tubules in mice16, after the in situ 

hybridization was completed. 

 

Histology and immunohistochemistry 

Four-µm paraffin sections were stained with periodic acid Schiff after diastase (PAS-D). 

Tubular injury, characterized by necrosis, dilatation, cast deposition and loss of brush 

border were graded to the extent of cortico-medullary region involvement in 10 

randomly chosen, non-overlapping fields (x100 magnification), on a scale from 0 to 5, as 

follows: 0= absent; 1= 0-10%; 2= 10-25%; 3= 25-50%; 4= 50-75%; 5= 75-100%17. Total 

values were expressed as tubular injury scores. 

Immunostainings were performed in a standard fashion. Primary antibodies used were: 

anti-mouse Ly6-G (Pharmingen, Erembodegem, Belgium), F4/80 (Serotec, Oxford, UK), 

anti-active caspase 3 (Cell Signaling Technology, Beverly, MA), aquaporin-4 

(Chemicon, Hampshire, UK), anti-mouse fibrin(ogen) (Ixell; Accurate Chemical & 

Scientific, Westbury, NY) and anti-mouse ICAM-1 (R&D systems, Minneapolis, MN). 

For detection of FITC-labeled ODN, sections were stained using rabbit anti-FITC 

(DAKO).  

After incubation with the secondary (HRP-labeled) antibodies (DAKO, Glostrup, 

Denmark), HRP was visualized using 3,3-diamino-benzidine tetrachloride (DAB, 

Sigma). Neutrophils were counted in 8 randomly chosen fields (x400 magnification). 

The amount of fibrin and ICAM-1 staining was measured in 8 randomly chosen fields 

(x200 magnification) using digital image analysis (Image pro-plus®, Mediacybernetics, 

Germany).  

 
Determination of renal function 

Plasma ureum and creatinine were determined by routinely used clinical diagnostic 

urease and creatinase assays (Roche). 

 

In vitro migration assay 

Chemotaxis system plates (Neuroprobe Inc., Gaithersburg, MD) were filled with HAM-

F12 medium (Gibco, Breda, The Netherlands), containing various concentrations of 

formyl-methionyl-leucyl-phenylalanine (fMLP, Sigma), recombinant murine tPA 

(Molecular Innovations Inc., Southfield, MI) or medium alone. Wells were covered 

with a 5-µm pore size filter upon which 50 µL of mouse whole blood was applicated. 
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After incubation for 45 minutes at 37°C, a Ly6G staining was performed on the bottom 

side of the filter and the number of transmigrated neutrophils was counted. 

 
tPA, IL-1β, IL-6, KC, MIP-2,  C3 and MPO ELISA 

Concentrations of tPA, IL-1β, IL-6, KC, MIP-2 and MPO were measured in renal 

homogenates by specific ELISA according to the manufacturers’ instructions (tPA: 

Molecular Innovations, MPO: HyCult biotechnology, Uden, Netherlands, others: R&D 

systems, Minneapolis, MN). Complement C3 was measured by ELISA, using anti-mouse 

C3 (ICN Biomedicals, Irvine, CA) as capture antibody and biotinylated anti-mouse C3c 

(Nordic, Tilburg, The Netherlands) as detection antibody. 

 
Plasmin activity 

Plasmin activity in kidney homogenates was determined following the method of Arza 

et al.18using the chromogenic substrate S-2403 (Chromogenix, Milan, Italy). Kidney 

homogenates were allowed to incubate with the substrate for 10, 30 or 45 minutes at 

37˚C after which the extinction at 405nm was measured. Incubation with α2-

antiplasmin aborted the reaction completely. Measurements were corrected for the 

protein concentrations of the samples. 

 

Gelatin zymography for MMPs 

In situ fluorescent zymography was performed on unfixed frozen sections as described 

previously19 using DQ-gelatin as a substrate (EnzChek; Molecular Probes, Eugene, OR). 

Gelatin zymography was performed as described previously20 using similar amounts of 

sonicated tissue, loaded onto a 10% polyacrylamide gel containing 0.025% gelatin 

(Bloom 225, Sigma). Bands were analysed by densitometry using NIH Image software 

(NIH, USA). 

 

Statistical analysis 

Data were analyzed with an unpaired t-test or Mann-Whitney U test when appropriate. 

P<0.05 was regarded statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Up-regulation of tPA during ischemia. 

tPA protein concentration in kidney homogenate is 
significantly higher in ischemic kidneys (black bar) than in 
sham operated kidneys (white bar), mean ± SEM, *P<0.05. 
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Results 

 

tPA is up-regulated during renal ischemia 

To investigate local tPA production upon I/R, tPA protein levels were measured by 

specific ELISA in kidney homogenates from I/R and sham operated mice. Postischemic 

kidneys showed significantly higher levels of tPA in comparison with sham operated 

kidneys (T=24 hrs after operation; Figure 1). 

To reveal the cellular source of tPA, we performed in situ hybridization on ischemic 

and sham kidneys. Sham kidneys showed tPA mRNA in podocytes (Figure 2A), 

endothelial cells (Figure 2B) and epithelial cells of the distal collecting ducts (not 

shown). Post ischemic kidneys showed a positive signal at the same sites and in 

damaged proximal tubules as well, which points to tubular tPA production upon 

ischemia induced injury (Figure 2C-F). AQP-4 staining identified tPA mRNA positive 

cells as proximal tubular epithelial cells (TEC) (Figure 2G-H). The observed up-

regulation of renal tPA expression suggests a pathophysiologic role for tPA during I/R. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. In situ hybridization for tPA 

mRNA.. 
Sham operated kidneys show tPA mRNA 
localization (positive signal in blue) in 
podocytes (A, white arrows) and vascular 
endothelium (B, white arrows). There is no 
signal detectable in proximal tubular 
epithelial cells. Ischemic kidneys show, in 
addition to the normal staining pattern in 
podocytes and endothelial cells (C & D, 
white arrows), tPA mRNA localization in 
damaged proximal TEC (D-F, black arrows). 
AQP- 4 immunostaining (in brown) identifies 
tPA mRNA producing cells as proximal TEC 
(G & H). Magnification: x20 (A-F) and 
x1000 (G & H). 
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tPA-/- mice show a reduction of ischemia induced inflammation and a quicker recovery of 
renal function 

To investigate the role of tPA during renal I/R injury, we submitted WT and tPA-/- 

mice to 35 minutes of renal ischemia, followed by reperfusion. On day 1, no difference 

in renal function was observed between WT and tPA-/- mice. However, the tPA-/- 

mice showed a quicker recovery of renal function (Figure 3). Despite better renal 

function at day 5 in tPA-/- mice, the degree of histological damage was similar in both 

groups at all time points (Figure 4A). Tubular cell apoptosis as assessed by counting 

active caspase-3 positive cells was similar in both groups (data not shown). As expected, 

tPA-/- mice tended to display more and larger interstitial fibrin deposits at day 1, 

although the observed difference did not reach statistical significance (Figure 4B). 

Striking, tPA-/- mice showed a significantly lower number of infiltrating neutrophils 

into the renal interstitium on day 1, when compared to WT mice (Figure 4C). The 

difference in neutrophil influx was confirmed by MPO-ELISA. WT mice displayed 

significantly higher levels of MPO in kidney homogenates than tPA-/- mice (Day 1: 225 

± 81 (WT) versus 79 ± 17 (tPA-/-), P<0.05; Day 5: 34 ± 3 (WT) versus 21 ± 4 (tPA-/-), 

P<0.05; on day 10 MPO levels were undetectable). The number of infiltrating 

macrophages showed no differences between both genotypes (data not shown). 

 
tPA-antisense treatment reduced renal dysfunction, tubular damage and granulocyte influx 

In order to analyse whether tPA-antisense treatment could influence clinical outcome, 

as well as to rule out possible adaptive mechanisms that might occur in knock-out 

animals, the I/R protocol was repeated after administration of tPA antisense ODN or 

nonsense ODN to WT mice. It is interesting that antisense treated mice displayed 

significantly better renal function, associated with less renal tubular damage when 

compared to nonsense treated mice (Figure 5A-C). In accordance, antisense treated  

Figure 3. Renal function. Plasma ureum and creatinine levels of WT (whithe squares) and tPA-/- (black squares) 

mice. Both types of mice show a severe impairment of renal function at day1 and show full recovery after 10 days. tPA-/- 
mice, however, show quicker recovery than WT mice. Data expressed as mean ± SEM, **P<0.01; ***P<0.001. 
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mice showed an extremely low number of infiltrating neutrophils in comparison with 

nonsense treated mice (Figure 5D). To evaluate in vivo targeting of ODNs to the kidney, 

FITC-labeled ODNs were injected intraperitoneally and detected by anti-FITC 

immunostaining. Intraperitoneally administered ODNs were predominantly targeted to 

renal proximal TEC (shown in Figure 6A), and to a far lesser extent to lung, liver and 

spleen (not shown). On 1 day after I/R, antisense treated mice showed a significantly 

reduced tPA activity in kidney homogenates compared to nonsense treated mice, as 

determined by casein zymography (Figure 6B). uPA activity was unaffected. 

These findings confirm the observations in tPA-/- mice, thus adding weight to the 

conclusion that tPA is crucially involved in the migration of neutrophils into the renal  

 

Figure 4. Histological characteristics.    
(A) PAS-D staining of post ischemic kidneys from WT and tPA-/- mice (representative microphotographs, 
magnification: x40) and semiquantitative scoring of tubular injury, T=24 hrs after I/R. No differences in TEC damage 
between WT (white bars) and tPA-/- mice (black bars). Data expressed as mean total score ± SEM. 
(B) Fibrin staining (positive staining in brown, magnification x40). Although tPA-/- mice seem to display more and 
larger interstitial fibrin deposits than WT mice at day 1, there is no statistically significant difference. (WT: white 
bars, tPA-/-: 
black bars; data expressed as mean percentage of slide surface ± SEM). 
(C) Representative microphotographs of Ly6G staining at T=24 hrs (positive staining in brown, magnification: x20). 
tPA-/- mice (black bars) show significantly less neutrophil influx than WT mice (white bars) at day 1, data expressed 
as mean number of granulocytes per hpf ± SEM. 
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Figure 5. tPA-antisense treatment confirms the observations in tPA-/- mice. 

Antisense treated mice (hatched bars) show (A) lower plasma ureum levels, (B) lower plasma creatinine levels, (C) 
less tubular damage and (D) fewer infiltrating neutrophils than nonsense treated mice (white bars) at day 1 after I/R. 
Data expressed as mean ± SEM, *P=0.05, **P<0.05, ***P<0.005; ****P<0.001 

Figure 6. Oligonucleotides are targeted to the kidney. 

(A) FITC-labeled ODNs were detected by anti-FITC immunostaining (magnification: x20). ODNs were predominantly 
targeted to the proximal TEC. 
(B) Representative casein zymography for plasminogen activator activity in kidney homogenates, showing reduced tPA 
activity of antisense (AS, hatched bars) treated mice compared to nonsense (NS, white bars) treated mice at day 1 
after I/R. uPA activity was not different. Zymographic activity was quantified by digital image analysis, data expressed 
as arbitrary units (AU) per mg protein, mean ± SEM, *P<0.05. 
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interstitium during I/R. To clarify the mechanism at play we performed the following 

experiments. 

