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General introduction

The kidney
The main roles of the kidney are to excrete waste products and to maintain the 
homeostatic balance. To achieve these tasks, the kidney filtrates the blood and regulates 
several parameters such as production of hormones, electrolyte balance, blood pressure 
and many others1.
Macroscopically, the kidneys are bean-shaped organs. The renal artery, renal vein as 
well as the ureter enter the kidney in the hilum. The kidney parenchyma is divided 
into two main regions, the renal medulla and a region called renal cortex, which 
surrounds the medulla. Each kidney contains approximately 800,000 to 1.5 million 
nephrons, which represent the smallest functional unit. The nephron comprises the 
glomeruli which filter the blood, and the tubules which re-absorb water, salts, amino 
acids and other solutes from the filtrate.
The blood enters the kidney trough the renal afferent artery and, after travelling 
through a network of arterioles, finally reaches the glomeruli. There, the flow is being 
divided into several glomerular capillaries and the blood is being filtered by the highly 
specialized capillary wall. This capillary wall consists (from the lumen to the outside) 
of a first layer of fenestrated endothelium surrounded by the glomerular basement 
membrane (GBM). The GBM is then bordered by a layer of podocytes, highly 
specialized epithelial cells which form a filter-like structure around the capillaries by 
means of interdigitating foot processes. This layered filtration system retains blood cells 
as well as larger molecules and proteins but allows small molecules such as water, salt, 
glucose to pass into the pro urine. The filtered blood leaves the kidney through the 
efferent arteriole, the vasa recta and returns in the circulation via the renal vein.
The pro urine flows from Bowman’s space into the tubular system. The tubular system 
is constituted by the proximal tubule, the loop of Henle and finally by the distal 
tubule. Water and solutes (like salts, glucose and amino acids) are being reabsorbed 
in the tubules and then recycled in the vasculature adjacent to the tubules (called 
the peritubular capillaries). The filtrate then flows into the collecting duct, which 
participates to electrolyte re-absorption, and leaves the kidney through the ureter 
before entering the bladder2.

Renal diseases relevant for this thesis
The studies presented in this thesis concern 4 renal disorders: renal ischemia 
reperfusion injury, renal transplant rejection, acute pyelonephritis and diabetic 
nephropathy.
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Renal ischemia reperfusion injury
Ischemia/reperfusion (I/R) is a major cause of acute kidney injury (AKI)3. I/R-induced 
AKI is defined as an abrupt drop of the renal function resulting in increased blood 
urea and creatinine concentrations. It occurs during shock, vascular surgery and renal 
transplantation procedures3.
I/R results from a sudden restriction in blood supply (the ischemic phase) to the 
kidney followed by its restoration and simultaneous re-oxygenation (the reperfusion 
phase). Restriction in blood supply leads to deprivation of oxygen and nutrients 
and to accumulation of waste products4. Renal hypoperfusion induces a multitude 
of pathways mainly affecting the corticomedullary region of the kidney leading to 
tubular epithelial cell (TEC) alterations including disruption of cell polarity, loss of 
brush border and alteration of the cytoskeleton5, 6. More sustained ischemia may lead 
to irreversible TEC damages causing cell death (either by necrosis or apoptosis) and 
intraluminal cast formation7.
Multiple pathophysiological mechanisms contribute to I/R-induced AKI, including 
alteration of the hemodynamics and of the microvasculature. I/R leads to enhanced 
release of vasoconstrictor factors (such as endothelin) and decreased production of 
vasodilator factors (such as nitric oxide, NO) causing renal vasoconstriction, further 
reducing the kidney blood supply during ischemia. In addition, degradation of 
endothelial cells (e.g. swelling, cell death or cell detachment), increased expression of 
endothelial adhesion molecules (such ICAM-1, E and P selectin) and activation of the 
coagulation cascade have also been documented as playing a role in the initiation and 
extension of I/R-induced AKI6.
Oxidative stress is also a major player in the development of I/R-induced AKI . 
Oxygen deprivation leads to the degradation of ATP into ADT and AMP, leading 
ultimately to the formation of xanthin which generates hydrogen peroxide and 
superoxide, dramatically increasing the production of reactive oxygen species (ROS). 
Hydrogen peroxide, in the presence of iron, can even amplify the production of ROS 
by forming highly reactive hydroxyl radicals. At the same time, NO is produced 
by I/R-induced NO synthase in tubules and can interact with superoxide to forms 
peroxynitrate. All these ROS cause tubular injury by oxidation of proteins, lipids, 
damage to the DNA and induction of apoptosis8-15.
All these mechanisms result in TEC alterations such as cytoskeleton degradation at 
the apical as well as at the basolateral sides of tubular cells16, 17 causing detachment of 
tubular cells and loss of brush border, proximal tubule dilatation and distal tubular 
casts formation6. 
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Besides metabolic and morphological alterations of TEC, the massive inflammatory 
response upon I/R is thought to play a pivotal role in the pathophysiology of I/R 
injury5, 6, 18. Damaged and activated TEC produce proinflammatory mediators and 
upregulate adhesion molecules which lead to inflammation. TEC are capable of 
producing proinflammatory cytokines and chemokines, such as interleukin(IL)-6, 
IL-8 (murine equivalents: MIP-2 and KC), IL-1β, tumor necrosis factor α (TNF-α) 
and monocytes chemottractant protein-1 (MCP-1) which activate and recruit 
inflammatory cells19-21.
TEC have the ability to recover from reversible ischemic injury. Dedifferentiated 
epithelial cells (which express vimentin, a marker for mesenchymal cells) upregulate 
genes encoding for growth factors (such as hepatocyte growth factor and fibroblast 
growth factor) and start to proliferate. In a second phase multipotent cells express 
differentiation factors such as neural cell adhesion molecule or osteopontin and 
re-differentiate in order to restore the fully polarized epithelium22, 23.

Acute pyelonephritis
Urinary tract infections (UTI) are among the most common bacterial infections, 
affecting 50% of all women at least once in their lifetimes24 and 2 to 8% of children 
under 10 years of age25. UTI most often remain limited to the lower urinary tract and 
are asymptomatic. However, infections can also affect the upper urinary tract. Among 
infections of the upper urinary tract, pyelonephritis is the most common and most 
severe. It is defined as an UTI that affects the renal pelvis and the kidney, resulting 
from bacteria that ascend via the ureter from the bladder to the kidneys26. About 
75-80% of pyelonephritides are caused by Escherichia coli, followed by Klebsiella, 
Proteus and Enterobacter species24, 27.
Uropathogenic E. coli display a number of virulence factors which facilitate invasion 
and colonization of the urinary tract. These virulence factors include adhesins (such 
as P-fimbriae and type-1 fimbriae for instance) that facilitate bacterial adhesion to the 
urinary epithelium.
Pyelonephritis is accompanied by lower urinary tract symptoms (e.g., frequency, 
urgency, dysuria) as well as flank pain, fever and gastrointestinal symptoms28. 
Clinically, the diagnosis is confirmed by laboratory tests such as urinalysis (showing 
positive leukocyte esterase test and microscopic pyuria), peripheral blood leukocytosis, 
positive urine culture and positive blood culture (in 15 to 30% of cases)28.
The host defence mechanisms against pyelonephritis and more generally against 
UTI, take place at the mucosal surfaces and involve both the epithelium and the 
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local immune system. The inflammatory response is triggered by the bacterial 
endotoxin (lipopolysaccharide, LPS). LPS induces production of pro-inflammatory 
cytokines (such as TNF-α, IL1β, IL-6 and IL-8) by monocytes and macrophages. 
In addition, LPS also triggers the secretion of chemokines (MCP-1, RANTES) and 
cytokines (IL-6, IL-8) by renal tubular epithelial cells as well as the production of 
IL-6 by the urothelium. The local production of chemokines and cytokines forms a 
gradient of chemoattractants which attract immune cells such as mononuclear and 
polymorphonuclear cells to the site of infection24, 25, 29-31. The immune response also 
leads to complement activation which participates to the opsonisation of the invading 
bacteria30. Altogether, activation of immune processes obviously leads to the clearance 
of the infection. However, it has been shown that reducing the number of invading 
neutrophils in the kidney significantly reduces parenchymal scarring, indicating that 
immune processes are also causing renal damages observed upon pyelonephritis32. 
The oxidative burst caused by neutrophils is one of the main factors involved in the 
development of renal scarring after pyelonephritis, which may eventually lead to 
end-stage renal disease33. The incidence of renal fibrosis following pyelonephritis can 
be as high as 64% in children34, 35. 

Renal transplantation
A wide variety of conditions may affect the kidney and cause progressive deterioration 
of renal function, ultimately leading to end stage renal disease (ESRD). We speak of 
ESRD when 90 to 95% of renal function is lost and patients require renal replacement 
therapy in order to sustain vital functions. 
For patients with terminal renal failure, a kidney transplant remains the treatment of 
choice. The short term probability of graft failure from any cause is extremely low: 
0.09 and 0.03 for recipients of deceased or living donor transplants respectively36. 
However, despite recent progress in immunosuppression the probabilities for graft 
failure at ten years after transplantation are as high as 0.54 and 0.38 for recipients of 
respectively deceased or living donor transplants37. However, renal transplantation is 
considered the best replacement therapy for patients with terminal kidney failure since 
the survival rates of patients that underwent transplantation are better than those for 
patients that maintain on dialysis. Transplant patients that underwent dialysis are more 
likely to develop early rejection than patients that were transplanted before beginning 
dialysis38-40.
The main problem of renal transplantation remains allograft rejection. Allograft 
rejection is initiated when donor (foreign) antigens are presented to the T lymphocytes 
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of the recipient by antigen presenting cells (APCs) such as dendritic cells or 
macrophages. APCs present donor antigens on their major histocompatibility complex 
(MHC) molecules to T-cells. To achieve complete T-cell activation costimulatory 
signals are required. Helped by adhesion molecules, activated T-cells roll, tether and 
migrate across graft endothelium and enter the graft, resulting in so-called T-cell 
mediated rejection (TCMR). T-cells cause allograft injury either directly through 
contact with epithelial cells (CD8 T-cells are able to target and induce apoptosis 
of tubular cells for instance) or indirectly by activating inflammatory processes. In 
addition, cytokines produced by T-cells present within the interstitial space activate 
epithelial cells to produce chemokines which attract even more T-cells.
Another mechanism of rejection can occur either alone or in combination with 
TCMR: the antibody-mediated rejection or ABMR. ABMR has a worse prognosis and 
usually requires a different treatment than TCMR. Antibodies that mediate ABMR 
are usually directed against MHC molecules, endothelial cell antigens and ABO blood 
group antigens. ABMR can occur weeks or years after the transplant procedure. The 
archetypical form of ABMR is the hyperacute rejection, occurring immediately during 
the transplantation procedure, which is caused by deposition of antibodies on the 
endothelial MHC molecules, activating the complement cascade and causing necrosis, 
platelet deposition and local coagulation. Since the introduction of effective cross 
matching methods this hyperacute rejection does not occur any longer. Activation of 
the complement cascade is a key component of ABMR. C5b initiates the formation of 
the membrane attack complex which causes endothelial damage. C4d (which results 
from the cleavage of Complement component 4b) positive staining on the peritubular 
capillaries has been described as a characteristic feature of ABMR by the Banff 2007 
classification system of allograft histopathology41-43.
The characteristic histopathologic changes of TCMR include interstitial infiltration 
of T-cells, and tubulitis. ABMR however is characterised by acute tubular necrosis, 
capillary and/or glomerular inflammation, and C4d positivity in peritubular 
capillaries41. However, it has been estimated that up to 25% of ABMR is C4d 
negative44-48. Arteritis, i.e. the presence of lymphocytes under the arterial endothelium, 
can be seen in the context of both TCMR and ABMR.
In order to prevent allograft rejection, transplanted patients require treatment with 
immunosuppressive drugs, usually for the lifetime of the transplant. Patients receive 
maintenance therapy usually consisting of three classes of drugs: corticosteroids 
(which inhibit the expression of cytokines genes, and especially the IL-2 gene, thereby 
suppressing the cell and antibody-mediated immune response), antimetabolites 
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(which supress the de novo purine synthesis) and calcineurin inhibitors (inhibiting 
the phosphatase calicineurin, blocking the migration of the nuclear factor of activated 
T-cells from the cytoplasmic to the nucleus)49.