 

In vitro migration assay 

The observed difference in neutrophil influx was not due to an a priori low number of 

circulating neutrophils in the knock-out mice: peripheral blood smears from both 

mouse strains were counted and revealed similar numbers of circulating neutrophils 

(not shown). To dissect whether the observed difference in neutrophil influx was a 

result of intrinsic defects of tPA-/- neutrophils, we performed an in vitro migration 

assay using whole blood. Neutrophils of WT and tPA-/- mice showed a similar 

migratory potential towards a gradient of the chemotactic peptide fMLP (Figure 7A). 

In order to investigate whether tPA has a direct chemotactic effect on neutrophils, an in 

vitro migration assay was performed using recombinant murine tPA (r-tPA). As shown 

in Figure 7B, r-tPA did not exert chemotactic activity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pro-inflammatory cytokines and chemokines 

Pro-inflammatory cytokines and chemokines were measured by ELISA in kidney 

homogenates. With regard to IL-6, KC and MIP-2, no differences were found between 

WT and tPA-/- mice on day 1 after I/R (data not shown). The IL-1β concentration was 

higher in WT than in tPA-/- mice, namely 14.1 ± 0.5 [WT] versus 12.5 ± 1.0 [tPA -/-] 

mean pg/mg protein ± SEM (P<0.05). TNF-α levels were too low to be detected in this 

assay (not shown). 

 

Figure 7.  In vitro migration assay. 

(A) tPA-/- (black bars) and WT (white bars) neutrophils display the same migratory potential towards a gradient of the 
chemotactic peptide fMLP. Data expressed as fold induction of migrated neutrophils compared to medium without 
chemoattractant, mean ± SEM. 
(B) In vitro migration assay with r-tPA. In vitro migration assay with recombinant mouse tPA as chemoattractant, at 
concentrations of 1ng/mL and 10 ng/mL. There is no significant difference in the number of transmigrated neutrophils 
in comparison to the number of neutrophils that migrate towards medium alone. 
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ICAM-1 expression is similar in WT and tPA-/- mice 

Since ICAM-1 is one of the most important adhesion molecules that enable neutrophil 

influx during I/R, and since up-regulation of ICAM-1 by tPA has been described21, 

ICAM-1 immunostainings were performed. Peritubular endothelial cells were positive 

for ICAM-1. Quantitative assessment of ICAM-1 staining showed similar expression in 

WT and tPA-/- mice (data not shown). 

 

Plasmin activity and complement C3 levels are similar in WT and tPA-/- mice 

Since tPA has the ability to generate plasmin which subsequently can activate the 

complement system22, plasmin activity and complement C3 levels were determined in 

kidney homogenates (T=24 hrs after I/R). Plasmin activity and complement levels were 

similar in WT and tPA-/- kidneys (Figure 8). These data indicate that the plasminogen-

plasmin-complement axis cannot account for the observed differences in neutrophil 

mobilization. 

 

 
 
 
 
 
 
 
 
 
Activity and localization of MMPs 

Numerous studies have shown that tPA can convert pro-MMPs to active MMPs, which 

have the ability to degrade ECM components and as a result clear the way for migrating 

neutrophils8. MMP localization and activity were evaluated by in situ fluorescent 

gelatin zymography on frozen sections of kidneys (T=24 hrs after I/R) and gelatin gel 

zymography of kidney homogenates. WT and tPA-/- kidneys showed comparable 

gelatinolytic activity, which was localized predominantly in damaged proximal tubules 

Figure 8. Plasmin activity and complement C3 concentration. 

(A) Graph showing plasmin activity in kidney homogenates (T=24 hrs after I/R). No difference in plasmin activity 
between WT (white squares) and tPA-/- (black squares) kidneys at 10, 30 and 45 minutes of incubation with 
chromogenic substrate at 37°C. Data expressed as optical density at 405 nm, in arbitrary units per mg protein, mean ± 
SEM. 
(B) Graph showing complement levels in kidney homogenates (T=24 hrs after I/R). Similar complement concentration 
in WT (white bar) and tPA-/- (black bar) kidneys. Data expressed as concentration C3 in ng per mg protein, mean ± 
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(Figure 9). Mean surface as well as the intensity of the fluorescent signal was similar in 

both mouse strains (surface: 35.3 ± 1.8 [WT] versus 33.2 ± 2.4 [tPA-/-] mean percentage 

fluorescent signal of slide surface ± SEM, P=0.8; intensity: 38.9 ± 3.7 [WT] versus  42.5 ± 

3.2 [tPA-/-] mean fluorescent intensity units ± SEM, P=0.4). Subsequently, gelatin gel 

zymography was performed in order to identify the active MMPs in the investigated 

kidneys. Although MMP9 activity showed large variability among the different 

samples, active MMP2 and MMP9 were present in similar quantities (MMP9: 30.6 ± 9.0 

[WT] versus  49.5 ± 14.9 [tPA-/-], P=0.3; MMP2: 3.5 ± 1.3 [WT] versus  3.2 ± 1.1 [tPA-/-

], P=0.8, mean A.U. ± SEM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Localization and activity of MMPs. 

In situ fluorescent zymography on frozen sections (T=24 hrs after I/R). Gelatinase activity is indicated by green fluorescent 
signal; nuclear staining in blue (DAPI). WT (A) and tPA-/- (B) kidneys show similar activity of MMPs, which is localized 
predominantly in damaged tubules. 
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Discussion 

 

This study shows distinctive up-regulation of tPA expression in damaged renal tubules 

during I/R. Furthermore, we show that tPA deletion or targeting in mice leads to less 

inflammation and quicker functional recovery, indicating a deleterious role of tPA 

during I/R. 

Although post-ischemic up-regulation of tPA expression has been comprehensively 

reported in brain ischemia23, 24 and in lung I/R25, we describe for the first time an up-

regulation of endogenous tPA in ischemic kidneys at protein level and an enhanced 

expression of tPA mRNA in damaged proximal TEC. This up-regulation of renal tPA 

expression strongly suggests a pathophysiologic role for tPA during I/R. 

We demonstrate that tPA deletion or inhibition with antisense ODNs results in a 

powerful anti-inflammatory effect during I/R injury. 

The tPA-/- mice in our study displayed the same degree of tubular damage as WT mice 

but less neutrophil influx. It is widely accepted that tissue damage in this model is 

related to the influx of neutrophils26. Apparently, the strikingly low numbers of 

neutrophils in the interstitial space did not result in less tissue damage in the tPA-/- 

mice. One possible explanation for this discrepancy could be that tPA-/- neutrophils 

display a more damaging behavior, e.g. the production of more harmful reactive oxygen 

species (ROS) than WT neutrophils. Indeed, in vitro studies have shown that exogenous 

tPA can diminish neutrophil superoxide production after stimulation of neutrophils 

with phorbol myristate acetate (PMA)27. On the other hand, the net effect of tPA on 

neutrophil ROS production probably depends on the experimental setup, since we show 

in Chapter 6 of this thesis that tPA-/- neutrophils have diminished ROS production 

upon stimulation with E. coli. 

Fibrin deposits have been reported comprehensively in a wide variety of renal diseases 

such as crescentic glomerulonephritis10, mesangioproliferative glomerulonephritis11, 

murine auto-immune glomerulonephritis28, and in renal I/R as well29. Although tPA-/- 

mice seemed to show more fibrin deposits in the renal interstitial areas compared to 

WT mice after I/R, there was no statistically significant difference. In a model of brain 

ischemia tPA-/- mice displayed more fibrin deposits than WT mice30. The large 

abundance of uPA throughout the kidney probably compensates partly for the lack of 

tPA. This may well account for the observation that plasmin activity and fibrin deposits 

were not statistically different in WT and tPA-/- mice in the present study. These 

results indicate that modulation of the inflammatory response by tPA in renal I/R takes 

place in a plasmin-independent manner. 

The complement system is crucially involved in the inflammatory response to renal 

I/R26, 31 and can be activated by tPA32. Indeed, C3-/- mice show reduced neutrophil 

influx and as a result are protected from renal I/R injury31. We found no difference in 

complement C3 levels between WT and tPA-/- mice, indicating that the observed 

differences in neutrophil influx are not mediated by the complement system. The most 
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probable explanation for this result is that tPA has shown to activate complement via 

the plasminogen-plasmin axis32, and WT and knock-out mice displayed the same 

plasmin activity in our system. 

One factor from the FS, PAI-1, has proven to act in vitro as a chemotactic factor for 

macrophages 33. In a similar assay using rtPA, we could not find a direct chemotactic 

effect of tPA on neutrophils. 

IL-1β, IL-6, KC and MIP-2 play an important role in I/R related inflammation2, 3. In our 

study, the anti-inflammatory effect of tPA deletion does not result from differences in 

these chemokines and cytokines. The statistically significant lower IL-1β concentration 

in the kidneys of tPA-/- mice is probably not significant in a biological sense, as the 

subtle difference in IL-1β concentration is highly unlikely to account for the rather 

dramatic difference in neutrophil influx. An earlier publication on collagen-induced 

arthritis in mice showed that tPA-/- mice experienced more severe joint disease, 

associated with significantly increased levels of IL-1β in synovial fluid34. Furthermore, 

tPA-/- mice showed more fibrin deposits and more infiltrating inflammatory cells in the 

phalangeal joints, compared to tPA+/+ mice. Another study also reported more severe 

arthritic disease, associated with more fibrin deposits in tPA-/- mice after injection of 

methylated BSA into the knee joint35. Combined with our results these studies illustrate 

that tPA can exert both pro- and anti-inflammatory effects, depending on the disease 

model and the involved organ. Since fibrin is of critical importance in the pathogenesis 

of arthritis36, the exacerbating effect of tPA deficiency probably is a direct result of 

decreased fibrinolytic activity, as is the case in crescentic glomerulonephritis10. 

Other key factors in the inflammatory response to I/R are endothelial adhesion 

molecules, P-selectin, E-selectin and ICAM-1 being the most important ones3, 26, 37. 

Indeed, blocking these molecules protects against I/R injury38-40. Additionally, ICAM-1 

deficient mice are protected against renal I/R as well41. P-selectin and E-selectin show a 

quick up-regulation after I/R with return to control levels after 12 to 24 hours42. Indeed, 

no noteworthy staining of E-selectin was observed after 24 hours in our study (data not 

shown). However, ICAM-1 expression has shown to reach its maximum after 24 

hours43. Endothelial ICAM-1 expression was observed in our study, without noticeable 

differences between WT and tPA-/- mice. The influence of tPA on ICAM-1 expression 

has been studied extensively in the ischemic brain. Surprisingly, rtPA can cause both 

up- and down-regulation of ICAM-1 expression, depending on the time point of 

administration21. In several other studies, tPA has proven to influence the interaction 

between neutrophils and ICAM-1, with varying effects. In vitro experiments have 

demonstrated that tPA can enhance neutrophil-ICAM-1 adhesion7, but in other 

circumstances can decrease neutrophil adhesion and transmigration as well44. Therefore, 

the exact effects of tPA on the interaction between neutrophils and ICAM-1 remain 

unclear. 

In cerebral I/R, tPA has been shown to activate MMP9, leading to partial destruction of 

the blood-brain barrier, which subsequently results in cerebral oedema and brain tissue 
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damage. By now, there is extensive evidence that tPA initiates this harmful cascade 

through interaction with the LDL receptor-related protein (LRP)45-47. In the kidney, 

LRP positive but otherwise unspecified cells have been recognized in a model of 

obstructive nephropathy48. In the present study we could not detect LRP expressing 

cells in renal tissue (data not shown), suggesting that the observed immunomodulatory 

effects of tPA in renal I/R are not accomplished via this receptor. In renal disease, 

MMP2 and MMP9 have been implicated in a variety of inflammatory and remodelling 

kidney diseases (reviewed in reference 49). Especially in obstructive nephropathy, tPA-

/- mice are partly protected against the development of fibrosis as a result of diminished 

MMP9 induction, leading to less basement membrane disruption in comparison to WT 

mice12. We did not find distinct differences in MMP9 and MMP2 activity between WT 

and tPA-/- mice that might contribute to differences in basement membrane 

destruction. This suggests that involvement of MMPs is of lesser impact in I/R than in 

obstructive nephropathy, where extensive ECM turnover takes place. 

Taken together, the present study shows de novo tPA expression in renal tubules during 

I/R. Elimination of tPA by antisense treatment diminishes neutrophil influx and results 

in preservation of renal function during I/R injury, indicating that inhibition of tPA 

could be of great therapeutic importance in the treatment of ischemic ARF. 
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Abstract 

 

Acute pyelonephritis is one of the most common bacterial infections. Tissue-type 

plasminogen activator (tPA) is a potent fibrinolytic agent, but can play a role in 

inflammatory processes as well. 

We induced pyelonephritis in tPA-/- and C57BL/6 wild type (WT) mice by intravesical 

inoculation with 1010 CFU uropathogenic Escherichia coli 1677. Mice were sacrificed 

after 24 and 48 hours, after which bacterial outgrowth and cytokine levels in kidney 

homogenates were determined. Influx of neutrophils was quantified by 

myeloperoxidase-ELISA. Neutrophil phagocytosis and oxidative burst were measured. 

tPA-/- kidneys contained significantly higher numbers of E. coli CFU, accompanied by 

higher levels of interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α). The 

number of infiltrating neutrophils was similar in tPA-/- and WT mice at both time 

points, suggesting that tPA-/- neutrophils have a lower ability to eliminate E. coli. 

Phagocytosis of E. coli organisms was not diminished in tPA-/- neutrophils. 

Interestingly, tPA-/- neutrophils showed a significantly lower ability to generate an 

oxidative burst reaction upon stimulation with E. coli than WT neutrophils. 

These results show that deletion of the tPA-gene in mice leads to lower bactericidal 

potential of tPA-/- neutrophils, which results in significantly more bacterial outgrowth 

during experimental pyelonephritis. 
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Introduction 

 

Urinary tract infections (UTI), most frequently caused by Gram-negative Escherichia 

coli, are among the most common bacterial infections, affecting approximately 50% of 

women at one point in their lifetime1, while recurrent UTI afflict about 10% of 

women1. Also, UTI form a considerable clinical problem for paediatricians, since 8% of 

girls and 2% of boys under the age of 7 develop acute pyelonephritis2. When left 

untreated, pyelonephritis may lead to renal fibrosis and subsequent end stage renal 

failure3. 

The dynamical balance between bacterial virulence factors and host defense 

mechanisms determine the outcome of UTI. Virulence factors that are linked to 

uropathogenicity of E. coli comprise type 1 fimbriae, P fimbriae, hemolysin and 

aerobactin. Fimbriae are adhesins that assist the attachment of E. coli to the urothelium 

(type 1 fimbriae) and to glycolipids on resident kidney cells (P fimbriae). Hemolysin 

assists E. coli tissue invasion and lysis of host leukocytes, whereas aerobactin is a 

siderophore that ensures bacterial metabolism in low-iron environments such as urine 

and serum4. 

Host defense mechanisms against UTI pyelonephritis include non specific factors such 

as regular bladder voiding and antimicrobial peptides such as β-defensin 1, which is 

expressed by tubular epithelial cells and has been reported to be protective against UTI5. 

Upon adhesion of uropathogenic bacteria to the urothelium, complement activation and 

generation of pro-inflammatory cytokines and chemokines lead to recruitment of 

neutrophils that ingest and kill E. coli organisms6. Killing of bacteria by neutrophils 

depends on the capacity of these cells to produce an oxidative burst. The generation of 

reactive oxygen species (ROS) results from activation of the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase, a multiprotein enzyme complex that 

transfers a single electron from NADPH to oxygen, resulting in the production of 

superoxide (O2-) and subsequent generation of hydrogen peroxide (H2O2)7. Neutrophil 

myeloperoxidase (MPO) reacts with O2- and H2O2 to generate highly reactive 

hypochlorous acid (HOCl)8. 

The fibrinolytic system consists of two serine proteases, tissue-type plasminogen 

activator (tPA) and urokinase-type plasminogen activator (uPA) that both facilitate the 

conversion of plasminogen into plasmin, which is the key protease in the fibrinolytic 

cascade9. In the kidney, tPA is constitutively expressed by endothelial cells, glomerular 

cells, and epithelial cells of the distal collecting duct10. Under inflammatory conditions, 

tPA can be expressed by proximal tubules as well11. 

In recent years, it has become increasingly clear that components of the fibrinolytic 

system can exert functions that exceed their familiar proteolytic tasks. Recently, it has 

been demonstrated that tPA has the ability to initiate cell signaling cascades in renal 

fibroblasts after interaction with the low density lipoprotein receptor-related protein-1 

(LRP-1)12. tPA-LRP-1 interaction resulted in tyrosine phosphorylation on the beta 



Chapter 6 

 108 

subunit of LRP-1, which was followed by the activation of Mek1, Erk-1/2 and 

subsequent induction of matrix metalloproteinase 9 (MMP-9) gene expression12. In this 

way tPA has proven to act in a cytokine-like manner, in a plasmin independent fashion. 

In a previous study on renal ischemia-reperfusion injury, presented in the previous 

Chapter of this thesis, tPA deficiency resulted in reduced neutrophil influx, leading to 

quicker recovery of renal function after ischemia11. Again, this effect was independent 

from proteolytic activity. Furthermore, we were able to define endogenous tPA as an 

important protective factor during E. coli-induced abdominal sepsis13. 

In order to investigate the in vivo role of tPA during UTI, we induced acute 

pyelonephritis in tPA-deficient mice by intravesical inoculation with uropathogenic E.  

coli. In the present study, we demonstrate that deletion of the tPA gene in mice leads to 

higher bacterial load during experimental pyelonephritis, partly caused by a relative 

decrease in neutrophil infiltration in tPA-/- mice and an impaired ability to generate an 

oxidative burst by tPA-/- neutrophils. 

 

 

Methods 

 

Mice and experimental protocol 

tPA-/- mice on a C57BL/6J background  were purchased from The Jackson Laboratory 

(Bar Harbor, Maine) and bred in the institutional animal facilities. Age and weight 

matched C57Bl/6 mice (Charles River, Maastricht, The Netherlands) served as a wild 

type (WT) control. 

UTI was induced as described previously14, 15. E. coli 1677, isolated from a uroseptic 

patient, was donated by Dr. W.J. Hopkins (University of Wisconsin Medical School, 

Madison). This strain has virulence factors that include type 1 and P fimbriae, 

hemolysin and aerobactin16. This specific serotype has proven uropathogenicity in 

mice14, 16. Bacteria were cultured for 16 hrs at 37°C in trypticase soy broth (TSB). After 

dilution 1:100 in fresh TSB, the suspension was grown for 3 hrs to midlogarithmic phase. 

E. coli were washed 3 times in sterile PBS. The bacteria were resuspended in PBS at a 

concentration of 1 × 1011 colony-forming units (CFU)/mL, as determined by plating 10-

fold serial dilutions of the suspension on blood agar plates. Acute pyelonephritis was 

induced under general anesthesia (0.07 mL/10g mouse of FFM mixture, containing 1.25 

mg/mL midazolam (Roche, Mijdrecht, The Netherlands), 0.08 mg/mL fentanyl citrate 

and 2.5 mg/mL fluanisone (Janssen Pharmaceutica, Beerse, Belgium)) in 8-10 weeks old 

female mice. 100 µL of bacterial suspension (1×1010 CFU) were administered 

transurethrally through a 0.55mm catheter (Abbott, Zwolle, The Netherlands). Sham 

control mice underwent the same procedure with administration of 100 µL of sterile 

PBS instead of bacterial suspension. Mice were sacrificed 24 hrs (n=7 per group) and 48 

hrs (n=8 per group) after the procedure by exsanguination under general anaesthesia. 

The choice of these time points was based on the literature and on our own broad 
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experience with this model14-17. White blood cell counts (WBC) in peripheral blood 

were determined using a haemocytometer (Beckman Coulter, Fullerton, CA). The 

Committee on Use and Care of Animals of the Academic Medical Center at the 

University of Amsterdam approved all experiments. Animal experimentation guidelines 

were followed in all experiments. 

 

Determination of bacterial outgrowth 

Bacterial load was determined in renal tissue and blood as described earlier14, 15. One 

half of the left kidney from each mouse was homogenized in 4 volumes of sterile saline 

with a tissue homogenizer which was cleaned with 70% ethanol after each 

homogenization. Serial 10-fold dilutions were made in sterile saline, and 50 µL volumes 

of kidney homogenate and blood were plated onto blood agar plates, which were 

incubated at 37°C for 16 hrs, after which E. coli CFU were counted. 

 

Histology and determination of fibrin deposition 

The remaining part of the left kidney was fixed in 10% formalin and embedded in 

paraffin. Sections were stained with haematoxylin and eosin in a standard fashion. For 

fibrin immunostaining 4-micrometer sections were pretreated with 0.1% trypsin (Sigma) 

at 37°C for 30 minutes. Endogenous peroxidase activity was quenched by 0.1% 

NaN3/0.03% H2O2 and free protein binding sites were blocked with 10% normal goat 

serum. After incubation with biotin-labeled anti-mouse fibrin(ogen) (Ixell; Accurate 

Chemical & Scientific, Westbury, NY) slides were incubated with a 

streptavidine/biotinylated horseradish peroxidase (HRP) mixture (StreptABComplex, 

DAKO, Glostrup, Denmark). Bound HRP was visualized using 3,3-diamino-benzidine 

tetrachloride (DAB, Sigma). Fibrin deposits in renal tissue were quantified by Western 

blot analysis as described previously18, 19. After electrophoresis of kidney homogenates 

by SDS-PAGE, proteins were blotted onto PVDF membrane (Immobilon-P, Millipore, 

Bredford, MA). The 56-kDa fibrin β-chains were detected with a monoclonal anti-

human fibrin antibody (59D8, Boston Research Services, Winchester, MA) that 

specifically recognizes fibrin β-chains, and not fibrinogen20. 

 

Cytokine and MPO measurements 

The right kidney of each mouse was homogenated in PBS containing 1% Triton X-100, 

1mM EDTA (Merck) and 1% protease inhibitor cocktail (P8340, Sigma). Levels of 

interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), keratinocyte-derived 

chemokine (KC), macrophage inflammatory protein-2 (MIP-2) and mouse 

myeloperoxidase (MPO) in kidney homogenates were measured by specific ELISA 

according to the instructions of the manufacturer (IL-1β and TNF-α: R&D systems, 

Minneapolis, MN; MPO: HyCult biotechnologies, Uden, the Netherlands). Total protein 

content of the samples was determined according to the method of Bradford21, using a 

commercially available protein assay kit (Bio-Rad, Hercules, CA). 

 



Chapter 6 

 110 

Phagocytosis assay and oxidative burst 

Expression of eGFP was induced in E.coli strains Top-10 and DH10B (both Invitrogen, 

Breda, the Netherlands), by transfection with pBBR1MCS-5-eGFP (clone pMP2463)22, 

which was kindly provided by Prof. H. Spaink (Leiden University, Leiden, the 

Netherlands). Bacteria were grown under high selective pressure (40µg/mL gentamycin, 

Sigma). GFP expression was confirmed by flow cytometry and fluorescent microscopy. 