Diabetic nephropathy
In the last decades the prevalence of diabetes mellitus has dramatically increased 50, 51.  
Consequently, the incidence of diabetic nephropathy (DN) has increased as well, 
making DN the most common cause of end-stage renal disease (ESRD) in adults. It 
affects approximately one third of patients suffering from type 1 or type 2 diabetes51, 52, 
and the cost of caring for these patients exceeds $10 billion annually in the US.
 DN is characterized by the accumulation of extracellular matrix, which can occur 
within the glomerular basement membrane (GBM) or within the tubular basement 
membrane leading to mesangial expansion. Mesangial expansion can be uniform 
within the glomeruli or nodular (Kimmelstiel-Wilson nodules), as often observed in 
later stage of the disease. Podocytes injuries are also commonly encountered in DN 
kidney tissue, severe podocytes injuries may lead to podocyte loss explaining that 
podocytes are often found in urine of diabetic patients.
DN develops through 5 stages. In stage 1, patients present with renal hypertrophy 
and increased GFR. At this stage, patients at risk of diabetic nephropathy cannot 
be distinguished from those that are not at risk. After prolonged diabetes the 
disease evolves in stage 2 when basement membrane thickening and mesangial 
expansion develop. Stages 3 and 4 are respectively characterised by the development 
of microalbuminuria, elevated blood pressure and proteinuria, hypertension and 
decreased GFR. Finally, 5 to 15 years after the development of proteinuria, DN 
progresses to ESRD.
Hyperglycaemia initiates kidney damage by triggering various pathways. Accumulation 
of advanced glycation end products (AGEs) in the kidney is one of the main causes 
of loss of kidney function during DN. AGEs contribute to alterations in renal 
structure and loss of renal function. Binding of AGEs to matrix proteins contributes to 
basement membrane thickening and mesangial expansion. 
Either glucose metabolism or formation of AGEs increase production of reactive 
oxygen species (ROS) and oxidative stress, leading to tissue damage and to 
upregulation of TGF-β, PAI-1, and ultimately to extracellular matrix (ECM) protein 
expression causing mesangial expansion. ROS also lead to activation of signalling 
molecules such as protein kinase C (PKC) and NF-κB resulting in production of 
cytokines, growth factors and ECM proteins. Activation of PKC plays a pivotal 
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role in the pathogenesis of DN, it leads to nitric oxide production, expression of 
endothelin-1, and vascular endothelial growth factor, inducing local inflammation 
which results in endothelial dysfunction.
Inflammation is important in the development of DN. Macrophages are commonly 
found in renal biopsies from diabetic patients, their accumulation correlates with the 
severity of DN. Macrophages promote accumulation of CD4 and CD8 lymphocytes 
in renal tissue, associated with albumin excretion and decreased renal filtration53, 54. 
Increased concentrations of cytokines and chemokines have been observed in DN 
patients and/or in animal models of DN as well. Increased levels of MCP-1, IL-1, 
IL-6, IL-18, TNF-α and TGF-β lead to arteriosclerosis, vascular injuries, increased 
expression of adhesion molecules and overexpression of extracellular matrix.
Of importance for this thesis, DN is also associated with changes in haemostatic and 
coagulation processes. Increased von Willebrand factor (vWF) plasma levels have 
been described in type 1 and type 2 diabetic patients. This reflects the occurrence of 
endothelial injury and may contribute to the hypercoagulant phenotype observed 
in DN patients. Indeed, vWF release by endothelial cells (or by platelets) initiates 
thrombus formation by carrying and stabilizing factor VIII and by promoting platelet 
adhesion.

Haemostasis
The primary functions of haemostasis are closing off vascular leaks, while at the same 
time avoiding vascular obstruction. Consequently, the coagulation system has evolved 
as a cascade of highly regulated biochemical reactions. In vivo, coagulation is mostly 
initiated by the tissue factor pathway. However, another activation pathway exists, the 
contact activation pathway, which is considered to play a minor role in the activation 
of coagulation in vivo. In the two pathways, most coagulation factors are serine 
proteases which circulate as an inactive form called zymogen, except of factor VII 
(FVII) and V (FV) which are glycoproteins.
Upon damage to a blood vessel, FVII comes in contact with Tissue Factor (TF), 
which is mainly expressed by subendothelial cells, resulting in FVII activation, after 
which FVIIa activates factors X and IX. FXa is able to transforms a small quantity 
of prothrombin into thrombin. In its turn thrombin can activate factors V, VIII and 
XI. As a result, FXIa produces larger amount of FIXa, which together with FVIIIa 
form the tenase complex and catalyse the activation of larger amounts of FX. FXa and 
FVa will then transform prothrombin into thrombin which will ultimately converts 
fibrinogen into fibrin, the main component of blood clots.
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The generation of thrombin also leads to the activation of a negative feedback loop 
which prevents excessive and uncontrolled coagulation that may lead to thrombotic 
events. One of the major proteins responsible for this negative control of clotting is 
activated protein C (APC). In recent years it has become clear that coagulation and 
inflammatory processes are closely intertwined phenomena. Indeed, most elements 

Figure 1. Overview of the coagulation cascade and its interaction with inflammation. PC: Protein C; APC: 
Activated Protein C; PS: Protein S; EPCR: Endothelial Protein C Receptor (adapted and modified from Madhusudan 
et al.55).
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of the coagulation cascade and their negative regulators have been implicated in 
inflammatory and immune processes, as will be discussed in the following paragraphs.

Protein C structure, activation and function
Protein C (PC) is a vitamin K-dependant serine protease which circulates in the 
plasma as an inactive zymogen at an average concentration of 70nM56.
Structural studies have shown that PC comprises several domains including a 
N-terminal γ-carboxiglutamic acid-domain (Gla-domain), two epidermal growth 
factor-like domains (EGF-like domains), a linking peptide, an activation peptide and 
a trypsin-like serine protease domain57, 58. The latter contains the triad residues that 
are characteristic for trypsin-like serine proteases and constitutes the active site of the 
protein. After cleavage by thrombin, 12 residues of the activation peptide are released 
from the single chain zymogen resulting in a conformational change converting 
PC into in an active protease consisting of two chains held together by a disulphide 
bound59-61. Thrombin activates PC at the surface of endothelium, the rate of PC 
activation is ~1000 fold increased when thrombin and PC binds to thrombomodulin 
(TM) in the presence of Ca2+. The extracellular domain of TM contains six EGF-like 
domains, the fourth and sixth domains are known binding sites for a basic exosite of 
thrombin, enabling thrombin to recognize and activate protein C in a quicker way60, 

62-64. If the PC zymogen is bound via its Gla domain to the endothelial protein C 
receptor (EPCR) the activation rate of PC is further enhanced by ~20 fold65.
APC is best known for its role as a regulator of the coagulation cascade, it can inhibit 
the clotting cascade by proteolytically degrading the coagulation cofactors Va (FVa) 
and VIIIa (FVIIIa) on the surface of negatively charged phospholipids66. 
Inactivation of factor FVa by APC is mediated by proteolic cleavage at Arg 306 and 
506. Although APC quickly cleaves at Arg 506, it results in an incomplete inactivation 
of FVa whereas slower cleavage at Arg 306 leads to total suppression of FVa activity67. 
In contrast to FVa, both cleavage at Arg 336 and Arg562 result in complete 
inactivation of FVIIIa. However, the physiological relevance of FVIIIa inactivation by 
APC has been a matter of debate since FVIIIa has a short half-life of about 2 minutes. 
Thrombin-activated APC completely inhibits thrombin production by FVa/FVIIIa-
activated FXa. Therefore APC mediates a negative feedback loop for the coagulation 
cascade66.
The role of APC is not only limited to its anticoagulant activities.
In addition to its anticoagulant activities, APC has anti-inflammatory and cytoprotective 
activities. When bound to EPCR, APC can signal through protease-activated receptors 
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(such as PAR-1 and 3), which co-localize with EPCR in caveolin-1 enriched lipid 
rafts and thereby mediates several pathways such as anti-inflammatory, cytoprotective, 
anti-apoptotic pathways and protection of the endothelial barrier function68-70. 
In clinical and research settings, treatment with APC has been shown to down-
regulate pro-inflammatory and proapoptotic and up-regulate anti-inflammatory and 
antiapoptotic pathways71-77. APC is also capable of reducing NF-κB expression and 
activity and thereby suppressing cytokine signalling and other NF-κB-modulated genes78. 
Anti-inflammatory effects of APC manifest at various levels. APC has been shown, 
especially in monocytes, to inhibit production of LPS-induced pro-inflammatory 
mediators77. It also inhibits leukocyte chemotaxis and migration in-vivo79-81. 
APC can also stimulate the expression of antiapoptotic genes such as Bcl-2 and 
suppresses expression proapoptotic factors like p53 and Bax73, 74, 82, 83.
Finally, APC mediates endothelium stabilization mainly by enhancing the formation 
of sphingosine-1-phosphate (S1P) by sphingosine kinase-1. S1P then activates its 
S1P receptor-1 (S1PR1) which stabilizes the cytoskeleton and reduces endothelial 
permeability71, 84. 

The endothelial protein C receptor
The PROCR gene consists of four exons and three introns located on chromosome 
20q11.2. It encodes for a 238 amino acids and 46 kDa protein called endothelial 
protein C receptor (EPCR)85, 86. EPCR shares three-dimensional and structural 
similarities with the major histocompatibility complex class 1/CD1 family of 
protein87. EPCR expression was initially observed on endothelium of larger vessels 
and to a lesser extent on capillaries88. It has since been detected on various cell types 
including vascular smooth muscle cells89, eosinophils81, monocytes90, keratinocytes91, 
hippocampal neurons92, cardiomyocytes93, placental trophoblasts94, bone marrow and 
fetal liver embryonic hematopoietic stem cells95, 96.
EPCR is involved during development since mice die early in gestation 
(approximatively at embryonic day 9.5) when the EPCR gene is knocked out. At 
this age no EPCR is observed in the embryo but high expression levels are observed 
on trophoblast giant cells in the placenta. The embryo begins to express EPCR at 
embryonic day 13.5 in the aorta and as the embryo develops more vessels begin to 
express EPCR. Neonatal mice express low levels of EPCR. Expression increases until it 
reaches adult levels at 7 days after birth.94, 97 
EPCR was first described in 1994 by Fukudome and Esmon85 as an endothelial 
receptor for protein C. EPCR places PC optimally for activation by thrombin, 
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resulting in an increased activation rate of roughly 20 times98, 99. But perhaps the 
most important physiological role of EPCR is to mediate signalling by APC. Indeed, 
binding of APC to EPCR is required to activate cytoprotective PAR-1 signalling100, 

101. Co-localization of PAR-1 with EPCR in caveolin-rich lipid rafts switches PAR-1 
from activating Gq/12/13 protein (resulting in pro-inflammatory pathways activation) 
to activation of Gi protein68. Signalling through PAR-1 and Gi protein leads to 
several anti-inflammatory and cytoprotective effects such as inhibition of the release 
of inflammatory mediators102-105, down-regulation of the expression of adhesion 
molecules73, inhibition of neutrophil and eosinophil migration81, 106, anti-apoptotic 
activities73, 107 and the protection of endothelial barrier function80, 108.
EPCR is not always bound to cell surface, it can also be found in a soluble form, 
soluble EPCR (sEPCR).
Solubilisation of EPCR has two main causes. Firstly, as observed in patients with 
systemic inflammatory diseases which show high levels of sEPCR, the A Disintegrin 
and Metalloproteinase 17 (ADAM17) is able to cleave EPCR releasing its extracellular 
domain from the cell membrane109, 110. Secondly, a mutation in the PROCR gene may 
lead to elevated sEPCR levels, as observed in patients bearing the haplotype A3. These 
patients have a glycine substitution at Ser-219 in the EPCR trans-membrane region, 
increasing the sensibility of EPCR to ADAM17. Mutation in the PROCR gene may 
also lead to the expression truncated mRNA with does not code for the intracellular 
and trans-membrane region of EPCR111-114.
sEPCR has specific functions since it retains a similar affinity for PC/APC as the 
membrane-bound form. Therefore, it competes with the membrane-bound form for 
the zymogen and consequently reduces APC generation115. 

Thrombomodulin
Thrombomodulin (TM) was first described by Esmon and Owen in 1982116 . In 
human, TM is encoded by an intronless gene located in chromosome 20p12-cen117, 
it encodes for a protein of 575 amino acids118. After removal of an 18 amino acids 
signal peptide, TM acquires its mature form consisting of a single-chain type 1 
transmembrane glycoprotein divided in five distinct domains, each having a distinct 
function119. The C terminal part of TM is formed by a short cytoplasmic tail which 
intracellularly anchors TM and could be involved in multimerization of the protein120. 
The next domain consists of a short well-conserved trans-membrane region. The 
first extra-cellular domain is particularly rich in serine/threonine and is important 
for the attachment to the extracellular matrix and to chondroitin sulphate121. The 
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next domain is composed of six EGF-like repeats which all together have mitogenic 
effects on fibroblasts122 and vascular smooth muscle cells123. The function of the 
two first EGF-like domains is unknown. However, domains 5-6 bear a high affinity 
binding site for thrombin exosite 1, which allows the others EGF-like domains to 
facilitate several thrombin functions. For instance, domains 3-6 are important for 
thrombin-mediated thrombin-activatable fibrinolysis inhibitor (TAFI) activation, 
domains 4-6 are essential for PC activation by thrombin and, finally, domains 5-6 are 
involved in the inactivation of the single chain urokinase-type plasminogen activator 
by thrombin124-131. The N-terminal end of TM is occupied by the C-type lectin like 
domain. It comprises about the half of the extracellular part of the protein. Electron 
microscopy and computer models propose that the lectin-like domain has a globular 
structure apart from the plasma membrane, allowing formation of effective interaction 
with other molecules119, 132, 133.
As stated above TM is an important anticoagulant factor as it prevents pro-coagulant 
factors from binding to thrombin, rendering it unable to convert fibrinogen to fibrin 
and activate factor V and XIII. When bound to TM, thrombin substrate specificity 
almost completely switches to PC and TAFI134.
Besides its role in the coagulation cascade, TM is also involved in various 
inflammatory processes. TM was initially thought to have indirect anti-inflammatory 
effects through activation of protein C which, as reported above, has anti-coagulant 
and anti-inflammatory effects135. Another indirect anti-inflammatory role of TM is 
mediated by reducing the pro-inflammatory intrinsic properties of thrombin. Free 
thrombin has the ability to increase the production of TNF-α by monocytes136, 
it facilitates the recruitment of immune cells by endothelium by increasing the 
expression of adhesion molecules such as ICAM-1137 and VCAM-1138, and thrombin 
also increases the secretion of chemoattractants such as MCP-1139.
In the last years TM has been shown to have intrinsic direct anti-inflammatory effects 
as well. Especially the lectin-like domain is thought to directly influence inflammatory 
mediators134, 140. Indeed, mice lacking the lectin-like domain of TM (TMLeD/LeD 
mice) produced more cytokines such as TNFα, interleukin (IL)-1 and exhibited 
more leukocyte infiltration into their lungs after challenge with lipopolysaccharide 
(LPS) or following inhalation of gram-negative bacteria 140, 141. The lack of the lectin-
like domain also results in an enhanced expression of adhesion molecules such as 
ICAM-1 and VCAM-1 in these mice leading to increased neutrophil adhesion to 
endothelium141.
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The lectin-like domain is capable to bind to at least two inflammatory mediators. 
Binding of the lectin-like domain to the high–mobility group box 1 (HMGB1) 
prevents it from signalling through its receptors (such as receptor for advanced 
glycation endproducts, RAGE, or Toll-like receptors, TLR) and activating downstream 
pro-inflammatory pathways142. 
Soluble recombinant lectin-like domain is also able to bind to the Lewis Y antigen 
of LPS which causes agglutination of bacteria and facilitates their opsonisation by 
macrophages 143.