Phagocytosis capacity of WT and tPA-/- neutrophils was determined by flow cytometry. 

In short, GFP-E. coli (equivalent to 50x103 CFU) was added to 50 µL of heparinized full 

blood from WT or tPA-/- mice and allowed to incubate for 5, 10, 15 or 20 minutes, 

vigorously shaking in a water bath at 37°C. Phagocytosis was stopped by immediately 

transferring the samples to ice. Erythrocytes were lysed using a hypotonic lysis buffer 

and neutrophils were labeled using anti-Ly6-G-APC (Pharmingen). To exclude the 

influence of cell surface-adhering bacteria extensive washing steps were included. 

Samples were washed with ice-cold FACS buffer after which the degree of phagocytosis 

was determined using a flow cytometer (FACScalibur®, Becton Dickinson, Franklin 

Lakes, NJ). Results are expressed as mean fluorescence intensity (MFI) per neutrophil. 

Oxidative burst of neutrophils was assessed by dihydrorhodamine 123 (Sigma) 

measurement according to Kampen et al.23. In short, circulating cells (50 µL whole 

blood) were loaded with 1.5 mg/mL dihydrorhodamine 123 for 30 min. Neutrophils 

were stimulated by addition of 50 x 106 CFU E.coli 1677/mL for 30 min, followed by red 

blood cell lysis. Conversion of dihydrorhodamine was determined by flow cytometry. 

 

Statistical analysis 

All data are presented as means ± standard error of the mean (SEM). Data were analyzed 

by Mann-Whitney U test or unpaired Student’s t test when appropriate. P<0.05 was 

considered to represent a statistically significant difference. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Higher bacterial 

outgrowth in tPA-/- mice. 
At T=24 hr and T=48 hr after inoculation 

tPA-/- mice (•) show higher numbers of 

E. coli CFU than WT mice (ο). Horizontal 
lines represent medians. 
*P < 0.05; **P < 0.01. 
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Results 

 
tPA-/- mice display higher bacterial load than WT mice 

To determine the role of tPA in UTI, acute pyelonephritis was induced in tPA-/- and 

wild type (WT) mice and renal bacterial loads were determined 24 and 48 hours after 

infection. At both time points, tPA-/- mice showed a significantly higher number of E. 

coli CFU in kidney homogenates than WT mice (Figure 1), indicating that tPA-/- mice 

had a seriously impaired ability to clear E. coli-caused pyelonephritis. Blood cultures 

remained negative in all mice. 

 

tPA-/- mice have higher levels of IL-1ββββ and TNF-α during pyelonephritis 

In order to investigate whether increased bacterial outgrowth in kidneys of tPA-/- mice 

was accompanied by higher levels of pro-inflammatory cytokines and chemokines, we 

determined levels of interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), 

keratinocyte-derived chemokine (KC) and macrophage inflammatory protein-2 (MIP-2) 

in kidney homogenates by ELISA. At both 24 and 48 hours after infection tPA-/- 

kidneys displayed significantly higher levels of IL-1β and TNF-α than WT kidneys 

(Table I). In contrast, levels of KC and MIP-2 did not differ significantly between tPA-/- 

and WT kidneys (Table I). 

 

 

 
 

24 h 48 h  

tPA-/- WT tPA-/- WT 

IL-1β 5.7 ± 1.3* 2.8 ± 0.9 5.5 ± 0.8* 1.6 ± 0.7 

TNF-α 11.6 ± 1.7* 8.3 ± 0.7 11.1 ± 0.9* 9.4 ± 0.9 

KC 17.9 ± 1.3 15.7 ± 1.6 17.1 ± 0.9 17.9 ± 3.4 

MIP-2 20.0 ± 1.2 22.1 ± 3.0 17.9 ± 0.5 21.9 ± 6.2 

 
 
 
 
 
 
No difference in neutrophil influx and fibrin in tPA-/- and WT mice 

An essential part of host defense against invading bacteria is the recruitment of 

leukocytes to the site of infection. Therefore, histological sections of renal tissue were 

examined to investigate the extent of inflammation. Both WT and tPA-/- mice showed 

a massive inflammatory infiltrate in the pyelum region, consisting almost exclusively of 

neutrophils (Figure 2A-B). To quantify the influx of neutrophils, myeloperoxidase 

(MPO) measurements on kidney homogenates were performed by ELISA. At both time 

points, no significant differences in MPO levels of tPA-/- and WT mice were  

Table 1.Table 1.Table 1.Table 1.    Cytokine levels in kidney homogenates 

At T=24h and T=48h tPA-/- kidneys contain higher levels of IL-1β and TNF-α than WT kidneys. Chemokine levels do not 
differ. Data expressed as pg/mg protein, mean ± SEM; *P < 0.05. 
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encountered, despite higher levels of IL-1β and TNF-α in tPA-/- mice compared to WT 

mice (Figure 2). Although neutrophil influx in the kidney was the same, leukocyte 

counts (WBC) in peripheral blood were significantly higher in tPA-/- mice than in WT 

mice at both time points (24 hrs: 4.5×106 ± 0.4×106 (tPA-/-) vs. 3.0×106 ± 0.5×106 (WT), 

P<0.05; 48 hrs: 5.2×106 ± 0.5×106 (tPA-/-) vs. 2.5×106 ± 0.1×106 (WT); number of 

leukocytes/mL, P<0.001). Moreover, there were no differences in WBC before infection 

between tPA-/- and WT mice (data not shown). 

Since tPA is the principal fibrinolytic agent, renal fibrin deposition was determined by 

Western blotting and fibrin immunostainings. No significant fibrin deposits were 

encountered using both methods. 

 

 

 

 
 
 
 
 

Figure 2.    Histology and renal myeloperoxidase levels. 
Photomicrographs of tPA-/- kidney (A) and WT kidney (B). Both tPA-/- and WT kidneys show a dense inflammatory infiltrate 
in the pyelum region. The infiltrate consists chiefly of neutrophils. T=24 hr after inoculation, H&E staining, original 
magnifications x200. Graph: At T=24 hr and T=48 hr after inoculation MPO levels were not different between tPA-/- (black 
bars) and WT (white bars) mice. Data expressed as mean ± SEM, P >0.05. 

Figure 3. Similar phagocytic potential of tPA-/- and WT neutrophils. 
tPA-/- neutrophils (black squares) display the same capacity to ingest GFP-E. coli strains DH10B and Top 10 as WT 
neutrophils (white squares). Data expressed as mean fluorescence intensity (MFI) per neutrophil (representing the number of 
phagocytosed GFP-E. coli), mean MFI ± SEM; P = ns. Data represent 3 independent experiments. 
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tPA-/- neutrophils have lower bactericidal potential than WT neutrophils 

Although tPA-/- and WT mice showed the same numbers of intra-renal neutrophils, 

tPA-/- mice displayed higher numbers of E. coli CFU, suggesting that tPA-/- 

neutrophils had an impaired ability to eliminate E. coli. In order to further investigate 

this, a phagocytosis assay was performed with tPA-/- and WT neutrophils. As shown in 

Figure 3, tPA-/- and WT neutrophils had the same ability to phagocytose two different 

E. coli strains. Both types of neutrophils showed a comparable increase in mean 

fluorescence intensity (MFI), representing the number of ingested green fluorescent 

protein (GFP)-E. coli organisms. 

Further, we determined neutrophil potential to generate an oxidative burst reaction. 

The basal production of oxidative products in unchallenged neutrophils was similar in 

WT and tPA-/- cells. Upon activation with uropathogenic E. coli, tPA-/- neutrophils 

displayed diminished ability to produce an oxidative burst when compared to WT 

neutrophils (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Lower oxidative burst of tPA-/- 

neutrophils. 
tPA-/- (black bar) generate a significantly lower oxidative 
burst upon stimulation with E.coli 1677 than WT (white 
bar) neutrophils. Data expressed as percentage of WT 
mean fluorescence intensity (MFI), mean MFI ± SEM;  
*P < 0.05. Data represent 3 independent experiments. 
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Discussion 

 

Acute pyelonephritis is one of the most commonly encountered infectious diseases and 

knowledge on its pathophysiology is still increasing. Numerous host factors have been 

implicated in host defense against E. coli pyelonephritis. Among the various 

components of the fibrinolytic system, only the uPA receptor (uPAR) has been 

implicated in host defense against UTI. Expression of uPAR is markedly elevated in 

urine and plasma of patients with culture-proven urosepsis24. In Chapter 4 of this thesis, 

we have shown that uPAR-/- mice experience more severe disease with higher bacterial 

outgrowth than WT mice during experimental pyelonephritis15. The present study 

shows that endogenous tPA is also involved in host defense against acute pyelonephritis. 

Indeed, tPA-/- mice have a seriously impaired bacterial clearance. 

It has become increasingly clear that tPA can be an active modulator of inflammatory 

responses in a variety of inflammatory conditions11-13, 25-30. Only a very limited number 

of studies however, deal with the involvement of tPA in host defense against micro-

organisms. One report concerning a murine model of systemic Mycobacterium avium 

infection described no differences in total bacterial outgrowth between tPA-/- and WT 

mice, although in tPA-/- mice dissemination of mycobacteria occurred earlier than in 

WT mice31. Recently, we described that endogenous tPA is an important protective 

factor during E. coli-induced abdominal sepsis13. After intraperitoneal inoculation, tPA-

/- mice demonstrated higher bacterial load at the site of infection, enhanced E. coli 

dissemination and reduced survival. The results of the present study are in line with 

these findings. 

The increased outgrowth of E. coli in tPA-/- kidneys was associated with higher levels 

of intra-renal IL-1β and TNF-α. It is likely that resident kidney cells contribute to 

cytokine production in this model. Indeed, after inoculation with uropathogenic E. coli, 

bladder and tubular epithelial cells have been shown to produce several pro-

inflammatory cytokines and chemokines, among which IL-1β and TNF-α32. 

Despite higher levels of pro-inflammatory cytokines in tPA-/- kidneys and higher 

numbers of circulating leukocytes in tPA-/- mice upon UTI, the amount of infiltrating 

neutrophils in tPA-/- and WT kidneys did not differ in this model. This finding is most 

probably related to the relatively impaired migration capacity of tPA-/- neutrophils and 

the similar levels of KC and MIP-2. The mouse CXC chemokines KC and MIP-2 play a 

major role in the attraction of neutrophils during inflammation33. A relatively impaired 

migratory ability of tPA-/- neutrophils was also observed in Chapter 5 of this thesis, in 

which tPA deficiency resulted in a diminished neutrophil infiltration into post-

ischemic renal tissue despite equal levels of pro-inflammatory cytokines and 

chemokines11. In a model of E. coli induced peritonitis numbers of intra-peritoneal 

neutrophils were similar in tPA-/- and WT mice, despite higher numbers of bacteria 

and higher cytokine levels in tPA-/- mice13. During thioglycolate induced peritonitis, 

tPA-/- mice also demonstrated a reduced influx of neutrophils into the abdominal 
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cavity. In addition, mice that over-expressed tPA showed significantly increased 

numbers of intra-peritoneal neutrophils during E. coli peritonitis relative to mice with 

normal tPA levels13. Taken together, these studies suggest that tPA actively favors 

neutrophil migration. In contrast with the abovementioned studies, in a model of sterile 

arthritis tPA-/- mice experienced more severe joint disease associated with increased 

fibrin deposition and higher numbers of infiltrating neutrophils29, 30. Furthermore, in a 

model of crescentic glomerulonephritis, tPA-/- mice displayed more fibrin deposits, 

worse renal function and significantly higher numbers of intra-glomerular 

inflammatory cells25. Since fibrin has been implicated in the pathogenesis of both 

arthritis and glomerulonephritis34, 35, fibrin deposition parallels disease severity in these 

disease models. In the present study no appreciable fibrin deposits were present, 

suggesting that fibrin is not crucially involved in the pathophysiology of pyelonephritis. 