Protein S
Protein S (PS), a vitamin K-dependent protein encoded by the PROS1 gene located 
on chromosome 3, is synthetized by hepatocytes and endothelial cells as a soluble 
circulating protein144-146. The 635 amino acids of which PS is composed are arranged 
in four domains; a γ-carboxiglutamic acid-rich domain (Gla domain), a thrombin 
sensitive region (TSR), four EGF-like domains and a sex hormone binding globulin-
like domain147.
PS is an anti-coagulant factor that acts at various levels. First it is best known for its 
cofactor activity of APC-mediated factor Va and VIIIa inactivation148. Inactivation 
of Factor Va is accomplished by cleavage at arginines 306 and 506. PS enhances 
APC-mediated cleavage at Arg306 ~20 fold and annihilates factor Xa-dependent 
protection of Arg506149, 150. PS has been shown to act synergistically with factor V 
to enhance the inactivation rate of factor VIIIa, facilitating cleavage at Arg 336 and 
562148, 151, 152. PS is also able to act as an anti-coagulant factor independently from 
APC, by competing, in in vitro systems containing low phospholipid concentrations, 
with factor Xa and Va for phospholipids and therefore preventing the activation of 
thrombin by the prothrombinase complex153-156.
Like the other molecules cited in the previous paragraphs, PS is at the cross road 
between coagulation and inflammation. PS, together with the Growth arrest-specific 
6 protein (GAS6), is a ligand of the TAM receptors (TAMRs)157. In this case, TAM 
stands for Tyro-3, Axl and Mer which form a family of tyrosine kinases receptors. They 
share with other tyrosine kinases receptors the fact that binding of a ligand trigger the 
dimerization and activation of two receptors, transducing the signal from the extra-
cellular to the intra-cellular space.
Tyro-3, Axl and Mer triple KO animals have provided evidence about the function of the 
TAMRs. Triple KO mice developed phenotypes which can be attributed to defaults in the 
phagocytosis of apoptotic cells by macrophages and in regulation of the immune system158. 
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The exact mechanism of PS involvement in apoptosis is not fully understood. 
However, it has been suggested that PS-mediated Mer tyrosine kinase receptor 
phosphorylation recruits signalling molecules and enzymes (such as phospholipase 
Cg2 and cytoskeleton-associated GTPas Rac1) involved in the reorganization 
of the cytoskeleton of phagocytes, necessary for internalization of apoptotic 
cells159. In addition, PS can directly bind to apoptotic cells via interaction with 
phosphatidylserine expressed on their surface160. This mechanism relates to clinical 
practice since in patients, a mutation in the gene coding for Mer results in the loss of 
the tyrosine kinase activity of the Mer receptor, causing severe and progressive retinitis 
pigmentosa161, 162.
TAMRs are also known inhibitors of inflammation notably by inhibiting components 
of TLR signalling including inhibition of P38 MAP kinase, NF-κB, tumor necrosis 
factor-receptor-associated factor 3 and secretion of cytokines such as TNF-α, IL-6 and 
IL-12157, 163.
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Outline of this Thesis
In the following chapters, the role of the protein C system in renal injury, 
inflammation and urinary tract infection will be addressed.
In chapter 2, the role of signalling and anticoagulant effects of APC is addressed. 
Administration of APC protected mice against I/R renal injury. By using antibodies 
which block the anticoagulant or signalling effects of APC, or by administration of 
APC derivates which lack the anticoagulant or signalling properties, we were able to 
demonstrate that the protective effect of APC was independent from its anticoagulant 
activity. In addition, blocking anticoagulant and signalling capabilities of APC 
resulted in major intrarenal bleeding, suggesting that endogenous APC is important to 
maintain vascular integrity in renal tissue.
In chapter 3, we investigated whether EPCR deficiency or the overexpression of 
EPCR has an effect on renal function and tissue damage following I/R injury. Neither 
EPCR deficiency nor EPCR overexpression resulted in altered degrees of injury or 
renal function. Accordingly, the magnitude of the inflammatory response did not 
differ between KO and overexpressor animals. Thus, in this study we could not 
demonstrate any significant role for EPCR upon renal I/R.
We show in chapter 4 that renal transplant patients suffering from ABMR express 
elevated levels of EPCR in the kidney, especially in the peritubular capillaries, tubules, 
glomeruli and arteries. Accordingly, these patients had elevated urine sEPCR levels, 
whereas plasma sEPCR levels did not differ. ROC curve analysis showed that urinary 
sEPCR could potentially be used to discriminate ABMR patients from TCMR 
patients or healthy controls, leading us to conclude that sEPCR could potentially be 
used as a non-invasive biomarker for ABMR.
In chapter 5, in a model of acute pyelonephritis, mice lacking the lectin-like domain 
of TM (TMLeD/LeD mice) showed elevated bacterial loads in their bladder and 
kidneys compared to WT and animals bearing a mutated EGF-like domain making 
them unable to activate Protein C. In addition, we observed reduced inflammation 
and neutrophil infiltration in the kidneys of TMLeD/LeD mice, demonstrating that 
the lectin-like domain of thrombomodulin is critically involved in host defence against 
E. coli induced acute pyelonephritis. In the same model, as shown in chapter 6, 
EPCR deficiency did neither influence the bacterial loads in bladder and kidney, nor 
the local inflammation, leading us to conclude that EPCR does not play any role in 
the development of acute pyelonephritis.
In chapter 7, in a cohort of diabetic patients, we showed that patients suffering from 
diabetic nephropathy had elevated levels of plasma and urinary sEPCR compared to 
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their diabetic controls. In vitro studies performed with glomerular endothelial cells 
revealed that ADAM17 mediates EPCR cleavage upon hyperglycaemic conditions. 
EPCR shedding was suppressed when ADAM17 was inhibited or silenced. ADAM17 
inhibition or silencing improved endothelial VE-cadherin expression and reduced 
mRNA expression of TGF-β, thereby preserving the endothelial phenotype of 
glomerular endothelium. Conversely, EPCR silencing led to the loss of this endothelial 
phenotype as evidence by the increase of TGF-β mRNA expression. This is the first 
evidence of a causal link between ADAM17-driven EPCR shedding and DN.
Finally in chapter 8, we show that diabetic patients with albuminuria displayed 
elevated levels of circulating sMer and enhanced urinary excretion of sTyro3 and sMer 
when compared to diabetic controls. This was associated with loss of tubular Tyro3 
and Mer expression in diabetic kidneys and excessive infiltration of TAM-positive 
macrophages and glomerular depositions of protein S. ROC curve analysis suggest 
that excretion of sMer and sTyro3 may serve as a diagnostic marker for diabetic 
nephropathy.



27

General introduction

References

  1. Greenberg A, Cheung AK, Coffman T, Falk RJ, Jennette JC. Primer on kidney diseases. 5th ed: Elsevier Saunders; 
2009.

  2. Gougoux A. Physiologie des reins et des liquides corporels: ÉDITIONS MULTIMONDES; 2009.

  3. Basile DP, Anderson MD, Sutton TA. Pathophysiology of acute kidney injury. Comprehensive Physiology. 
2012;2(2):1303-53. Epub 2012/04/01.

  4. Salvadori M, Rosso G, Bertoni E. Update on ischemia-reperfusion injury in kidney transplantation: Pathogenesis and 
treatment. World journal of transplantation. 2015;5(2):52-67. Epub 2015/07/02.

  5. Kinsey GR, Li L, Okusa MD. Inflammation in acute kidney injury. Nephron Exp Nephrol. 2008;109(4):e102-7. Epub 
2008/09/20.

  6. Devarajan P. Update on mechanisms of ischemic acute kidney injury. J Am Soc Nephrol. 2006;17(6):1503-20. Epub 
2006/05/19.

  7. Bonventre JV, Yang L. Cellular pathophysiology of ischemic acute kidney injury. J Clin Invest. 2011;121(11):4210-
21. Epub 2011/11/03.

  8. Bonventre JV. Mechanisms of ischemic acute renal failure. Kidney Int. 1993;43(5):1160-78. Epub 1993/05/01.

  9. Sheridan AM, Bonventre JV. Cell biology and molecular mechanisms of injury in ischemic acute renal failure. Curr 
Opin Nephrol Hypertens. 2000;9(4):427-34. Epub 2000/08/05.

10. Droge W. Free radicals in the physiological control of cell function. Physiological reviews. 2002;82(1):47-95. Epub 
2002/01/05.

11. Nordberg J, Arner ES. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system. Free radical 
biology & medicine. 2001;31(11):1287-312. Epub 2001/12/01.

12. Li C, Jackson RM. Reactive species mechanisms of cellular hypoxia-reoxygenation injury. Am J Physiol Cell Physiol. 
2002;282(2):C227-41. Epub 2002/01/15.

13. Sharfuddin AA, Molitoris BA. Pathophysiology of ischemic acute kidney injury. Nat Rev Nephrol. 2011;7(4):189-
200. Epub 2011/03/03.

14. Aksu U, Demirci C, Ince C. The pathogenesis of acute kidney injury and the toxic triangle of oxygen, reactive oxygen 
species and nitric oxide. Contrib Nephrol. 2011;174:119-28. Epub 2011/09/17.

15. Legrand M, Mik EG, Johannes T, Payen D, Ince C. Renal hypoxia and dysoxia after reperfusion of the ischemic 
kidney. Mol Med. 2008;14(7-8):502-16. Epub 2008/05/20.

16. Molitoris BA. Actin cytoskeleton in ischemic acute renal failure. Kidney Int. 2004;66(2):871-83. Epub 2004/07/16.

17. Woroniecki R, Ferdinand JR, Morrow JS, Devarajan P. Dissociation of spectrin-ankyrin complex as a basis for loss of 
Na-K-ATPase polarity after ischemia. Am J Physiol Renal Physiol. 2003;284(2):F358-64. Epub 2002/11/01.

18. Jang HR, Rabb H. The innate immune response in ischemic acute kidney injury. Clin Immunol. 2009;130(1):41-50. 
Epub 2008/10/17.

19. Ramesh G, Reeves WB. Inflammatory cytokines in acute renal failure. Kidney Int Suppl. 2004(91):S56-61. Epub 
2004/10/06.

20. Simmons EM, Himmelfarb J, Sezer MT, Chertow GM, Mehta RL, Paganini EP, et al. Plasma cytokine levels predict 
mortality in patients with acute renal failure. Kidney Int. 2004;65(4):1357-65. Epub 2004/04/17.

21. Kielar ML, John R, Bennett M, Richardson JA, Shelton JM, Chen L, et al. Maladaptive role of IL-6 in ischemic acute 
renal failure. J Am Soc Nephrol. 2005;16(11):3315-25. Epub 2005/09/30.

22. Berger K, Moeller MJ. Mechanisms of epithelial repair and regeneration after acute kidney injury. Semin Nephrol. 
2014;34(4):394-403. Epub 2014/09/14.



28

CHAPTER 1

23. Duffield JS, Park KM, Hsiao LL, Kelley VR, Scadden DT, Ichimura T, et al. Restoration of tubular epithelial cells 
during repair of the postischemic kidney occurs independently of bone marrow-derived stem cells. J Clin Invest. 
2005;115(7):1743-55. Epub 2005/07/12.

24. Barnett BJ, Stephens DS. Urinary tract infection: an overview. Am J Med Sci. 1997;314(4):245-9. Epub 1997/10/23.

25. Webb NJ, Brenchley PE. Cytokines and cell adhesion molecules in the inflammatory response during acute 
pyelonephritis. Nephron Exp Nephrol. 2004;96(1):e1-6. Epub 2004/01/31.

26. Kumar V, Abbas AK, Fausto N, Aster JC. Pathologic Basis of Disease. 8 ed: Saunders Elsevier; 2010.

27. Czaja CA, Scholes D, Hooton TM, Stamm WE. Population-based epidemiologic analysis of acute pyelonephritis. Clin 
Infect Dis. 2007;45(3):273-80. Epub 2007/06/30.

28. Colgan R, Williams M, Johnson JR. Diagnosis and treatment of acute pyelonephritis in women. Am Fam Physician. 
2011;84(5):519-26. Epub 2011/09/06.

29. Haraoka M, Hang L, Frendeus B, Godaly G, Burdick M, Strieter R, et al. Neutrophil recruitment and resistance to 
urinary tract infection. J Infect Dis. 1999;180(4):1220-9. Epub 1999/09/09.

30. Spencer JD, Schwaderer AL, Becknell B, Watson J, Hains DS. The innate immune response during urinary tract 
infection and pyelonephritis. Pediatr Nephrol. 2014;29(7):1139-49. Epub 2013/06/05.

31. Hang L, Haraoka M, Agace WW, Leffler H, Burdick M, Strieter R, et al. Macrophage inflammatory protein-2 
is required for neutrophil passage across the epithelial barrier of the infected urinary tract. J Immunol. 
1999;162(5):3037-44. Epub 1999/03/11.

32. Meylan PR, Markert M, Bille J, Glauser MP. Relationship between neutrophil-mediated oxidative injury during acute 
experimental pyelonephritis and chronic renal scarring. Infect Immun. 1989;57(7):2196-202. Epub 1989/07/01.

33. Cotton SA, Gbadegesin RA, Williams S, Brenchley PE, Webb NJ. Role of TGF-beta1 in renal parenchymal scarring 
following childhood urinary tract infection. Kidney Int. 2002;61(1):61-7. Epub 2002/01/12.

34. Benador D, Benador N, Slosman DO, Nussle D, Mermillod B, Girardin E. Cortical scintigraphy in the evaluation of 
renal parenchymal changes in children with pyelonephritis. J Pediatr. 1994;124(1):17-20. Epub 1994/01/01.

35. Jakobsson B, Soderlundh S, Berg U. Diagnostic significance of 99mTc-dimercaptosuccinic acid (DMSA) scintigraphy 
in urinary tract infection. Arch Dis Child. 1992;67(11):1338-42. Epub 1992/11/01.

36. United States Renal Data System. 2015 USRDS annual data report: Epidemiology of kidney disease in the United 
States. National Institutes of Health, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, 
MD, 2015. . 2015.

37. U.S. Renal Data System, USRDS 2013 Annual Data Report: Atlas of Chronic Kidney Disease and End-Stage Renal 
Disease in the United States 2013.

38. Schnuelle P, Lorenz D, Trede M, Van Der Woude FJ. Impact of renal cadaveric transplantation on survival in 
end-stage renal failure: evidence for reduced mortality risk compared with hemodialysis during long-term follow-up. 
J Am Soc Nephrol. 1998;9(11):2135-41. Epub 1998/11/10.

39. Hiesse C, Rieu P, Larue JR, Kriaa F, Goupy C, Benoit G, et al. Late graft failure and death in renal transplant 
recipients: analysis in a single-center population of 1500 patients. Transplant Proc. 1997;29(1-2):240-2. Epub 
1997/02/01.

40. Arend SM, Mallat MJ, Westendorp RJ, van der Woude FJ, van Es LA. Patient survival after renal transplantation; 
more than 25 years follow-up. Nephrol Dial Transplant. 1997;12(8):1672-9. Epub 1997/08/01.

41. Solez K, Colvin RB, Racusen LC, Haas M, Sis B, Mengel M, et al. Banff 07 classification of renal allograft pathology: 
updates and future directions. Am J Transplant. 2008;8(4):753-60. Epub 2008/02/26.

42. Nankivell BJ, Alexander SI. Rejection of the kidney allograft. N Engl J Med. 2010;363(15):1451-62. Epub 
2010/10/12.

43. Abbas AK, Lichtman AH, Pillai S. Cellular and molecular immunology. 6th ed: Saunders Elsevier; 2007.



29

General introduction

44. Takeda A, Otsuka Y, Horike K, Inaguma D, Hiramitsu T, Yamamoto T, et al. Significance of C4d deposition in 
antibody-mediated rejection. Clin Transplant. 2012;26 Suppl 24:43-8. Epub 2012/07/07.

45. Haas M. Pathology of C4d-negative antibody-mediated rejection in renal allografts. Curr Opin Organ Transplant. 
2013;18(3):319-26. Epub 2013/01/04.

46. Colvin RB. Antibody-mediated renal allograft rejection: diagnosis and pathogenesis. J Am Soc Nephrol. 
2007;18(4):1046-56. Epub 2007/03/16.

47. Mengel M, Husain S, Hidalgo L, Sis B. Phenotypes of antibody-mediated rejection in organ transplants. Transpl Int. 
2012;25(6):611-22. Epub 2012/04/27.

48. Sis B, Halloran PF. Endothelial transcripts uncover a previously unknown phenotype: C4d-negative antibody-
mediated rejection. Curr Opin Organ Transplant. 2010;15(1):42-8. Epub 2009/12/17.

49. Nankivell BJ, Kuypers DR. Diagnosis and prevention of chronic kidney allograft loss. Lancet. 2011;378(9800):1428-
37. Epub 2011/10/18.

50. Ritz E, Zeng XX, Rychlik I. Clinical manifestation and natural history of diabetic nephropathy. Contrib Nephrol. 
2011;170:19-27. Epub 2011/06/11.

51. Virginia Lopez-Parra BM, Jesus Egido and Carmen Gomez-Guerrero. Immunoinflammation in Diabetic Nephropathy: 
Molecular Mechanisms and Therapeutic Options, Diabetic Nephropathy. In: Chan J, editor.: InTech; 2012.

52. Reutens AT, Atkins RC. Epidemiology of diabetic nephropathy. Contrib Nephrol. 2011;170:1-7. Epub 2011/06/11.

53. Moriya R, Manivel JC, Mauer M. Juxtaglomerular apparatus T-cell infiltration affects glomerular structure in Type 1 
diabetic patients. Diabetologia. 2004;47(1):82-8. Epub 2003/11/18.

54. Lim AK, Ma FY, Nikolic-Paterson DJ, Kitching AR, Thomas MC, Tesch GH. Lymphocytes promote albuminuria, but not 
renal dysfunction or histological damage in a mouse model of diabetic renal injury. Diabetologia. 2010;53(8):1772-
82. Epub 2010/04/28.

55. Madhusudhan T, Kerlin BA, Isermann B. The emerging role of coagulation proteases in kidney disease. Nat Rev 
Nephrol. 2016;12(2):94-109. Epub 2015/11/26.

56. Gruber A, Griffin JH. Direct detection of activated protein C in blood from human subjects. Blood. 
1992;79(9):2340-8. Epub 1992/05/01.

57. Pellequer JL, Gale AJ, Getzoff ED, Griffin JH. Three-dimensional model of coagulation factor Va bound to activated 
protein C. Thromb Haemost. 2000;84(5):849-57. Epub 2000/12/29.

58. Mather T, Oganessyan V, Hof P, Huber R, Foundling S, Esmon C, et al. The 2.8 A crystal structure of Gla-domainless 
activated protein C. EMBO J. 1996;15(24):6822-31. Epub 1996/12/16.

59. Kisiel W, Ericsson LH, Davie EW. Proteolytic activation of protein C from bovine plasma. Biochemistry. 
1976;15(22):4893-900. Epub 1976/11/02.

60. Rezaie AR. Regulation of the protein C anticoagulant and antiinflammatory pathways. Curr Med Chem. 
2010;17(19):2059-69. Epub 2010/04/29.

61. Esmon CT, Gu JM, Xu J, Qu D, Stearns-Kurosawa DJ, Kurosawa S. Regulation and functions of the protein C 
anticoagulant pathway. Haematologica. 1999;84(4):363-8. Epub 1999/04/06.

62. Esmon CT. Molecular events that control the protein C anticoagulant pathway. Thromb Haemost. 1993;70(1):29-35. 
Epub 1993/07/01.

63. Lane DA, Philippou H, Huntington JA. Directing thrombin. Blood. 2005;106(8):2605-12. Epub 2005/07/05.

64. Fuentes-Prior P, Iwanaga Y, Huber R, Pagila R, Rumennik G, Seto M, et al. Structural basis for the anticoagulant 
activity of the thrombin-thrombomodulin complex. Nature. 2000;404(6777):518-25. Epub 2000/04/13.

65. Stearns-Kurosawa DJ, Kurosawa S, Mollica JS, Ferrell GL, Esmon CT. The endothelial cell protein C receptor augments 
protein C activation by the thrombin-thrombomodulin complex. Proc Natl Acad Sci U S A. 1996;93(19):10212-6. 
Epub 1996/09/17.



30

CHAPTER 1

66. Dahlback B, Villoutreix BO. Regulation of blood coagulation by the protein C anticoagulant pathway: novel insights 
into structure-function relationships and molecular recognition. Arterioscler Thromb Vasc Biol. 2005;25(7):1311-20. 
Epub 2005/04/30.

67. Barhoover MA, Kalafatis M. Cleavage at both Arg306 and Arg506 is required and sufficient for timely and efficient 
inactivation of factor Va by activated protein C. Blood Coagul Fibrinolysis. 2011;22(4):317-24. Epub 2011/04/07.

68. Bae JS, Yang L, Manithody C, Rezaie AR. The ligand occupancy of endothelial protein C receptor switches the 
protease-activated receptor 1-dependent signaling specificity of thrombin from a permeability-enhancing to a 
barrier-protective response in endothelial cells. Blood. 2007;110(12):3909-16. Epub 2007/09/08.

69. Madhusudhan T, Wang H, Straub BK, Grone E, Zhou Q, Shahzad K, et al. Cytoprotective signaling by activated 
protein C requires protease-activated receptor-3 in podocytes. Blood. 2012;119(3):874-83. Epub 2011/11/26.

70. Nayak RC, Sen P, Ghosh S, Gopalakrishnan R, Esmon CT, Pendurthi UR, et al. Endothelial cell protein C receptor 
cellular localization and trafficking: potential functional implications. Blood. 2009;114(9):1974-86. Epub 
2009/07/10.

71. Mosnier LO, Zlokovic BV, Griffin JH. The cytoprotective protein C pathway. Blood. 2007;109(8):3161-72. Epub 
2006/11/18.

72. Franscini N, Bachli EB, Blau N, Leikauf MS, Schaffner A, Schoedon G. Gene expression profiling of inflamed human 
endothelial cells and influence of activated protein C. Circulation. 2004;110(18):2903-9. Epub 2004/10/27.

73. Joyce DE, Gelbert L, Ciaccia A, DeHoff B, Grinnell BW. Gene expression profile of antithrombotic protein c 
defines new mechanisms modulating inflammation and apoptosis. J Biol Chem. 2001;276(14):11199-203. Epub 
2001/03/30.

74. Riewald M, Ruf W. Protease-activated receptor-1 signaling by activated protein C in cytokine-perturbed endothelial 
cells is distinct from thrombin signaling. J Biol Chem. 2005;280(20):19808-14. Epub 2005/03/17.

75. Brueckmann M, Nahrup AS, Lang S, Bertsch T, Fukudome K, Liebe V, et al. Recombinant human activated protein 
C upregulates the release of soluble fractalkine from human endothelial cells. Br J Haematol. 2006;133(5):550-7. 
Epub 2006/05/10.

76. Hooper WC, Phillips DJ, Renshaw MA, Evatt BL, Benson JM. The up-regulation of IL-6 and IL-8 in human endothelial 
cells by activated protein C. J Immunol. 1998;161(5):2567-73. Epub 1998/09/02.

77. Stephenson DA, Toltl LJ, Beaudin S, Liaw PC. Modulation of monocyte function by activated protein C, a natural 
anticoagulant. J Immunol. 2006;177(4):2115-22. Epub 2006/08/05.

78. Joyce DE, Grinnell BW. Recombinant human activated protein C attenuates the inflammatory response in 
endothelium and monocytes by modulating nuclear factor-kappaB. Crit Care Med. 2002;30(5 Suppl):S288-93. Epub 
2002/05/11.

79. Elphick GF, Sarangi PP, Hyun YM, Hollenbaugh JA, Ayala A, Biffl WL, et al. Recombinant human activated protein C 
inhibits integrin-mediated neutrophil migration. Blood. 2009;113(17):4078-85. Epub 2009/02/27.

80. Feistritzer C, Riewald M. Endothelial barrier protection by activated protein C through PAR1-dependent sphingosine 
1-phosphate receptor-1 crossactivation. Blood. 2005;105(8):3178-84. Epub 2005/01/01.

81. Feistritzer C, Sturn DH, Kaneider NC, Djanani A, Wiedermann CJ. Endothelial protein C receptor-dependent inhibition 
of human eosinophil chemotaxis by protein C. J Allergy Clin Immunol. 2003;112(2):375-81. Epub 2003/08/05.

82. Cheng T, Liu D, Griffin JH, Fernandez JA, Castellino F, Rosen ED, et al. Activated protein C blocks p53-mediated 
apoptosis in ischemic human brain endothelium and is neuroprotective. Nat Med. 2003;9(3):338-42. Epub 
2003/02/04.

83. Guo H, Liu D, Gelbard H, Cheng T, Insalaco R, Fernandez JA, et al. Activated protein C prevents neuronal apoptosis 
via protease activated receptors 1 and 3. Neuron. 2004;41(4):563-72. Epub 2004/02/26.

84. Mosnier LO, Zlokovic BV, Griffin JH. Cytoprotective-selective activated protein C therapy for ischaemic stroke. Thromb 
Haemost. 2014;112(5):883-92. Epub 2014/09/19.



31

General introduction

85. Fukudome K, Esmon CT. Identification, cloning, and regulation of a novel endothelial cell protein C/activated protein 
C receptor. J Biol Chem. 1994;269(42):26486-91. Epub 1994/10/21.

86. Simmonds RE, Lane DA. Structural and functional implications of the intron/exon organization of the human 
endothelial cell protein C/activated protein C receptor (EPCR) gene: comparison with the structure of CD1/major 
histocompatibility complex alpha1 and alpha2 domains. Blood. 1999;94(2):632-41. Epub 1999/07/09.

87. Oganesyan V, Oganesyan N, Terzyan S, Qu D, Dauter Z, Esmon NL, et al. The crystal structure of the endothelial 
protein C receptor and a bound phospholipid. J Biol Chem. 2002;277(28):24851-4. Epub 2002/05/30.

88. Laszik Z, Mitro A, Taylor FB, Jr., Ferrell G, Esmon CT. Human protein C receptor is present primarily on endothelium 
of large blood vessels: implications for the control of the protein C pathway. Circulation. 1997;96(10):3633-40. 
Epub 1997/12/13 20:04.

89. Bretschneider E, Uzonyi B, Weber AA, Fischer JW, Pape R, Lotzer K, et al. Human vascular smooth muscle cells 
express functionally active endothelial cell protein C receptor. Circ Res. 2007;100(2):255-62. Epub 2006/12/16.