Furthermore, the abundant expression of uPA in the tubulo-interstitial compartment of 

the kidney is likely to compensate fully for tPA deficiency11. Since extravascular fibrin 

deposits usually mirror tissue damage, another explanation for the remarkably low 

amounts of fibrin could be the relatively low amounts of renal damage in our model. 

Crucial steps in the clearance of bacterial infections are phagocytosis and subsequent 

killing of bacteria by means of oxidative burst6. Here we show that tPA-/- and WT 

neutrophils have a similar capacity to phagocytose E. coli. However, upon stimulation 

with uropathogenic E. coli tPA-/- neutrophils display a significantly lower production 

of reactive oxygen species (ROS) than WT neutrophils, most probably resulting in 

higher numbers of surviving bacteria in our UTI model. Previous reports on the effect 

of tPA on ROS production are inconsistent. In vitro administration of exogenous tPA 

can both enhance and reduce neutrophil ROS production upon induction by phorbol-

12-myristate-13-acetate (PMA)36, 37. Since PMA directly activates protein kinase C 

(PKC), thus bypassing cell surface receptors38, these studies suggest that exogenous tPA 

can affect the non-receptor mediated superoxide production cascade in vitro although 

its net effect remains unclear. In the present study, we use uropathogenic E. coli as a 

stimulus, which triggers the receptor-mediated pathway of superoxide generation. 

Deficiency for uPA has been shown to result in a lower phagocytic potential of 

neutrophils, combined with lower oxidative burst39. Upon neutrophil activation, uPA is 

released from intracellular vesicles into the extracellular compartment40, 41. uPA most 

probably regulates phagocytosis through interaction with its highly specific cellular 

receptor uPAR, which by itself is crucially involved in neutrophil phagocytosis as well 

(Chapter 4)15, 39. 

Activated neutrophils not only produce uPA but tPA as well, be it in smaller 

quantities42-44. Opposed to uPA, no specific tPA receptor has been described thus far. It 

is known that tPA can bind to the low density lipoprotein receptor-related protein-1 

(LRP-1) and to Annexin A2, although binding to these receptors occurs in a non 

specific fashion. LRP-1 is a scavenging receptor that is crucially involved in the 

clearance of its numerous structurally different ligands but has the ability to act as a 
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signalling receptor as well45. However, LRP-1 is not expressed by neutrophils46, which 

makes it unlikely that LRP-1 is involved in the observed oxidative burst modulation. 

The other tPA receptor, Annexin A2, is a widely expressed cell membrane 

Ca2+/phospholipid binding protein that is present on endothelial cells and on 

neutrophils as well47-49. Annexin A2 has the ability to function as a signalling receptor 

and has been implicated in neutrophil chemotaxis49. Recently, it was shown that 

interaction of tPA with Annexin A2 mediates activation of microglia, the immune cells 

of the brain, in a non proteolytic fashion50. Although further research will be needed, 

interaction of tPA and annexin A2 on neutrophils might influence chemotaxis and 

possibly superoxide production. 

The present study describes for the first time that endogenous tPA is critically involved 

in host defense during E. coli-induced pyelonephritis, most likely by affecting 

neutrophil migration and neutrophil oxidative burst generation. Our data extend 

current knowledge on host-pathogen interactions during UTI and provide new insight 

into the manifold effects of tPA. 
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Abstract 

 

Acute pyelonephritis, most frequently caused by Escherichia coli, forms a substantial 

health problem. The plasminogen activator inhibitor type 1 (PAI-1) is the most 

important physiological inhibitor of plasminogen activators but is implicated in cell 

migration as well. The role of PAI-1 in host defense remains incompletely understood. 

We induced pyelonephritis in PAI-1-/- and C57BL/6 wild type (WT) mice by 

intravesical inoculation with uropathogenic E. coli 1677. Mice were sacrificed 24 and 48 

hours after inoculation. Kidneys were harvested, homogenized partly in sterile saline 

for determination of bacterial outgrowth on blood agar plates and partly in lysis buffer 

for measurement of PAI-1, IL-1β, IL-6, KC, MIP-2 and myeloperoxidase (MPO) by 

ELISA. 

Renal levels of PAI-1 were elevated in infected mice versus sham mice, indicating a 

physiological role for PAI-1 during pyelonephritis. PAI-1-/- mice showed significantly 

more bacterial outgrowth in kidney homogenates compared to WT mice. The higher 

numbers of CFU were accompanied by higher levels of IL-1β and IL-6 in the PAI-1-/- 

kidneys. Remarkably, plasma levels of KC were higher in PAI-1-/- mice than in WT 

mice. Renal neutrophil influx was significantly lower in PAI-1-/- mice than in WT 

mice. 

These data demonstrate that PAI-1 is critically involved in host defense against E. coli 

induced acute pyelonephritis, partly through modulation of neutrophil influx. 
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Introduction 

 

In up to 95% percent of all urinary tract infections (UTI) uropathogenic Escherichia coli 

is identified as the causative organism1. Although UTI usually display an uncomplicated 

course, the upper urinary tract may become involved by ascending infection, giving rise 

to the clinical syndrome of acute pyelonephritis. When left untreated, pyelonephritis 

may lead to renal fibrosis and subsequent end stage renal failure2. 

Uropathogenic E. coli have an arsenal of virulence factors at their disposal that facilitate 

colonization of the human urinary tract. The bacterial adhesive organelles that are 

associated with E. coli uropathogenicity include type 1 fimbriae, P fimbriae, hemolysin 

and aerobactin. 

Host defense mechanisms against UTI include constitutive factors such as bladder 

voiding and urinary anti-adherence factors, including Tamm-Horsfall protein, secretory 

IgA and uromucoid1. The moment uropathogenic E. coli successfully bypasses these non 

specific defense mechanisms, its adhesion to the urothelium will trigger activation of 

additional host defense mechanisms. After inoculation with uropathogenic E. coli, 

bladder and tubular epithelial cells have been shown to produce pro-inflammatory 

cytokines and chemokines, among which interleukin-1beta (IL-1β), interleukin-6 (IL-

6), and interleukin-8 (IL-8)3-5. Next, the urothelium is invaded by neutrophils that 

phagocytose and subsequently kill E. coli organisms6. 

The plasminogen activator inhibitor type 1 (PAI-1) belongs to the superfamily of serine 

protease inhibitors (serpins) and is the principle physiological inhibitor of tissue-type 

plasminogen activator (tPA) and urokinase type plasminogen activator (uPA), thereby 

controlling plasmin generation and regulating fibrinolysis7. Besides its role as a 

regulator of haemostasis by regulating fibrinolytic activity, PAI-1 plays a role in many 

other (patho)physiological processes, including wound healing, atherosclerosis, tumor 

angiogenesis, pulmonary fibrosis and rheumatoid arthritis8-12. In addition, PAI-1 acts as 

an acute phase protein during sepsis, with enhanced plasma levels of PAI-1, accounting 

for the so-called fibrinolytic shut down during severe sepsis13, 14. 

More recently, PAI-1 has been shown to be critically involved in the regulation of cell 

migration. PAI-1 can inhibit cell bound uPA, resulting in reduced pericellular 

proteolysis and a subsequent decrease in cell migration. Furthermore, PAI-1 inhibits 

integrin- and vitronectin-mediated cell migration independently of its function as an 

inhibitor of plasminogen activation, by competing for vitronectin binding to integrins15. 

On the contrary, the de-adhesive action of PAI-1 by inactivation of the cell-integrin-

extra cellular matrix (ECM) interaction, may result in an increase of cell mobility as 

well16. In addition, it has been shown that PAI-1 in macrophages functions as a master 

switch between cell adhesion and detachment by inducing internalization of the αMβ2 

integrin/low density lipoprotein receptor like protein (Mac-1/LRP) complex, thus 

promoting macrophage migration17. 
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As a result, PAI-1 seems to exert both promoting and inhibitory effects on cell 

migration. With respect to neutrophil migration in reaction to infectious agents, 

different roles for PAI-1 have been described. PAI-1 gene-deficient (PAI-1-/-) mice 

have an unaltered immune response to Streptococcus pneumoniae induced pneumonia, 

with similar pulmonary leukocyte recruitment in PAI-1-/- and WT mice18. Recently 

however, our laboratory showed that PAI-1-/- mice have an impaired host response 

during Klebsiella pneumoniae induced pneumonia and sepsis, associated with decreased 

pulmonary neutrophil influx19. Although up-regulation of systemic PAI-1 levels during 

E. coli induced sepsis has been reported extensively20-23, the role of PAI-1 in host 

defense against E. coli infections remains unclear. 

In order to investigate the in vivo role of PAI-1 during UTI, we induced acute 

pyelonephritis in PAI-1-deficient mice by intravesical inoculation with uropathogenic 

E.  coli. 

 

    

Methods 

 

Mice and experimental protocol 

PAI-1-/- mice on a C57BL/6J background24 were purchased from The Jackson 

Laboratory (Bar Harbor, Maine) and bred in the institutional animal facilities. Age and 

weight matched C57Bl/6J mice (Charles River, Maastricht, The Netherlands) served as a 

wild type (WT) control. 

UTI was induced as described previously6, 25. E. coli 1677, isolated from a uroseptic 

patient, was donated by Dr. W.J. Hopkins (University of Wisconsin Medical School, 

Madison). This strain has virulence factors that include type 1 and P fimbriae, 

hemolysin and aerobactin26. This specific serotype has proven uropathogenicity in 

mice25, 26. Bacteria were cultured for 16 hrs at 37°C in trypticase soy broth (TSB). After 

dilution 1:100 in fresh TSB, the suspension was grown for 3 hrs to midlogarithmic phase. 

E. coli were washed 3 times in sterile PBS. After resuspension in PBS, the final 

concentration was determined by plating 10-fold serial dilutions of the suspension on 

blood agar plates. Acute pyelonephritis was induced under general anesthesia (0.07 

mL/10g mouse of FFM mixture, containing 1.25 mg/mL midazolam (Roche, Mijdrecht, 

The Netherlands), 0.08 mg/mL fentanyl citrate and 2.5 mg/mL fluanisone (Janssen 

Pharmaceutica, Beerse, Belgium)) in 8-10 weeks old female mice. One hundred μL of 

bacterial suspension were administered transurethrally through a 0.55mm catheter 

(Abbott, Zwolle, The Netherlands). Sham control mice (n=5 per group) underwent the 

same procedure with administration of 100 µL of sterile PBS instead of bacterial 

suspension. Mice sacrificed at 24 hrs after inoculation (n=9 per group) received 2.7x108 

CFU per mouse. In a separate experiment, mice sacrificed at 48 hrs after inoculation 

(n=7 per group) received 1.0x109 CFU per mouse. The choice of these time points was 

based on the literature and on our own broad experience with this model6, 25-27. White 
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blood cell counts (WBC) in peripheral blood were determined using a haemocytometer 

(Beckman Coulter, Fullerton, CA). The Committee on Use and Care of Animals of the 

Academic Medical Center at the University of Amsterdam approved all experiments. 

Animal experimentation guidelines were followed in all experiments. 

  

Determination of bacterial outgrowth 

Bacterial load was determined in renal tissue and blood as described earlier6, 25. One half 

of the left kidney from each mouse was homogenized in 4 volumes of sterile saline with 

a tissue homogenizer which was cleaned with 70% ethanol after each homogenization. 

Serial 10-fold dilutions were made in sterile saline, and 50 µL volumes of kidney 

homogenate and blood were plated onto blood agar plates, which were incubated at 

37°C for 16 hrs, after which E. coli CFU were counted. 

 

Histological examination 

The remaining part of the left kidney was fixed in 10% formalin and embedded in 

paraffin. Sections were stained with haematoxylin and eosin in a standard fashion. 

Immunostaining for fibrin was performed as described previously28, using anti-mouse 

fibrin(ogen) (Ixell; Accurate Chemical & Scientific, Westbury, NY) as primary antibody. 

Murine PAI-1 mRNA in situ hybridization was performed using radiolabeled [35S]-UTP 

(Amersham, Arlington Heights, IL) mouse (NM_008871, bp 680-823) PAI-1-specific 

riboprobes, as described previously19, 29. In short, 7-µm-thick paraffin sections of renal 

tissue were pretreated with proteinase K (20 µg/mL) for 5 minutes, refixed in 4% 

paraformaldehyde and treated for 10 minutes with 0.25% acetic anhydride in 0.1 mol/L 

triethanolamine. Hybridizations were performed overnight at 50°C (0.5 µCi probe) per 

section under a coverslip in a moist chamber. After hybridization, slides were washed in 

50% formamide, 2x SSC, and 10 mmol/L DTT. After RNase A digestion, washing and 

dehydration, autoradiography emulsion was applied (Ilford G5 emulsion 1:1 diluted 

with 2% glycerol). Slides were developed in Kodak D19 after an exposure of 3-6 weeks, 

fixed in Kodak UNIFIX, and counterstained with hematoxylin. 

 

PAI-1, cytokine, MPO and D-dimer measurements 

The right kidney of each mouse was homogenated in PBS containing 1% Triton X-100, 

1mM EDTA (Merck) and 1% protease inhibitor cocktail (P8340, Sigma). Levels of PAI-

1, IL-1β, IL-6, keratinocyte-derived chemokine (KC), macrophage inflammatory 

protein-2 (MIP-2), mouse myeloperoxidase (MPO) and D-dimer in kidney homogenates 

and plasma were measured by specific ELISA according to the instructions of the 

manufacturer (PAI-1: Molecular Innovations Inc., Southfield, MI; IL-1β, IL-6, KC and 

MIP-2: R&D systems, Minneapolis, MN; MPO: HyCult biotechnologies, Uden, the 

Netherlands; D-dimer: Diagnostica Stago, Asnières sur Seine, France). Total protein 

content of the samples was determined according to the method of Bradford30, using a 

commercially available protein assay kit (Bio-Rad, Hercules, CA). 
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Statistical analysis 

All data are presented as mean ± standard error of the mean (SEM), unless stated 

otherwise. Data were analyzed by Mann-Whitney U test or unpaired Student’s t test 

when appropriate. P<0.05 was considered to represent a statistically significant 

difference. 

 

    

Results 

    

PAI-1 expression is upregulated during acute pyelonephritis 

To investigate local PAI-1 production upon infection, renal PAI-1 levels were measured 

by ELISA after induction of acute pyelonephritis in WT mice. Renal PAI-1 levels 

showed a 2-fold increase at 24 hrs after infection (Figure 1A). At 48 hrs, PAI-1 protein 

levels approached baseline levels again (Figure 1A). In order to reveal the cellular 

source of PAI-1, we performed in situ hybridization on infected and sham kidneys. In 

sham kidneys, no positive signal was detected (Figure 1B). The infected kidneys showed 

clear positive signal for PAI-1 mRNA in endothelial cells of arterioles (Figure 1C), venes 

(Figure 1D) and mononuclear cells within the inflammatory infiltrates (Figure 1E). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.    Renal PAI-1 is up-
regulated during E. coli induced 
acute pyelonephritis.    
(A) PAI-1 protein levels in kidney 
homogenates were measured by 
ELISA at 24 hrs and 48 hrs after 
inoculation. Data are mean ± SEM, 
*P<0.05 versus sham mice. 
(B-E) In situ hybridization for murine 
PAI-1 mRNA was performed on 
paraffin slides of sham (B) and 
infected kidneys (C-E). Arrows 
indicate the urothelial cell layer of the 
pyelum. 24 Hours after infection, 
positive signal in black. Original 
magnifications: x 40. 
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Fibrinolytic parameters 

Since PAI-1 is one of the main inhibitors of fibrinolysis and infections generally induce 

a pro-coagulant state, we analyzed the amount of fibrin deposition by immunostainings 

and levels of D-dimer in kidney homogenates by ELISA. No fibrin deposits could be 

detected in WT and PAI-1-/- kidneys at both time points after inoculation with E. coli 

(not shown). Furthermore, D-dimer levels were undetectable in kidney homogenates of 

WT and PAI-1-/- mice after infection (not shown). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Higher bacterial load in PAI-1-/- mice 

Renal bacterial outgrowth was determined at 24 and 48 hrs after infection. At both time 

points, PAI-1-/- mice showed a significantly higher number of E. coli CFU in kidney 

homogenates than WT mice (Figure 2), indicating that PAI-1-/- mice had a seriously 

impaired ability to clear E. coli-caused pyelonephritis. 

In addition, PAI-1-/- mice experienced more severe systemic disease than WT mice. 

Blood cultures remained negative in WT mice at both time points. In contrast, at 24 hrs 

after infection, 3 out of 9 PAI-1-/- mice had positive blood cultures. At 48 hrs, 2 out of 7 

PAI-1-/- mice had died (vs. 0 in WT mice) and 1 of the 5 remaining PAI-1-/- mice was 

bacteraemic. 

 
Lower neutrophil influx in kidneys from PAI-1-/- mice 

Since neutrophil recruitment plays a pivotal role in host defense against bacterial 

infections, histological sections of renal tissue were examined to investigate the extent 

of inflammation. WT kidneys showed an extensive pyelonephritis, whereas PAI-1-/- 

kidneys showed virtually no inflammation (Figure 3A). In both genotypes, neutrophils 

were located in the lamina propria and urothelial cell layer, with apparently fewer 

neutrophils in PAI-1-/- kidneys (Figure 3A). In order to quantify neutrophil influx,  

Figure 2.    Higher bacterial outgrowth in 
PAI-1-/- mice. 
At T=24 hrs and T=48 hrs after inoculation PAI-1-/- 
kidneys (black dots) contain more E. coli CFU than 
WT kidneys (white dots). Horizontal lines represent 
medians, *P < 0.05; **P < 0.01. 
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myeloperoxidase (MPO) measurements on kidney homogenates were performed by 

ELISA. In accordance with the histological findings, neutrophil influx was significantly 

lower in PAI-1-/- mice than WT mice at 24 hrs (Figure 3B). At 48 hrs, PAI-1-/- kidneys 

tended to show lower MPO levels than WT kidneys, although this trend did not reach 

statistical significance (P=0.06). 

Figure 3.    PAI-1-/- mice show lower neutrophil influx during acute pyelonephritis. 

(A) Photomicrographs of WT and PAI-1-/- kidneys, 24 hrs after infection. The upper panels show an overview of 
the pyelum region. The lower panels show a detail of the urothelial cell layer of the pyelum. H&E staining, 
original magnifications: x4 (upper) and x40 (lower). 
(B) Myeloperoxidase (MPO) levels were measured in kidney homogenates by ELISA. Data are mean ± SEM, 
*P<0.05. 
(C) Peripheral blood leukocytes (WBC) were counted using a haemocytometer. Data are mean ± SEM, P=NS. 
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In order to monitor the systemic inflammatory response and to rule out a priori lower 

numbers of circulating neutrophils in PAI-1-/- mice, leukocyte numbers in the 

circulation were counted. As shown in Figure 3C, sham WT and sham PAI-1-/- mice 

had similar white blood cell counts. Upon infection, the number of peripheral 

leukocytes was up-regulated to the same extent in both genotypes (Figure 3C). 

 

 
 

 
 
 
 
Higher cytokine levels in PAI-1-/- mice 

Since pro-inflammatory cytokines and chemokines play a crucial role in the generation 

of an inflammatory response during acute pyelonephritis5, 31, levels of IL-1β, IL-6, KC 

and MIP-2 were measured in kidney homogenates. Measurements are shown in Table 

1. At 24 hrs, PAI-1-/- kidneys contained higher levels of IL-1β than WT kidneys. At 48 

hrs, renal levels of IL-1β and IL-6 were significantly higher in PAI-1-/- mice than in 

WT mice (Table 1). In addition, the same cytokines were measured in plasma. Plasma 

levels of IL-1β, IL-6 and MIP-2 were too low to be detected by ELISA (not shown). 

However, as shown in Figure 4, plasma KC levels were significantly higher in PAI-1-/- 

mice in comparison with WT mice at both time points. 

    

    

 

 

 

 

 

 

 

 

 

 

 

24 h 48 h  

WT PAI-1-/- WT PAI-1-/- 

IL-1β 28.4 ± 5.4 45.1 ± 4.3* 25.6 ± 5.5 51.8 ± 11.2* 

IL-6 6.7 ± 1.2 7.3 ± 1.4 5.2 ± 0.8 14.1 ± 4.2* 

KC 234 ± 29 249 ± 37 217 ± 22 213 ± 14 

MIP-2 41.0 ± 4.7 40.8 ± 7.8 47.0 ± 9.7 45.5 ± 5.3 

Table 1.    Pro-inflammatory cytokines and chemokines in kidney homogenates 

Data expressed as pg/mg protein, mean ± SEM; *P < 0.05. 

Figure 4.    Higher plasma KC levels in 

PAI-1-/- mice.    
Plasma KC levels were determined at 24 and 
48 hrs after inoculation by ELISA. Data are 
mean ± SEM, *P<0.05. 
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Discussion 

 

The present study shows that endogenous PAI-1 is involved in host defense during E. 

coli induced acute pyelonephritis. PAI-1-/- mice had a seriously impaired bacterial 

clearance when compared to WT mice, at least in part caused by lower influx of 

neutrophils into the infected renal tissue. 

Elevated plasma levels of PAI-1 have been reported in various clinical conditions, 

including pancreatitis, liver disease, and various malignancies32, 33. In addition, PAI-1 

has proven to act as an acute phase protein, with marked elevation of plasma PAI-1 

levels upon surgery, myocardial infarction and during sepsis13, 14. 

Within the kidney, PAI-1 is normally produced in barely measurable amounts23. In the 

present study, WT mice showed increased renal PAI-1 mRNA and protein levels upon 

inoculation with E. coli, indicating a physiological role for PAI-1 in host defense against 

acute pyelonephritis. Several kidney diseases are associated with an upregulation of 

local PAI-1 production34. Most of these concern conditions that are associated with 

matrix accumulation, fibrin deposits or fibrosis, including diabetic nephropathy35, 36, 

membranous nephropathy37, thrombotic microangiopathy38, 39 and chronic allograft 

nephropathy40, 41. Studies with genetically engineered mice have demonstrated that 

PAI-1 exerts pro-fibrotic effects, as a result of its function as a proteolysis inhibitor. 