90. Galligan L, Livingstone W, Volkov Y, Hokamp K, Murphy C, Lawler M, et al. Characterization of protein C receptor 
expression in monocytes. Br J Haematol. 2001;115(2):408-14. Epub 2001/11/13.

91. Xue M, Campbell D, Sambrook PN, Fukudome K, Jackson CJ. Endothelial protein C receptor and protease-activated 
receptor-1 mediate induction of a wound-healing phenotype in human keratinocytes by activated protein C. J Invest 
Dermatol. 2005;125(6):1279-85. Epub 2005/12/16.

92. Gorbacheva L, Davidova O, Sokolova E, Ishiwata S, Pinelis V, Strukova S, et al. Endothelial protein C receptor is 
expressed in rat cortical and hippocampal neurons and is necessary for protective effect of activated protein C at 
glutamate excitotoxicity. J Neurochem. 2009;111(4):967-75. Epub 2009/09/29.

93. Wang J, Yang L, Rezaie AR, Li J. Activated protein C protects against myocardial ischemic/reperfusion injury through 
AMP-activated protein kinase signaling. J Thromb Haemost. 2011;9(7):1308-17. Epub 2011/05/04.

94. Li W, Zheng X, Gu JM, Ferrell GL, Brady M, Esmon NL, et al. Extraembryonic expression of EPCR is essential for 
embryonic viability. Blood. 2005;106(8):2716-22. Epub 2005/06/16.

95. Gleeson EM, O’Donnell JS, Preston RJ. The endothelial cell protein C receptor: cell surface conductor of 
cytoprotective coagulation factor signaling. Cell Mol Life Sci. 2012;69(5):717-26. Epub 2011/10/05.

96. Iwasaki H, Arai F, Kubota Y, Dahl M, Suda T. Endothelial protein C receptor-expressing hematopoietic stem cells 
reside in the perisinusoidal niche in fetal liver. Blood. 2010;116(4):544-53. Epub 2010/05/06.

97. Gu JM, Crawley JT, Ferrell G, Zhang F, Li W, Esmon NL, et al. Disruption of the endothelial cell protein C receptor 
gene in mice causes placental thrombosis and early embryonic lethality. J Biol Chem. 2002;277(45):43335-43. Epub 
2002/09/10.

98. Esmon CT. The protein C pathway. Chest. 2003;124(3 Suppl):26S-32S. Epub 2003/09/13.

99. Taylor FB, Jr., Peer GT, Lockhart MS, Ferrell G, Esmon CT. Endothelial cell protein C receptor plays an important role 
in protein C activation in vivo. Blood. 2001;97(6):1685-8. Epub 2001/03/10.

100. Riewald M, Petrovan RJ, Donner A, Mueller BM, Ruf W. Activation of endothelial cell protease activated receptor 1 
by the protein C pathway. Science. 2002;296(5574):1880-2. Epub 2002/06/08.

101. Vu TK, Hung DT, Wheaton VI, Coughlin SR. Molecular cloning of a functional thrombin receptor reveals a novel 
proteolytic mechanism of receptor activation. Cell. 1991;64(6):1057-68. Epub 1991/03/22.

102. White B, Schmidt M, Murphy C, Livingstone W, O’Toole D, Lawler M, et al. Activated protein C inhibits 
lipopolysaccharide-induced nuclear translocation of nuclear factor kappaB (NF-kappaB) and tumour necrosis 
factor alpha (TNF-alpha) production in the THP-1 monocytic cell line. Br J Haematol. 2000;110(1):130-4. Epub 
2000/08/10.

103. Brueckmann M, Hoffmann U, De Rossi L, Weiler HM, Liebe V, Lang S, et al. Activated protein C inhibits the 
release of macrophage inflammatory protein-1-alpha from THP-1 cells and from human monocytes. Cytokine. 
2004;26(3):106-13. Epub 2004/05/12.



32

CHAPTER 1

104. Grey ST, Tsuchida A, Hau H, Orthner CL, Salem HH, Hancock WW. Selective inhibitory effects of the anticoagulant 
activated protein C on the responses of human mononuclear phagocytes to LPS, IFN-gamma, or phorbol ester. J 
Immunol. 1994;153(8):3664-72. Epub 1994/10/15.

105. Yuksel M, Okajima K, Uchiba M, Horiuchi S, Okabe H. Activated protein C inhibits lipopolysaccharide-induced tumor 
necrosis factor-alpha production by inhibiting activation of both nuclear factor-kappa B and activator protein-1 in 
human monocytes. Thromb Haemost. 2002;88(2):267-73. Epub 2002/08/28.

106. Sturn DH, Kaneider NC, Feistritzer C, Djanani A, Fukudome K, Wiedermann CJ. Expression and function of the 
endothelial protein C receptor in human neutrophils. Blood. 2003;102(4):1499-505. Epub 2003/04/26.

107. Mosnier LO, Griffin JH. Inhibition of staurosporine-induced apoptosis of endothelial cells by activated protein C 
requires protease-activated receptor-1 and endothelial cell protein C receptor. Biochem J. 2003;373(Pt 1):65-70. 
Epub 2003/04/10.

108. Finigan JH, Dudek SM, Singleton PA, Chiang ET, Jacobson JR, Camp SM, et al. Activated protein C mediates novel 
lung endothelial barrier enhancement: role of sphingosine 1-phosphate receptor transactivation. J Biol Chem. 
2005;280(17):17286-93. Epub 2005/02/16.

109. Qu D, Wang Y, Esmon NL, Esmon CT. Regulated endothelial protein C receptor shedding is mediated by tumor 
necrosis factor-alpha converting enzyme/ADAM17. J Thromb Haemost. 2007;5(2):395-402. Epub 2006/12/13.

110. Kurosawa S, Stearns-Kurosawa DJ, Carson CW, D’Angelo A, Della Valle P, Esmon CT. Plasma levels of endothelial 
cell protein C receptor are elevated in patients with sepsis and systemic lupus erythematosus: lack of correlation 
with thrombomodulin suggests involvement of different pathological processes. Blood. 1998;91(2):725-7. Epub 
1998/01/15.

111. Guitton C, Gerard N, Quillard T, Charreau B. Circulating Endothelial Cell Protein C Receptor: Endothelial Regulation 
and Cumulative Impact of Gender and A3 Haplotype. J Vasc Res. 2011;48(4):336-46. Epub 2011/01/29.

112. Saposnik B, Lesteven E, Lokajczyk A, Esmon CT, Aiach M, Gandrille S. Alternative mRNA is favored by the 
A3 haplotype of the EPCR gene PROCR and generates a novel soluble form of EPCR in plasma. Blood. 
2008;111(7):3442-51. Epub 2007/12/13.

113. Saposnik B, Reny JL, Gaussem P, Emmerich J, Aiach M, Gandrille S. A haplotype of the EPCR gene is associated with 
increased plasma levels of sEPCR and is a candidate risk factor for thrombosis. Blood. 2004;103(4):1311-8. Epub 
2003/10/25.

114. Ulu A, Gunal D, Tiras S, Egin Y, Deda G, Akar N. EPCR gene A3 haplotype and elevated soluble endothelial protein 
C receptor (sEPCR) levels in Turkish pediatric stroke patients. Thromb Res. 2007;120(1):47-52. Epub 2006/10/10.

115. Liaw PC, Neuenschwander PF, Smirnov MD, Esmon CT. Mechanisms by which soluble endothelial cell protein 
C receptor modulates protein C and activated protein C function. J Biol Chem. 2000;275(8):5447-52. Epub 
2000/02/22.

116. Esmon NL, Owen WG, Esmon CT. Isolation of a membrane-bound cofactor for thrombin-catalyzed activation of 
protein C. J Biol Chem. 1982;257(2):859-64. Epub 1982/01/25.

117. Espinosa R, 3rd, Sadler JE, Le Beau MM. Regional localization of the human thrombomodulin gene to 20p12-cen. 
Genomics. 1989;5(3):649-50. Epub 1989/10/01.

118. Salem HH, Maruyama I, Ishii H, Majerus PW. Isolation and characterization of thrombomodulin from human 
placenta. J Biol Chem. 1984;259(19):12246-51. Epub 1984/10/10.

119. Suzuki K, Kusumoto H, Deyashiki Y, Nishioka J, Maruyama I, Zushi M, et al. Structure and expression of human 
thrombomodulin, a thrombin receptor on endothelium acting as a cofactor for protein C activation. EMBO J. 
1987;6(7):1891-7. Epub 1987/07/01.

120. Conway EM, Nowakowski B, Steiner-Mosonyi M. Thrombomodulin lacking the cytoplasmic domain efficiently 
internalizes thrombin via nonclathrin-coated, pit-mediated endocytosis. J Cell Physiol. 1994;158(2):285-98. Epub 
1994/02/01.



33

General introduction

121. Bourin MC, Lundgren-Akerlund E, Lindahl U. Isolation and characterization of the glycosaminoglycan component of 
rabbit thrombomodulin proteoglycan. J Biol Chem. 1990;265(26):15424-31. Epub 1990/09/15.

122. Hamada H, Ishii H, Sakyo K, Horie S, Nishiki K, Kazama M. The epidermal growth factor-like domain of recombinant 
human thrombomodulin exhibits mitogenic activity for Swiss 3T3 cells. Blood. 1995;86(1):225-33. Epub 
1995/07/01.

123. Tohda G, Oida K, Okada Y, Kosaka S, Okada E, Takahashi S, et al. Expression of thrombomodulin in atherosclerotic 
lesions and mitogenic activity of recombinant thrombomodulin in vascular smooth muscle cells. Arterioscler Thromb 
Vasc Biol. 1998;18(12):1861-9. Epub 1998/12/16.

124. Van de Wouwer M, Conway EM. Novel functions of thrombomodulin in inflammation. Crit Care Med. 2004;32(5 
Suppl):S254-61. Epub 2004/05/01.

125. Tsiang M, Lentz SR, Sadler JE. Functional domains of membrane-bound human thrombomodulin. EGF-like domains 
four to six and the serine/threonine-rich domain are required for cofactor activity. J Biol Chem. 1992;267(9):6164-
70. Epub 1992/03/25.

126. Kurosawa S, Stearns DJ, Jackson KW, Esmon CT. A 10-kDa cyanogen bromide fragment from the epidermal growth 
factor homology domain of rabbit thrombomodulin contains the primary thrombin binding site. J Biol Chem. 
1988;263(13):5993-6. Epub 1988/05/05.

127. Zushi M, Gomi K, Yamamoto S, Maruyama I, Hayashi T, Suzuki K. The last three consecutive epidermal growth 
factor-like structures of human thrombomodulin comprise the minimum functional domain for protein C-activating 
cofactor activity and anticoagulant activity. J Biol Chem. 1989;264(18):10351-3. Epub 1989/06/25.

128. Suzuki K, Hayashi T, Nishioka J, Kosaka Y, Zushi M, Honda G, et al. A domain composed of epidermal growth factor-
like structures of human thrombomodulin is essential for thrombin binding and for protein C activation. J Biol Chem. 
1989;264(9):4872-6. Epub 1989/03/25.

129. Wang W, Nagashima M, Schneider M, Morser J, Nesheim M. Elements of the primary structure of thrombomodulin 
required for efficient thrombin-activable fibrinolysis inhibitor activation. J Biol Chem. 2000;275(30):22942-7. Epub 
2000/05/10.

130. Zushi M, Gomi K, Honda G, Kondo S, Yamamoto S, Hayashi T, et al. Aspartic acid 349 in the fourth epidermal 
growth factor-like structure of human thrombomodulin plays a role in its Ca(2+)-mediated binding to protein C. J 
Biol Chem. 1991;266(30):19886-9. Epub 1991/10/25.

131. Kokame K, Zheng X, Sadler JE. Activation of thrombin-activable fibrinolysis inhibitor requires epidermal 
growth factor-like domain 3 of thrombomodulin and is inhibited competitively by protein C. J Biol Chem. 
1998;273(20):12135-9. Epub 1998/06/20.

132. Suzuki K, Deyashiki Y, Nishioka J, Kurachi K, Akira M, Yamamoto S, et al. Characterization of a cDNA for 
human protein C inhibitor. A new member of the plasma serine protease inhibitor superfamily. J Biol Chem. 
1987;262(2):611-6. Epub 1987/01/15.

133. Villoutreix OB, Dahlbäck B. Molecular Model for the C-type Lectin Domain of Human Thrombomodulin. Molecular 
modeling annual.4(10):310-22.

134. Conway EM. Thrombomodulin and its role in inflammation. Semin Immunopathol. 2012;34(1):107-25. Epub 
2011/08/02.

135. Esmon CT. The roles of protein C and thrombomodulin in the regulation of blood coagulation. J Biol Chem. 
1989;264(9):4743-6. Epub 1989/03/25.

136. Hoffman M, Cooper ST. Thrombin enhances monocyte secretion of tumor necrosis factor and interleukin-1 beta by 
two distinct mechanisms. Blood Cells Mol Dis. 1995;21(2):156-67. Epub 1995/01/01.

137. Cheng SE, Lee IT, Lin CC, Hsiao LD, Yang CM. Thrombin induces ICAM-1 expression in human lung epithelial cells 
via c-Src/PDGFR/PI3K/Akt-dependent NF-kappaB/p300 activation. Clin Sci (Lond). 2014;127(3):171-83. Epub 
2014/02/11.



34

CHAPTER 1

138. Kaplanski G, Marin V, Fabrigoule M, Boulay V, Benoliel AM, Bongrand P, et al. Thrombin-activated human 
endothelial cells support monocyte adhesion in vitro following expression of intercellular adhesion molecule-1 
(ICAM-1; CD54) and vascular cell adhesion molecule-1 (VCAM-1; CD106). Blood. 1998;92(4):1259-67. Epub 
1998/08/08.

139. Kawanami D, Matoba K, Kanazawa Y, Ishizawa S, Yokota T, Utsunomiya K. Thrombin induces MCP-1 expression 
through Rho-kinase and subsequent p38MAPK/NF-kappaB signaling pathway activation in vascular endothelial 
cells. Biochem Biophys Res Commun. 2011;411(4):798-803. Epub 2011/07/27.

140. Li YH, Kuo CH, Shi GY, Wu HL. The role of thrombomodulin lectin-like domain in inflammation. J Biomed Sci. 
2012;19:34. Epub 2012/03/28.

141. Conway EM, Van de Wouwer M, Pollefeyt S, Jurk K, Van Aken H, De Vriese A, et al. The lectin-like domain of 
thrombomodulin confers protection from neutrophil-mediated tissue damage by suppressing adhesion molecule 
expression via nuclear factor kappaB and mitogen-activated protein kinase pathways. J Exp Med. 2002;196(5):565-
77. Epub 2002/09/05.

142. Abeyama K, Stern DM, Ito Y, Kawahara K, Yoshimoto Y, Tanaka M, et al. The N-terminal domain of thrombomodulin 
sequesters high-mobility group-B1 protein, a novel antiinflammatory mechanism. J Clin Invest. 2005;115(5):1267-
74. Epub 2005/04/21.

143. Shi CS, Shi GY, Hsiao HM, Kao YC, Kuo KL, Ma CY, et al. Lectin-like domain of thrombomodulin binds to its 
specific ligand Lewis Y antigen and neutralizes lipopolysaccharide-induced inflammatory response. Blood. 
2008;112(9):3661-70. Epub 2008/08/20.

144. Watkins PC, Eddy R, Fukushima Y, Byers MG, Cohen EH, Dackowski WR, et al. The gene for protein S maps near the 
centromere of human chromosome 3. Blood. 1988;71(1):238-41. Epub 1988/01/01.

145. Schmidel DK, Tatro AV, Phelps LG, Tomczak JA, Long GL. Organization of the human protein S genes. Biochemistry. 
1990;29(34):7845-52. Epub 1990/08/28.

146. Rezende SM, Simmonds RE, Lane DA. Coagulation, inflammation, and apoptosis: different roles for protein S and 
the protein S-C4b binding protein complex. Blood. 2004;103(4):1192-201. Epub 2003/08/09.

147. Dahlback B, Lundwall A, Stenflo J. Primary structure of bovine vitamin K-dependent protein S. Proc Natl Acad Sci U S 
A. 1986;83(12):4199-203. Epub 1986/06/01.

148. Shen L, Dahlback B. Factor V and protein S as synergistic cofactors to activated protein C in degradation of factor 
VIIIa. J Biol Chem. 1994;269(29):18735-8. Epub 1994/07/22.

149. Rosing J, Hoekema L, Nicolaes GA, Thomassen MC, Hemker HC, Varadi K, et al. Effects of protein S and factor Xa 
on peptide bond cleavages during inactivation of factor Va and factor VaR506Q by activated protein C. J Biol Chem. 
1995;270(46):27852-8. Epub 1995/11/17.

150. Egan JO, Kalafatis M, Mann KG. The effect of Arg306-->Ala and Arg506-->Gln substitutions in the inactivation 
of recombinant human factor Va by activated protein C and protein S. Protein Sci. 1997;6(9):2016-27. Epub 
1997/09/23.

151. Lu D, Kalafatis M, Mann KG, Long GL. Comparison of activated protein C/protein S-mediated inactivation of human 
factor VIII and factor V. Blood. 1996;87(11):4708-17. Epub 1996/06/01.

152. Varadi K, Rosing J, Tans G, Pabinger I, Keil B, Schwarz HP. Factor V enhances the cofactor function of protein 
S in the APC-mediated inactivation of factor VIII: influence of the factor VR506Q mutation. Thromb Haemost. 
1996;76(2):208-14. Epub 1996/08/01.

153. Solymoss S, Tucker MM, Tracy PB. Kinetics of inactivation of membrane-bound factor Va by activated protein C. 
Protein S modulates factor Xa protection. J Biol Chem. 1988;263(29):14884-90. Epub 1988/10/15.

154. Heeb MJ, Mesters RM, Tans G, Rosing J, Griffin JH. Binding of protein S to factor Va associated with inhibition of 
prothrombinase that is independent of activated protein C. J Biol Chem. 1993;268(4):2872-7. Epub 1993/02/05.



35

General introduction

155. Hackeng TM, van ‘t Veer C, Meijers JC, Bouma BN. Human protein S inhibits prothrombinase complex activity on 
endothelial cells and platelets via direct interactions with factors Va and Xa. J Biol Chem. 1994;269(33):21051-8. 
Epub 1994/08/19.

156. Heeb MJ, Rosing J, Bakker HM, Fernandez JA, Tans G, Griffin JH. Protein S binds to and inhibits factor Xa. Proc Natl 
Acad Sci U S A. 1994;91(7):2728-32. Epub 1994/03/29.

157. van der Meer JH, van der Poll T, van ‘t Veer C. TAM receptors, Gas6, and protein S: roles in inflammation and 
hemostasis. Blood. 2014;123(16):2460-9. Epub 2014/03/07.

158. Zhang Y, Li N, Chen Q, Yan K, Liu Z, Zhang X, et al. Breakdown of immune homeostasis in the testis of mice lacking 
Tyro3, Axl and Mer receptor tyrosine kinases. Immunol Cell Biol. 2013;91(6):416-26. Epub 2013/05/22.

159. Scott RS, McMahon EJ, Pop SM, Reap EA, Caricchio R, Cohen PL, et al. Phagocytosis and clearance of apoptotic cells 
is mediated by MER. Nature. 2001;411(6834):207-11. Epub 2001/05/11.

160. Anderson HA, Maylock CA, Williams JA, Paweletz CP, Shu H, Shacter E. Serum-derived protein S binds to 
phosphatidylserine and stimulates the phagocytosis of apoptotic cells. Nat Immunol. 2003;4(1):87-91. Epub 
2002/11/26.

161. D’Cruz PM, Yasumura D, Weir J, Matthes MT, Abderrahim H, LaVail MM, et al. Mutation of the receptor tyrosine 
kinase gene Mertk in the retinal dystrophic RCS rat. Hum Mol Genet. 2000;9(4):645-51. Epub 2000/03/04.

162. Gal A, Li Y, Thompson DA, Weir J, Orth U, Jacobson SG, et al. Mutations in MERTK, the human orthologue of the 
RCS rat retinal dystrophy gene, cause retinitis pigmentosa. Nat Genet. 2000;26(3):270-1. Epub 2000/11/04.

163. Lemke G, Rothlin CV. Immunobiology of the TAM receptors. Nat Rev Immunol. 2008;8(5):327-36. Epub 
2008/04/19.





Chapter 2

Activated Protein C protects against renal ischemia-reperfusion 

injury, independent from its anticoagulant properties

Lionel Lattenist1

Marcel P.B. Jansen1

Gwendoline Teske1

Nike Claessen1

Joost C.M. Meijers4,5

Alireza R. Rezaie6

Charles T. Esmon3

Sandrine Florquin1,2 

Joris J. T. H. Roelofs1

1: Department of Pathology, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands.
2: Department of Pathology, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands

3: Coagulation Biology Laboratory, Oklahoma Medical Research Foundation, Oklahoma City, USA.
4: Department of Experimental Vascular Medicine, Academic Medical Center, University of Amsterdam, the 

Netherlands
5: Department of Plasma Proteins, Sanquin Research, Amsterdam, The Netherlands.

6: Department of Biochemistry and Molecular Biology, St Louis University School of Medicine, St Louis, MO, USA.

Thrombosis and Haemostasis 2016 (in press)



38

CHAPTER 2

Abstract 
Background
Acute renal failure, a serious condition characterized by a drastic decline in renal function, 
often follows ischemia/reperfusion (I/R) episodes. I/R is characterized by necrosis, 
inflammation and activation of coagulation, in concert causing renal tissue damage.
In this context, activated protein C (APC) might be of importance in the pathogenesis 
of renal I/R. APC is a serine protease which has anticoagulant but also several anti-
inflammatory and cytoprotective effects such as protection of endothelial barrier 
function.

Objectives
Study the role of cytoprotective and anticoagulant functions of APC during renal I/R.

Methods
C57BL/6j mice subjected to renal I/R were treated with intraperitoneally injected 
exogenous human APC, or two mutant forms of APC (200µg/kg) which specifically 
lack anticoagulant or signalling properties. In a different experiment mice received 
specific monoclonal antibodies (20mg/kg) that block the cytoprotective and/or 
anticoagulant properties of endogenous APC

Results
Treatment with APC reduced tubular injury and enhanced renal function without 
altering the inflammatory response and did reduce renal fibrin deposition. 
Administration of APC mutant lacking anticoagulant properties reduced renal damage 
and enhanced renal function.
Blocking the anticoagulant and cytoprotective functions of endogenous APC resulted 
in elevated tubular damage and reduced tubular cell proliferation, however without 
influencing renal function or the inflammatory response. Furthermore, blocking 
both the anticoagulant and cytoprotective effects of APC resulted in dramatic renal 
interstitial haemorrhage, indicative of impaired vascular integrity. Blocking only the 
anticoagulant function of APC did not result in interstitial bleeding.

Conclusion
The renoprotective effect of APC during I/R is independent from its anticoagulant 
properties. 
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Introduction
Acute kidney injury (AKI) is a grave clinical condition which is defined by an acute 
decline in renal function and can affect up to 5% of all hospitalized patients 1. In 
the intensive care unit, the mortality rate of AKI can be as high 50 to 80%1. Renal 
ischemia/reperfusion (I/R) is one of the main causes of AKI and can occur during 
shock, sepsis and during renal transplantation procedures. I/R is characterized by a 
reduction in blood supply, causing hypoxia, followed by restoration of blood flow, 
inducing various reactions such as inflammation, activation of cell death pathways 
(autophagy, apoptosis and necrosis), oxidative stress, and activation of coagulation.
Renal ischemia induces a multitude of pathways leading to tubular epithelial cell 
alterations such as loss of brush border, loss of cell polarity and cell death2, 3. Besides 
tubular damage, renal I/R is associated with a strong inflammatory response as 
evidenced by the increased secretion of pro-inflammatory cytokines and chemokines 
including IL-1β, IL-6 and IL-82-4. In addition, I/R can also induce swelling and 
activation of endothelial cells which further limits the blood flow even after 
reperfusion. Furthermore, endothelial permeability, expression of adhesion molecules 
such as P and E-selectin and ICAM-1 are increased and coagulation is activated as 
illustrated by platelet activation and fibrin deposition3.
The serine protease activated protein C (APC) can influence many of the 
abovementioned pathways that are of crucial importance in the pathogenesis of 
renal I/R. APC is best known for its anticoagulant effects. After thrombin-mediated 
activation of protein C, APC can proteolytically degrade coagulation factors Va and 
VIIIa5. When bound to its receptor, the Endothelial Protein C Receptor (EPCR), APC 
has the ability to signal through the G protein-coupled Protease-Activated Receptor 
1 (PAR-1)6 and 37, 8, thereby mediating several anti-inflammatory and cytoprotective 
effects such as inhibition of the release of inflammatory mediators9-12, down-regulation 
of the expression of adhesion molecules13, inhibition of neutrophil and eosinophil 
migration14, 15, anti-apoptotic activities13, 16 and the protection of endothelial barrier 
function17, 18.
APC has mainly been studied in models of inflammation and sepsis in which 
treatment with APC has been shown to attenuate inflammation and preserve renal 
function in rats19. Accordingly, rats expressing low levels of protein C display increased 
renal injury in a model of polymicrobial sepsis20.
The role of APC has also been studied in sterile inflammation settings. APC has been 
shown to contribute to protection in a murine model of cardiac I/R21. Furthermore, 
treatment with human APC is protective in liver I/R, since it improves the liver 
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function and histology by reducing infiltration of neutrophils, apoptosis and 
pro-inflammatory gene expression22.
In the current study we investigate the role of exogenous and endogenous APC in 
a mouse model of bilateral renal I/R. To gain more insight in the different roles 
played by various functions of APC during I/R, we have treated the animals with 
APC derivates which are either non-anticoagulant or non-signalling, or with specific 
antibodies blocking only the anticoagulant or both the anticoagulant and the 
signalling properties of APC.

Methods
Experimental protocol
8 to 12 weeks old C57BL6/J wild type (WT) male mice (n=8 per group) were 
treated either with APC or with monoclonal antibody blocking the anticoagulant 
or the signalling properties of endogenous APC. MAPC1591 and MPC160923, 24, 
monoclonal antibodies blocking respectively the anticoagulant and both anticoagulant 
and signalling properties of endogenous APC, were intraperitoneally injected (20 
mg/kg) to evaluate the role of endogenous APC. As negative control we used a 
class matched antibody, MCO1716, targeting the keyhole limpet hemocyanin. The 
role of exogenous APC was studied by intraperitoneally injecting 200 µg / kg of of 
recombinant human APC (Xigris, Eli Lilly, Indianapolis, USA) in 0,9% NaCl, or 
vehicle only as control. Xigris has been proven to effectively induce effects in mice21, 25. 
Two groups of 4 mice were also intraperitoneally injected with 200 µg/kg21 APC 2Cys 
or APC E170A, two recombinant APC derivates which have reduced anticoagulant 
capabilities or no signalling capabilities, respectively.
Thirty minutes after injections, the mice were subjected to bilateral renal I/R, induced 
by clamping both renal arteries for 30 minutes under general anaesthesia (10µL/1g 
mouse of FFM mixture containing 1.25mg/mL midazolam (Roche, Mijdrecht, 
the Netherland), 0.08mg/mL fentanyl citrate and 2.5mg/mL fluanisone (Janssen 
Pharmaceutica, Beerse, Belgium)), as previously described26. After the operation, the 
mice received subcutaneously 50µg/kg of buprenorphin (Temgesic, Schering-Plough, 
Brussels, Belgium). During and after surgery, the animals were kept on a heated 
mattress. After 24 hours reperfusion, the animals were sacrificed by exsanguination 
and cervical dislocation, performed under general anaesthesia (isoflurane).
The animals were maintained at the animal care facility of the Academic Medical 
Center (University of Amsterdam), according to national guidelines and had ad 
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libitum access to food and water. The Committee on Use and Care of Animals of the 
University of Amsterdam approved all experiments.