Indeed, in experimental diabetic nephropathy and obstructive nephropathy, PAI-1-/- 

mice display significantly reduced fibrosis in comparison with WT mice42, 43. 

PAI-1-/- mice display a mild hyperfibrinolytic state and have a quicker whole blood 

clot lysis than WT mice44. Fibrin deposition has been implicated in the pathogenesis of 

inflammatory glomerular diseases45. In crescentic anti-glomerular basement membrane 

(GBM) glomerulonephritis, tPA proved to be protective against glomerular fibrin 

deposition and inflammation46. In the same disease model, PAI-1-/- mice develop fewer 

crescents, less glomerular fibrin deposition and fewer infiltrating leukocytes than WT 

mice47. In accordance, mice that overexpress PAI-1 show increased glomerular crescent 

formation, more glomerular fibrin deposition and more glomerular inflammation than 

WT mice47. Although fibrin deposits have been described in severe acute pyelonephritis 

at electron microscopic level48, fibrin is not a regular feature of this condition and 

probably not of pathogenetic significance. In our model, no appreciable fibrin deposits 

were encountered and D-dimer levels were too low to be determined effectively. This is 

in line with our previous study concerning the role of tPA in acute pyelonephritis, 

where no fibrin deposits could be detected using a highly specific Western blotting 

technique (Chapter 6). Altogether, it seems unlikely that differences in fibrin 

accumulation accounts for the more severe UTI in PAI-1-/- mice compared to WT 

mice. 

The recruitment of neutrophils is a crucial part of host defense against acute 

pyelonephritis49. Our study shows that PAI-1-/- mice have a decreased ability to clear 

infection with E. coli, at least partly due to diminished neutrophil influx. Indeed, 
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despite higher cytokine levels in PAI-1-/- kidneys compared to WT kidneys, less 

inflammation was observed. The higher amount of CFU at 24 hrs and 48 hrs after 

inoculation were accompanied by higher levels of IL-1β and (at 48 hrs) IL-6 in the PAI-

1-/- kidneys. Our current observation that PAI-1 can exert pro-inflammatory protective 

effects is in accordance with a recent study by Kwak et al., that demonstrated that PAI-

1 potentiates LPS-induced neutrophil activation in vitro through a c-Jun N-terminal 

kinase-mediated pathway50. Furthermore, the present results are largely in accordance 

with a previous report, that demonstrated that PAI-1 plays a protective role during 

Klebsiella pneumoniae induced pneumonia19. In this study, PAI-1-/- mice had higher 

bacterial outgrowth than WT mice, associated with a reduction in pulmonary 

neutrophil influx19. Conversely, transgenic overexpression of PAI-1 in the lung by 

means of a replication-defective adenoviral vector resulted in reduction of bacterial 

outgrowth. Furthermore, PAI-1 overexpression in healthy (i.e. non-infected) lungs 

provoked neutrophil influx19. 

A growing number of studies confirm a regulatory role for PAI-1 in mobilization of 

various cell types. Apart from regulating cell movement through plasmin-dependent 

ECM degradation51, 52, PAI-1 orchestrates cell migration through modulation of uPAR 

and integrin mediated cell adhesion16, 53. In general, PAI-1 exerts “de-adhesive” actions, 

resulting in either increased or decreased cell migration15, 16. Since cell migration is the 

result of a dynamical balance between adhesion, cytoskeleton modulation and 

detachment, the net effect of PAI-1 on cell movement depends strongly on the cellular 

milieu and the applied experimental set up. 

Another mechanism via which PAI-1 can influence inflammatory cell migration, is the 

modification of chemotactic gradients. Endothelial heparan sulphate (HS)-syndecan-1 

ectodomains have the ability to bind and stabilize chemokines, among which IL-8, 

thereby promoting neutrophil extravasation. IL-8-HS-syndecan-1 complexes are 

constitutively shed by plasmin, which provides a negative regulation of IL-8 mediated 

neutrophil migration. Marshall et al. have demonstrated that PAI-1 negatively regulates 

the constitutive shedding of endothelial IL-8-HS-syndecan-1 complexes54. Inhibition of 

PAI-1 activity through incubation with neutralizing antibody MAI-12 induced the 

shedding of IL-8-HS-syndecan-1 from endothelial cells in a concentration dependent 

manner, resulting in diminished IL-8 mediated transendothelial neutrophil migration54. 

In addition, elevated levels of soluble IL-8 have been shown to down-regulate 

functional IL-8 receptor on neutrophils55 and impede neutrophil recruitment to 

inflammatory foci in vivo56. Furthermore, transgenic mice that permanently 

overexpress IL-8 exhibit a marked intravascular neutrophilia and decreased neutrophil 

extravasation in response to inflammatory stimulants57. In a study on the role of PAI-1 

in Gram-negative pneumonia, it was demonstrated that PAI-1-/- mice have elevated 

plasma levels of KC and impaired pulmonary neutrophil influx19. In the present study, 

PAI-1-/- mice displayed significantly elevated plasma levels of the murine IL-8 

homologue KC during pyelonephritis, whereas KC levels in renal tissue were similar in 
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WT and PAI-1-/- mice. Most probably, PAI-1 deficiency caused increased shedding of 

KC via the above-mentioned mechanism, resulting in neutrophil “entrapment” in the 

vascular compartment. In particular with respect to acute pyelonephritis, IL-8 has been 

shown to be a key chemokine to promote neutrophil recruitment to the urinary 

compartment58. It has been shown that IL-8 receptor is of critical importance for 

neutrophils to cross the urothelial basement membrane and launch an adequate host 

response upon infection with uropathogenic E. coli59, 60. Furthermore, very recently IL-8 

gene polymorphisms have been implicated in susceptibility to acute pyelonephritis in a 

paediatric population61. 

Taken together, the present study provides new evidence for a protective role for PAI-1 

during E. coli induced acute pyelonephritis through the promotion of neutrophil 

migration. 
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An ever increasing number of scientific reports have identified the manifold functions 

of the fibrinolytic system, demonstrating that this constellation of proteins surpasses its 

classical role as a dissolver of blood clots. Indeed, the fibrinolytic system has shown to 

be a key regulator at the intersection between fibrinolysis, inflammation and immunity. 

Thus far, a limited number of studies has addressed the role of the various components 

of the fibrinolytic system in kidney diseases, the majority of which concern fibrin-

mediated glomerulonephritis or fibrosing nephropathy. 

This thesis comprises a number of studies, that expose the pleiotropic functions of tPA, 

uPA, uPAR and PAI-1 in renal allograft rejection, ischemia reperfusion (I/R) injury and 

acute pyelonephritis. 

Chapter 2    comprises a descriptive study on the expression of uPA and uPAR during 

renal transplant rejection. Expression of uPA and uPAR was determined by in situ 

hybridization and immunostainings on transplant biopsies, and uPA and uPAR was 

measured in urine of the same patients. These parameters were correlated to the 

severity of rejection, as determined according to the Banff ’97 histological scoring 

criteria. 

Serum and urine levels of uPAR were elevated in rejection patients, compared to non-

rejectors. Urine and serum uPAR levels corresponded with rejection severity and were 

inversely correlated to renal function. In situ hybridization and immunostainings 

revealed expression of uPA and uPAR in rejected grafts. In type 1 rejection, uPA and 

uPAR mRNA and protein was detected in inflammatory cells and tubular epithelial 

cells (TEC). Vascular types of rejection showed mRNA and protein expression in the 

endothelium (uPAR) or the entire vessel wall (uPA). 

In Chapter 3 the role of uPAR after I/R injury is described. uPAR expression was up-

regulated in human and murine kidneys upon I/R. After I/R, uPAR-/- mice had worse 

renal function, associated with more tubular damage and higher neutrophil influx than 

WT mice. In addition, the number of proliferating TEC after I/R was significantly lower 

in uPAR-/- mice than in WT mice, while the amount of apoptotic TEC was similar in 

both genotypes. Administration of uPAR-antisense oligodeoxunucleotides to WT mice  

before and during the I/R procedure mimicked the knock out phenotype almost exactly. 

The lower proliferative potential of uPAR-/- TEC was due to an intrinsic defect, since 

isolated uPAR-/- TEC showed lower proliferation activity than isolated WT TEC after 

in vitro hypoxia. Extracellular signal-regulated protein kinase (ERK) and Akt 

phosphorylation levels were similar in WT and uPAR-/- TEC, which suggests that 

uPAR modulates TEC proliferation after I/R, independent from ERK or Akt activation. 

Chapter 4 describes the role of uPAR during acute pyelonephritis. uPAR-/- mice 

displayed higher renal levels of Escherichia coli colony-forming units (CFU) than WT 

mice, accompanied by higher renal levels of pro-inflammatory cytokines and 

chemokines. Despite the higher bacterial load and higher cytokine levels, neutrophil 

influx was similar in WT and uPAR-/- mice, reflecting the well-established lower 

migratory potential of uPAR-/- neutrophils. uPAR-/- and WT neutrophils showed a 
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similar potential to generate an oxidative burst upon stimulation with uropathogenic E. 

coli. However, uPAR-/- displayed critically impaired phagocytosis of green fluorescent 

protein (GFP)-expressing E. coli. Since neutrophil phagocytosis is indispensable to 

bacterial clearance, the diminished phagocytic potential of uPAR-/- neutrophils is a 

plausible explanation for the observed differences in bacterial load. 

In Chapter 5 the effect of endogenous tPA in I/R injury is studied. We found an up-

regulation of tPA production by proximal renal tubules upon I/R. tPA-/- mice showed 

similar extent of tubular damage at 1 day after I/R, but showed almost complete 

functional recovery at 5 days post I/R. tPA-/- kidneys contained significantly lower 

number of infiltrating neutrophils. Administration of tPA-antisense 

oligodeoxunucleotides to WT mice resulted in even more explicit results; antisense 

treated animals had better renal function, less tubular damage and less neutrophil influx 

at 1 day after I/R than control animals. These results show that tPA regulates neutrophil 

influx upon I/R, which is one of the main determinants of actual tissue damage. We 

attempted to unravel the mechanism through which tPA promotes neutrophil 

migration in the post-ischemic kidney. tPA did not exert a direct chemotactic effect on 

neutrophils in an in vitro migration assay. Furthermore, intrarenal complement C3 

levels and MMP activity were comparable in WT and tPA-/- mice. In addition, plasmin 

activity was similar in WT and tPA-/- kidney homogenates, suggesting that tPA 

influences neutrophil recruitment in a plasmin-independent fashion. 

The role of tPA in host defense during acute pyelonephritis is described in Chapter 6. 

tPA-/- mice had an impaired clearance of E. coli, resulting in higher amounts of E. coli 

CFU in kidney homogenates. Although the higher number of CFU was accompanied by 

higher concentrations of IL-1β and IL-6, the amount of infiltrating neutrophils were 

similar, possibly reflecting the impaired migratory capacity of tPA deficient neutrophils. 

We investigated the influence of endogenous tPA on bacterial killing by neutrophils. 

Although WT and tPA-/- neutrophils were equally capable of phagocytosing bacteria, 

tPA-/- neutrophils generated a significantly lower oxidative burst upon stimulation 

with uropathogenic E. coli than WT mice. This chapter shows that endogenous tPA is 

involved in neutrophil migration and the generation of a respiratory burst during acute 

pyelonephritis. 