Determination of Renal Function
Plasma urea and creatinine were determined by routinely used clinical diagnostic assays.

Enzyme-linked immunosorbent assay (ELISA)
Kidneys were homogenized in a lysis buffer containing 150mM NaCl, 15mM Tris, 
1mM MgCl2.H2O, 1mM CaCl2, 1% Triton and 1% protease inhibitors. 
Concentrations of macrophage inflammatory protein-2 (MIP-2), monocyte 
chemoattractant protein 1 (MCP-1), keratinocyte-derived chemokine (KC), tumor 
necrosis factor α (TNF-α), interleukin(IL)-1 β and IL- 6 were measured in kidney 
homogenates by ELISA according to the instructions of the manufacturer (R&D 
Systems, Abingdon, UK; for KC homogenates were diluted 8.5 times in 1% of BSA 
PBS, for others 3 times).
Mouse myeloperoxidase (MPO) concentrations were measured by ELISA in kidney 
homogenates (Duoset DY3667, R&D System, Abingdon).
Concentrations of thrombin-antithrombin complexes (TATc) in kidney homogenates 
were measured according to the manufacturer guidelines using Enzygnost® TAT micro 
Kit (Siemens Healthcare Diagnostics, Erlangen, Germany).
All measurements were corrected for total protein concentration which was measured 
by incubating 1µL of 10 times diluted homogenates for 30 minutes at 37°C in 500µL 
of bicinchoninic acid containing 4% of CuSO4, absorbance was measured at 570nm.

Histology and Immunostainings
KI-67 and caspase 3 immunostainings were performed on 4µm thick paraffin 
embedded sections. Antigen retrieval with pH6 0.01M citrate buffer (10 minutes at 
100°C) was performed for optimal staining. 
After blocking with 5% normal goat serum, the sections were incubated overnight (at 
4°C) with a monoclonal rabbit anti KI-67 antibody (clone Sp6; Lab Vision Corp.) or 
with a polyclonal rabbit anti-caspase 3 antibody (Cell Signaling Technology, Beverly, 
MA). Primary antibodies binding were detected with a goat anti rabbit-poly HRP 
antibody (30 minutes incubation at room temperature, PowerVision, Immunologic, 
Duiven, Netherlands). Staining was developed with DAB (Immunologic, Duiven, 
Netherlands). 
Staining for neutrophils was performed as follows: After antigen retrieval with 0.25% 
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pepsin in 0,01M HCl (15 minutes at 37°C) and blocking with 5% normal mouse, 
the 4µm thick paraffin-embedded sections were immunostained for the lymphocyte 
antigen 6 (Ly6G) overnight at 4°C with a rat-anti-mouse-Ly6G-FITC antibody 
(clone RB6-8C5, BD Pharmingen). Detection of Ly6G staining was achieved with 
a rabbit-anti-FITC secondary antibody (30 minutes at room temperature), followed 
by development using goat-anti-rabbit poly HRP peroxidase kit (30 minutes at 
room temperature, Powervisoin, Immunologic, Duiven, Netherlands). Staining was 
developed with UltraDAB (Immunologic, Duiven, Netherlands).
Fibrin staining was performed on 4µm thick paraffin embedded sections. After 
antigen retrieval (0.1% trypsin for 30 min at 37°C) and blocking with 5% normal 
goat serum, the sections were incubated overnight (at 4°C) with a biotin conjugated 
goat anti-fibrin antibody (Ixell; Accurate Chemical & Scientific,Westbury, NY). AB 
complex (Vector Laboratories, Burlingame, CA) was applied and revealed using DAB 
(Immunologic, Duiven, Netherlands).
4µm thick paraffin embedded sections were stained for Pas-diastase. After 30min 
treatment with α-amylase (0.25%, type VI A A6880, Sigma), the sections were 
incubated with 1% periodic acid and Schiff reagent (respectively for 10 and 15min). 

The degree of tubular injury
was determined by scoring the extent of necrosis, dilation, cast deposition and loss of 
brush border in the corticomedullary on a scale from 0 to 5 as follows: 0, absent; 1, 0 to 
10%; 2, 10 to 25%; 3, 25 to 50%; 4, 50 to 75%; and 5, 75 to 100%27. All sections were 
coded and scored by two blinded investigators simultaneously, by means of consensus. 
For each section a mean score was calculated from at least ten high power fields.

Digital image analysis
Immunostained slides were scanned using an automated slide scanner (Olympus Slide 
system, Olympus, Tokyo, Japan) and TIF images, spanning the full tissue section were 
generated. In these images the extent of the staining was measured using Image J (U.S. 
National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij), after which 
the amount of specific staining positivity was expressed as a percentage of the total 
surface area.

Haemoglobin concentration determination
As previously described 28, haemoglobin levels were evaluated in 50-fold diluted kidney 
homogenate samples by measurement of the absorbance using a spectrophotometry set 
at a wavelength of 410 nm (Nanodrop 2000, Thermo Scientific, Waltham, MA). 
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Statistical Analysis
All data sets were tested for their distribution prior to analyses.
Data are expressed as mean ± SEM unless stated otherwise. Wilcoxon-Mann Whitney 
and Kruskal Wallis tests were performed using SPSS 19 software (IBM Corporation, 
Stomer NY USA). Overall a two-tailed p-value of <0.05 was considered significant.

Results
APC protects against renal I/R
The renal ischemia reperfusion model used here is associated with tubular damage, 
especially in the corticomedullary region. To determine the effect of exogenous APC, 
we pre-treated mice with recombinant APC 30min prior applying the I/R model.
The animals displayed tubular damage located in the corticomedullary region (figure 
1A and B). Tubular damage was reduced after treatment with APC (Figure 1C). In 
accordance, renal function was preserved in the APC treated mice, as evidenced by 
the reduced concentration of plasma ureum (Figure 1D) and creatinine (Figure 1E). 
I/R-induced tubular epithelial cell injury often results from the imbalance between 
apoptosis and cell proliferation. Therefore, we evaluated these two parameters by 
scoring active caspase 3 for apoptosis and KI-67 staining for proliferating cells in the 
corticomedullary region of renal tissue. Treatment with APC did not have any effects 
on apoptosis or cell proliferation (data not shown). 

Unaltered inflammatory response in APC treated mice after I/R
Inflammation is a key parameter for the development of I/R-induced renal tissue 
damage. Therefore, we measured the levels of myeloperoxidase (MPO) and 
pro-inflammatory cytokines and chemokines by ELISA in kidney homogenates. Levels 
of MPO, reflecting the amount of infiltrating neutrophil granulocytes, did not show 
any variation when mice were treated with APC (table 1). 

This was confirmed by Ly6G staining (figure 2A, B) which revealed that the extent 
of neutrophils infiltration did not vary after treatment with APC (figure 2C). 
Accordingly, concentration levels of MIP-2, MCP-1, KC TNF-α, IL-1β and IL-6 
were similar in control and APC treated groups (table 1). This shows that, although 
the actual tissue damage was different in APC treated and control mice, there was no 
difference in the magnitude of the inflammatory responses. 



44

CHAPTER 2

APC treatment reduces renal fibrin deposition after I/R
Besides inflammation, activation of coagulation is one of the determining factors in 
the generation of tissue damage during I/R29. We measured the levels of intrarenal 
coagulation by digital quantification of fibrin immunostainings of renal tissue. In 
addition, we measured the levels of thrombin-antithrombin complexes (TATc) in 
kidney homogenates.
As depicted in the two representative staining pictures (figure 3A and 3B) fibrin 

Figure 1. APC protects against I/R
Tubular necrosis was scored in the renal corticomedullar region. Tubular necrosis was observed in kidneys from 
controls (A) and APC treated (B) animals.
Tubular damages were decreased in animals treated with APC (C). In addition, APC enhanced renal function as 
evidenced by reduced levels of plasma ureum (D) and creatinine (E) concentrations.
* p < 0.05 (Mann-Whitney Test)
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Figure 2. APC does not alter neutrophils recrutement.
In order to quantify the extent of neutrophil recruitment lymphocyte antigen 6 (Ly6G) staining was performed in 
control (A) and APC treated animals (B). Similar neutrophils infiltrates were observed in control and in APC-treated 
animals (C).

Table 1. Concentrations of myeloperoxidase (MPO), macrophage inflammatory protein-2 (MIP-2), monocyte 
chemoattractant protein 1 (MCP-1), keratinocyte-derived chemokine (KC), tumor necrosis factor α (TNF-α), interleukin 
1β (IL-1) and IL-6 remained unchanged after treatment with APC. Data are shown as median and range.
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staining was observed especially in peritubular capillaries in the corticomedullary 
region, as well as in some glomeruli and in larger vessels. Treatment with APC resulted 
in reduced fibrin deposition compared to the control situation (figure 3C). Renal 
TATc concentrations did not differ among the groups (data not shown). These results 
demonstrate that administration of APC is able to reduce the renal pro-coagulant 
status following I/R. In humans, treatment with recombinant APC has been correlated 
to the occurrence of bleeding. Treatment with APC did not result in bleeding 
(intrarenal or otherwise) in our mice.

Figure 3. APC treatment reduces renal fibrin deposition after I/R
Fibrin stainings were performed in control (A) and APC treated animals (B). Extent of renal fibrin deposition was 
evaluated by scoring fibrin staining. Treatment with APC resulted in reduced fibrin deposition compared to the 
control situation (C). 
* p < 0.05 (Mann-Whitney Test)
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Protective effect of APC is independent from its anticoagulant function
In order to determine whether the anticoagulant or signalling effect of exogenous 
APC is responsible for its protective effects, we treated mice with 2 different APC 
derivates21. Mice were treated with APC 2Cys, a recombinant APC with reduced 
anticoagulant capabilities, showed a trend toward reduced renal damages compared 
to their control and to mice treated with APC E170A (figure 4A, B and C), a 
recombinant APC without signalling activity . Renal function was slightly enhanced 
in the two groups treated with the two recombinant forms of APC, however without 
reaching statistical significance (figure 4E and F). Mice treated with APC 2Cys and 
APC E170A, did not showed changes in the extent of the inflammatory response 
(table 2).

Of note, even if MPO levels remained constant, mice treated with APC 2Cys showed 
a slightly reduced (although not significant ) neutrophil infiltrate (figure 4G).
Treatment with APC 2Cys and APC E170A reduced fibrin deposition as well, however 
without statistical significance (figure 4H, I, J and K).

Blocking the anticoagulant and cytoprotective functions of endogenous APC increases 
renal damage and reduces tubular cell proliferation
To determine the impact of endogenous APC, we pre-treated the mice with previously 
characterized antibodies designed to block the different functions of APC. Mice were 
treated with antibodies blocking respectively the anticoagulant (MAPC1591) and both 
anticoagulant and cytoprotective (MPC1609) functions of APC24. The control group 
was injected with MCO1716, a class-matched irrelevant control antibody.

Table 2. Levels of MPO, MIP-2, MCP-1, KC, TNF-α, IL-1 β and IL-6 remained unchanged after treatment with APC 
derivates, APC 2Cys ant APC E170A. Data are shown as median and range.
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As described above, renal tissue damage was located in the corticomedullary region 
and mainly consisted of tubular cell necrosis (figures 5A, 5B and 5C). Inhibition of 
both the anticoagulant and signalling functions of endogenous APC led to increased 
renal damage, whereas blocking only the anticoagulant function of endogenous APC 
had no significant effects on the kidney morphology (figure 5D). These findings did 
not result in altered renal function since plasma ureum and creatinine concentrations 
remained comparable in all groups (figures 5E and F).
Furthermore, the number of neutrophils was significantly increased in renal tissue 
of animals treated with MPC1609 (figure 5G). Cell proliferation was reduced 
after blocking the anticoagulant or anticoagulant and signalling properties of APC 
compared to the control (Figure 5L) as evidenced by the reduced KI-67 expression 
in the corticomedullar region of renal tissue. Tubular apoptosis did not show any 
differences after blockade of APC (Figure 5M). 

Figure 4. APC derivates protect against I/R
Representative PAS-d staining for the control (A), APC 2Cys (B) and APC E170A groups (C), two recombinant APC 
derivates which have reduced anticoagulant capabilities or no signalling capabilities, respectively. Animals treated 
with APC 2Cys tend towards reduced tubular injuries (D). Animals treated with APC derivates displayed slightly 
reduced levels of plasma ureum (E) and creatinine (F).
Animals treated with APC 2Cys tend towards having reduced infiltrating neutrophils (G).
Fibrin stainings were also performed in the control (I), APC 2Cys (J) and APC E170A (K) groups. Treatment with 
APC E170A resulted in reduced renal fibrin deposition (H)
* p < 0.05 (Mann-Whitney Test)
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These results demonstrate that the protective effects of APC during I/R are 
independent from its anticoagulant function.
As depicted in the representative staining pictures (figure 5H, I and J) fibrin staining 
was observed especially in peritubular capillaries in the corticomedullary region. 
Blocking APC’s anticoagulant and cytoprotective functions resulted in reduced renal 
fibrin deposition compared to the control situation and to animals with inhibited 
anticoagulant APC’s function (figure 5K). However, renal TATc concentrations did 
not differ among the groups (data not shown).