Finally, in Chapter 7 the role of PAI-1 during acute pyelonephritis is described. PAI-1 

levels were up-regulated after inoculation with uropathogenic E. coli. PAI-1 production 

was mainly localized in the vascular endothelium and in mononuclear cells within 

inflammatory infiltrates. At 24 hrs and 48 hrs after infection, the amount of CFU was 

significantly higher in PAI-1-/- kidneys compared to WT kidneys, associated with 

higher levels of IL-1β and IL-6. PAI-1-/- mice showed less influx of neutrophils in the 

pyelum and urothelium than WT mice. Plasma levels of KC (one of the murine 

homologues of IL-8) were significantly higher in PAI-1-/- mice. Since PAI-1 is thought 

to function as an inhibitor of constitutive plasmin-mediated endothelial IL-8 shedding, 

thereby promoting transendothelial neutrophil migration, we hypothesize that PAI-1 
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deficiency in our model results in enhanced plasma KC levels, resulting in intravascular 

“entrapment” of neutrophils, thus decreasing neutrophil extravasation. 
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Een groeiend aantal wetenschappelijke publicaties toont dat het fibrinolytisch systeem 

de potentie heeft zijn klassieke rol als oplosser van bloedstolsels te overstijgen. De 

verschillende componenten uit het fibrinolytisch systeem (tPA, uPA, uPAR en PAI-1) 

spelen een regulerende rol in het samenspel tussen fibrinolyse, ontsteking en afweer, en 

zijn aldus actief betrokken bij sterk uiteenlopende biologische processen. Totnogtoe 

heeft slechts een beperkt aantal studies de rol van de verschillende elementen uit het 

fibrinolytisch systeem in nierziekten belicht. De meerderheid van deze onderzoeken 

heeft betrekking op glomerulonefritiden of obstructieve nefropathie. 

In dit proefschrift is een aantal artikelen gebundeld, welke de pleiotrope effecten van 

tPA, uPA, uPAR en PAI-1 belichten in acute niertransplantaatafstoting, ischemie-

reperfusie (I/R) schade en acute pyelonefritis. 

Hoofdstuk 1 behelst een algemene inleiding over de nier, de bestudeerde nierziekten en 

het fibrinolytisch systeem. 

Hoofdstuk 2    omvat een beschrijvende studie betreffende de expressie van uPA en uPAR 

tijdens acute niertransplantaatafstoting oftewel acute rejectie. Expressie van uPA en 

uPAR in nierbiopten werd bepaald door middel van in situ hybridizatie en 

immunokleuringen, terwijl de concentraties van uPA en uPAR bepaald werden in de 

urine van dezelfde patiënten. Deze parameters werden gecorreleerd aan de ernst van de 

rejectie, welke bepaald werd met behulp van de Banff ’97 scorelijst. De concentratie van 

uPAR in de urine was verhoogd bij rejectiepatiënten ten opzichte van patiënten zonder 

afstoting. De concentratie van uPAR in urine en bloed correspondeerde met de ernst 

van de rejectie en was bovendien omgekeerd evenredig met de nierfunctie. In situ 

hybridizatie en immunokleuringen toonden uPA en uPAR expressie in transplantaten 

met kenmerken van acute rejectie. Tijdens type 1 rejectie, werd mRNA van uPA en 

uPAR aangetroffen in ontstekingscellenen tubulusepitheelcellen (TEC). De vasculaire 

types van acute rejectie (types 2 en 3) toonden mRNA en eiwit in het endotheel (uPAR) 

of de gehele vaatwand (uPA). 

Hoofdstuk 3 is gewijd aan de rol die uPAR speelt na I/R schade. uPAR kwam verhoogd 

tot expressie in humane en muizennieren na I/R. Na I/R hadden uPAR-/- muizen een 

slechtere nierfunctie, geassocieerd met ernstiger tubulusschade en hogere influx van 

neutrofielen dan WT muizen. Voorts toonden uPAR-/- muizen significant lagere 

aantallen prolifererende TEC dan WT muizen na I/R, terwijl de aantallen apoptotische 

TEC vergelijkbaar waren in beide genotypen. De toediening van uPAR-antisense 

oligodeoxunucleotiden aan WT muizen voorafgaand aan en gedurende de I/R ingreep 

bootste het uPAR-/- fenotype vrijwel geheel na. De verminderde proliferatiepotentie 

van de uPAR-/- TEC bleek te berusten op een intrinsiek defect, aangezien geïsoleerde 

uPAR-/- TEC eveneens een lagere proliferatieactiviteit toonden dan geïsoleerde WT 

TEC na in vitro hypoxie. De concentraties van gefosforyleerd extracellular signal-

regulated protein kinase (ERK) en Akt waren vergelijkbaar in WT en uPAR-/- TEC, 

hetgeen suggereert dat uPAR TEC proliferatie na I/R niet via ERK- of Akt-gemedieerde 

signaaltransductieroutes moduleert. 
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Hoofdstuk 4    beschrijft de rol die uPAR tijdens acute pyelonefritis speelt. De nieren van  

uPAR-/- muizen bevatten meer Escherichia coli colony-forming units (CFU) dan die 

van WT muizen. Daarbij waren de renale concentraties van pro-inflammatoire 

cytokines en chemokines hoger in uPAR-/- muizen dan in WT muizen. Ondanks de 

hogere aantallen bacteriën en de hogere cytokineconcentraties was de influx van 

neutrofiele granulocyten in WT en uPAR-/- muizen vergelijkbaar, hetgeen het bekende 

lagere vermogen tot migratie van uPAR-/- neutrofielen weerspiegelt. Na stimulatie met 

E. coli hadden uPAR-/- en WT neutrofielen een vergelijkbare potentie tot het 

genereren van een oxidative burst reactie. Echter, het vermogen om green fluorescent 

protein (GFP)-producerende E. coli te fagocyteren was sterk verminderd in uPAR-/- 

neutrofielen. Aangezien fagocytose essentieel is voor het opruimen van bacteriën, 

vormt het verminderd fagocyterend vermogen van uPAR-/- neutrofielen een plausibele 

verklaring voor de waargenomen verschillen in bacterieaantallen tussen de WT en 

uPAR-/- muizen. 

In Hoofdstuk 5 is de functie van endogeen tPA in I/R schade beschreven. We vonden de 

novo productie van tPA door proximale tubuli na I/R. Ofschoon tPA-/- muizen 

vergelijkbare tubulusschade hadden als WT muizen, toonden de tPA-/- muizen vrijwel 

volledig herstel van nierfunctie op dag 5 na I/R. tPA-/- nieren bevatten significant 

lagere aantallen infiltrerende neutrofielen dan WT nieren. Het toedienen van tPA-

antisense oligodeoxunucleotiden aan WT muizen had nog krachtiger resultaten tot 

gevolg: de met antisense behandelde dieren hadden een betere nierfunctie, minder 

tubulusschade en minder influx van neutrofielen op dag 1 na I/R dan controledieren. 

Deze resultaten tonen dat endogeen tPA de influx van neutrofielen na I/R, hetgeen een 

van de belangrijkste oorzaken van weefselschade is, actief reguleert. Vervolgens hebben 

we getracht te achterhalen via welk mechanisme tPA de migratie van neutrofielen 

bevordert. In een in vitro migratieassay bleek tPA geen direct chemotactisch effect te 

hebben. Voorts waren de intrarenale concentratie van complement C3 en de inrarenale 

matrix metalloproteinase (MMP)-activiteit vergelijkbaar in WT en tPA-/- muizen. Ook 

de activiteit van plasmine was gelijk in homogenaten van WT en tPA-/- nieren, hetgeen 

suggereert dat tPA de neutrofielenmigratie op plasmine-onafhankelijke wijze bevordert. 

De rol die tPA speelt tijdens acute pyelonefritis is beschreven in Hoofdstuk 6. Na het 

opwekken van een acute pyelonefritis in muizen, bleken tPA-/- muizen minder goed in 

staat te zijn om een infectie met E. coli te klaren, hetgeen resulteerde in hogere 

aantallen E. coli CFU in de tPA-/- nieren. Ofschoon de grotere aantallen CFU begeleid 

werden door hogere concentraties IL-1β en IL-6, was de hoeveelheid infiltrerende 

neutrofielen vergelijkbaar in WT en tPA-/- muizen, hetgeen mogelijk op een 

verminderd vermogen tot migreren van de tPA-/- neutrofielen wijst. Vervolgens 

hebben we onderzocht of endogeen tPA van invloed is op het doden van bacteriën door 

neutrofielen. Terwijl WT en tPA-/- neutrofielen een vergelijkbaar fagocyterend 

vermogen bleken te hebben, produceerden tPA-/- neutrofielen een significant lagere 

oxidative burst na stimulatie met uropathogene E. coli dan WT neutrofielen. 
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Tenslotte wordt in Hoofdstuk 7 het effect van PAI-1 tijdens acute pyelonefritis 

beschreven. De intrarenale concentratie van PAI-1 was verhoogd na inoculatie met 

uropathogene E. coli. De productie van PAI-1 vond hoofdzakelijk plaats in 

endotheelcellen en mononucleaire cellen in de ontstekingsinfiltraten. Het aantal CFU 

was significant hoger in PAI-1-/- nieren dan in WT nieren. Daarbij toonden de PAI-1-/- 

nieren hogere concentraties IL-1β en IL-6. De influx van neutrofielen in het pyelum 

was significant verminderd in PAI-1-/-muizen ten opzichte van de WT muizen. De 

plasmaconcentratie van KC (een van de murine IL-8-homologen) was significant hoger 

in PAI-1-/- muizen. Aangezien PAI-1 functioneert als een remmer van de constitutieve 

plasmine-gemedieerde shedding van IL-8 op het endotheel, en daarmee 

transendotheliale neutrofielenmigratie bevordert, poneren we de hypothese dat PAI-1-

deficiëntie resulteert in een verhoogde plasmaconcentratie van KC, hetgeen de 

neutrofielen gevangen houdt in het intravasculaire compartiment, leidend tot 

verminderde extravasatie van neutrofielen in ons ziektemodel. 
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ARF  acute renal failure 

CFU  colony-forming unit 

ECM  extra cellular matrix 

ERK  extracellular signal-regulated protein kinase 

ESRD  end stage renal disease 

FMLP  formyl-methionyl-leucyl-phenylalanine 

FS  fibrinolytic system 

GBM  glomerular basement membrane 

GPCR  G-protein coupled receptors 

H/R  hypoxia - reoxygenation 

HGF  hepatocyte growth factor 

HRP  horseradish peroxidase 

I/R  ischemia - reperfusion 

ICAM-1  intercellular adhesion molecule-1 

JNK  c-Jun N-terminal kinase 

KC  keratinocyte-derived chemokine 

LRP-1  low density lipoprotein receptor-related protein-1 

MAPK  mitogen-activated protein kinase 

MIP-2  macrophage inflammatory protein-2 

MMP  matrix metalloproteinase 

MPO  myeloperoxidase 

NADPH  nicotinamide adenine dinucleotide phosphate 

ODN   Oligodeoxynucleotide 

PAI-1  plasminogen activator inhibitor-1 

PI3K  phosphoinositide 3-kinases 

ROS  reactive oxygen species 

TEC  tubular epithelial cells 

TGF-β  transforming growth factor-β 

TNF-α  tumor necrosis factor-α 

tPA  tissue-type plasminogen activator 

TSB  trypticase soy broth 

uPA  urokinase plasminogen activator 

uPAR  urokinase plasminogen activator receptor 

UTI  urinary tract infection 
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