Unaltered cytokine levels in mice treated with APC blocking antibodies
The inflammatory status of animals treated with MPC1609 and MAPC1591 was 

Figure 5. Blocking the anticoagulant and cytoprotective functions of APC reduced renal damage and tubular cell 
proliferation
Representative PAS-d staining for the control group (A), MPC1609 group (B) and the MAPC1591 group (C).
Tubular damages were increased in animals treated with MPC1609 (D) compared to control. This did not result in 
altered renal function as evidenced by unchanged plasma ureum (E) and creatinine (F). Blocking APC by MPC1609 
resulted in increased neutrophils infiltrate (G).
Renal fibrin was stained on tissues from control (H), MPC1609 (I) and MAPC1591(J) treated animals, and revealed 
a decrease in renal fibrin deposition decreased in animals treated with MPC1609 compared to control and 
MAPC1591 treated animals (K).
Blocking APC resulted in reduced tubular cells proliferation (L) an unaltered tubular cells apoptosis (M).
* p < 0.05 (Mann-Whitney Test)
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identical to the control animals as evidenced by the unaltered MPO, MIP-2, MCP-1, 
KC and TNF-α renal concentrations (table 3).

Effect of APC blockade on intra-renal haemorrhage 
APC has a well-defined protective role in maintaining vascular and endothelial 
integrity. Therefore, we determined the intra-renal extravasation of erythrocytes by 
evaluating the surface occupied by erythrocytes and by measuring haemoglobin 
concentration in kidney homogenates.
Mice treated with exogenous APC did not show any sign of intrarenal bleeding (data 
not shown). Strikingly, only mice treated with the MPC1609 antibody that inhibits 
anticoagulant and signalling functions of APC display dramatic intrarenal bleeding, 
as depicted in representative pictures (figure 6 A to C). Control animals and mice 
injected with MAPC1591 that only inhibits the anticoagulant function of APC 
did not display any signs of interstitial bleeding (figure 6D). This was confirmed by 
haemoglobin levels which tended to be elevated in mice who received MPC1609 
compared to control animals and to mice treated with MAPC1591 (figure 6E).

Table 3. Levels of MPO, MIP-2, MCP-1, KC, TNF-α, IL-1 β and IL-6 remained unchanged after treatment with 
MPC 1609 or MAPC1591. Data are shown as median and range.
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Discussion
Renal ischemia/reperfusion (I/R) injury is characterized by abundant inflammatory 
and coagulation processes30, 31, which in concert cause tubular injury. After activation 
by thrombomodulin-bound thrombin, activated protein C (APC) gains the ability 
to interfere with the two pathways cited above. APC is a serine protease capable of 
proteolytic degradation of coagulation factors Va and VIIIa, thereby inhibiting the 
coagulation process. In addition, APC has the ability to activate cellular pathways 
resulting in cytoprotective, anti-inflammatory and anti-apoptotic properties, as well 

Figure 6. Effect of APC blockade on intra-renal bleeding
Interstitial bleeding was observed on renal tissue from control (A), MPC1609 (B) and MAPC1591 (C) treated 
animals. Bleeding was evaluated by quantifying the area covered by erythrocytes. Mice with altered APC’s 
anticoagulant and signalling capabilities showed dramatic interstitial bleeding whereas control and MAPC1591 
treated animals did not (D). Renal haemoglobin concentration did not significantly differ among the groups (E). 
However, MAP1609 treated animals showed a trend to increased renal haemoglobin concentration.
* p < 0.05 (Mann-Whitney Test)
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as endothelial barrier protection. Therefore, in this study, we sought to investigate in 
which manner, APC’s anticoagulant and/or cytoprotective effects of APC contribute to 
I/R-induced renal damage.
The role of APC has been investigated in various disease models especially in sepsis, 
but also upon I/R injury. In myocardial I/R, pre- or post-conditioning with APC 
resulted in reduced infarct size, preserved cardiac function, reduced myocardial 
cell apoptosis and reduced inflammation in mice and rats 32, 33. Using the same 
APC derivates as we use in the current study – APC2Cys and APC-E170A - Wang 
et al. demonstrated that APC reduced myocardial infarct size independent of its 
anticoagulant activity21. They showed that the cardioprotective effect of APC was 
effectuated through stimulation of the AMP-activated protein kinase (APMK) 
signalling pathway, and inhibition of NF-kB and JNK signaling pathways, in an 
anticoagulant-independent fashion21.
Extensive research has been conducted investigating the role of APC in cerebral 
I/R. Recently, APC has been shown to have neuroprotective effects after middle 
cerebral artery occlusion in rodents. In this model, APC restored cerebral blood 
flow, reduced cerebral fibrin deposition, apoptosis and inflammation, resulting in 
reduced infarct size, oedema formation and improved motor neurological score34, 35. 
In a similar model, APC was shown to mediate brain repair, in a PAR-1 dependant 
fashion, as evidenced by the enhanced cerebral perfusion, the reduction in blood 
brain barrier leakage and the increased proliferation of endothelial cells and neuronal 
progenitor cells36. Furthermore, APC was shown to enhance neuronal progenitor cells 
proliferation, migration and differentiation in a PAR-1, PAR-3 and S1P1R dependant 
fashion8. This is in line with own results, since we find that blocking endogenous APC 
by MPC 1609 and MAPC1591 results in lower tubular epithelial cell proliferation 
after I/R, indicating a role for endogenous APC in postischemic renal repair. The 
abovementioned results in cerebral I/R translate in the clinical practice since an 
engineered APC, 3K3A-APC, is currently in phase 2 trial to study the effect of 3K3A-
APC as adjuvant neuroprotective agent besides the administration of tissue-type 
plasminogen activator in the treatment of ischaemic stoke37. 3K3A-APC is thought 
to induce PAR1 and PAR3-mediated cytoprotective signalling. In order to avoid 
thrombotic events, 3K3A-APC bears three substitutions in the factor Va-binding 
exosite resulting in a 95% reduced anticoagulant activity37.
Fewer studies have investigated the effects of APC in renal tissue, especially upon 
I/R. As mentioned in the introduction, Park et al. have demonstrated that treatment 
with APC reduced liver damages and remote renal injury secondary to hepatic 
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ischemia/reperfusion in mice. APC was able to reduce renal and hepatic necrosis, 
inflammation, infiltration of neutrophils, as well as endothelial apoptosis22. In a model 
of LPS-induced AKI, Gupta et al. have shown that treatment with APC reduced the 
damage to the renal microvasculature and restored peritubular capillary blood flow38.  
APC treatment reduced the number of microvascular leukocytes, an important 
pathophysiological feature of AKI. In addition, APC treatment improved LPS-induced 
tubular dysfunction in this model38. In a comparable rat model of LPS-induced 
AKI, APC infusion preserved renal function when compared to administration of 
control fluid39. In a model of polymicrobial sepsis, infusion of APC significantly 
improved renal function and renal histopathology, accompanied by a reduction of 
pro-inflammatory chemokine production20. In human transplant setting, the plasma 
levels of APC substantially increase after renal transplantation, resulting in APC 
sequestration in the graft, associated with reduction of intragraft neutrophils activation 
markers in patients who received ATG as immunosuppressive treatment40.
Overall the abovementioned literature demonstrates that APC has protective effects 
during I/R in various organs, mainly by limiting the extent of the inflammatory and 
apoptotic processes.
When we treated mice with APC, we observed attenuated renal damage upon 
ischemia/reperfusion. We noticed significantly reduced tissue damage in the 
corticomedullary region, resulting in preserved renal function. However, this was not 
associated with local reduced production of inflammatory mediators or with reduced 
apoptosis. Even though animals treated with exogenous APC tended to show reduced 
apoptosis, it did not reach a statistically significant difference. We were interested 
in studying which of the anticoagulant or signalling activities of APC was involved 
in renal I/R-induced injury. In order to do so, we treated mice with recombinant 
APC, APC 2Cys or APC E170A, which have reduced anticoagulant capabilities or 
no signalling capabilities, respectively21. As with treatment with APC, administration 
of the recombinant forms of APC tend to show enhanced renal function without 
influencing the local renal inflammatory response. Tubular injury also tended towards 
reduction after treatment with APC 2CyS, but not with APC E170A, suggesting again 
that APC-mediated renal protection was independent from its anticoagulant effect. 
This was accompanied by fewer infiltrating neutrophils. However, none of the data 
obtained with APC 2CyS and APC E170A reached statistical significance, maybe due 
to lack of power. 
Next, we aimed to investigate if endogenous APC contributes to I/R-induced AKI. 
In order to do so, we used two previously characterized monoclonal antibodies, 
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MAPC1591 and MPC1609, which block anticoagulant functions of endogenous 
APC24. MPC1609 also inhibits binding of APC to endothelium thereby preventing 
APC signalling. In our experiment, simultaneous inhibition of APC’s anticoagulant 
and signalling properties resulted in increased tubular injury whereas blocking only the 
anticoagulant function had no effect, implying that APC-induced renal protection is 
independent from its anticoagulant activity, suggesting that signalling through EPCR 
and PAR receptors mediates APC-induced protection, which is in line with previous 
work published by others showing that that APC protective effects were independent 
of its anticoagulant properties, notably in a models myocardial I/R8, 36, 41-43.
Tubular cell proliferation was affected by blocking APC’s anticoagulant properties only 
and even further reduced when blocking its anticoagulant and signalling activities. 
Strikingly, blocking signalling and anticoagulant function of APC led to dramatically 
reduced fibrin deposition and extensive bleeding. A previous study regarding a mouse 
model of Gram-negative sepsis23, showed that administration of MPC1609 may result 
at first in increased coagulation followed by a dramatic reduction thereof. Possibly, 
such a kinetic effect is at play in our study as well. 
Unlike other studies, we did not observe any influence of endogenous or exogenous 
APC on the local cytokine and chemokine production or apoptosis, this could be due 
to the fact that APC’s protective effects are depending of its binding to EPCR, which 
is barely detectable in the corticomedullary region in mice, which concentrate most of 
the damage upon renal I/R, possibly explaining the limited influence of APC on local 
inflammation and apoptosis.
The mechanism by which APC exerts its protective effects in our model is still unclear 
and would require additional research. However, the vascular integrity could play 
a pivotal role in our model, and inhibition of anticoagulation together with lack of 
endothelial integrity protection could potentiate the occurrence of bleeding especially 
considering that APC has proven direct vasculoprotective effects44. Indeed, the 
APC-EPCR-PAR1 system has been shown to protect the brain endothelium from 
I/R injury, via downregulation of p53-dependent pro-apoptotic pathway35. In human 
brain endothelial cells it was found that APC alters the cytosolic Ca2+ influx via 
EPCR and PAR1, thereby directly affecting the blood-brain barrier permeability45. 
In tissue plasminogen activator (tPA)-induced brain haemorrhage, APC treatment 
reduced haemorrhage and lesional volume by protecting brain endothelium and the 
brain blood barrier by the means of inhibiting the tPA- induced NF-κB-MMP-9 
pathway in a PAR-1 and EPCR-dependent fashion46. Of special interest for our 
current study, Dong et al. have recently shown that upon renal ischemia reperfusion, 
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APC induced Y-box binding protein 1(YB-1)-dependant renal protection. YB-1 is 
involved in in the regulation of inflammatory processes including sterile inflammation 
and renal disease. They have also shown that YB-1 ubiquitination is controlled by APC 
in an EPCR and PAR-1 dependant fashion47.
Since APC has been described to have direct vasculoprotective effect44, we hypothesize 
that the extensive haemorrhage in the MPC1609 treated mice resulted from lack 
of cytoprotection. This could lead to limited blood supply to the kidney after the 
reperfusion, thereby aggravating the renal injury. Blocking the cytoprotective effect of 
APC resulted in a dramatic reduction in tubular cell proliferation, probably hampering 
tubular regeneration and therefore increasing renal damage upon I/R injury.
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Abstract 
Background
Ischemia/reperfusion (I/R), one of the leading causes of acute renal failure, is 
associated with a strong inflammatory response and activation of coagulation which, in 
concert, cause renal tissue damage. In this context, the endothelial protein C receptor 
(EPCR) could be of crucial importance in the development of renal injury since EPCR 
and its main ligand activated protein C (APC) have been shown to influence both 
coagulation and inflammation.

Objectives
To study the impact of EPCR overexpression and suppression during renal I/R.

Methods
EPCR overexpressor (EPCR-Tie2) and EPCR knock out mice were subjected to 
bilateral renal I/R for 30 minutes and sacrificed after 1 or 5 days of reperfusion.

Results
Renal damage after I/R was mainly located in the corticomedullary region, resulting in 
reduced renal function. Neither EPCR deficiency nor EPCR overexpression resulted 
in altered degrees of injury compared with their respective controls. Accordingly, renal 
function did not differ between KO and Tie-2 animals. Inflammatory parameters 
(MPO, IL-1, IL-6, KC and MIP-2) and intrarenal activation of coagulation (TATc), 
key parameters in the development of I/R-induced renal injury, were comparable 
between transgenic mice and their respective controls. In addition, in overexpressor 
mice, cell proliferation was significantly reduced 1 day after reperfusion, while tubular 
apoptosis was increased.
In this study we could not demonstrate any significant role for EPCR upon renal I/R, 
since EPCR deletion or overexpression did not result in an altered response upon renal 
I/R injury.



63

EPCR in I/R renal injury

Introduction
Ischemia/reperfusion (I/R) is one of the main causes of acute kidney injury (AKI), 
which is a grave clinical condition defined by an acute decline in renal function. AKI 
can affect up to 5% of all hospitalized patients and has a mortality rate ranging from 
50 to 80% in the intensive care unit1.
I/R is characterized by a reduction in blood supply followed by its restoration. Renal 
I/R is associated with a strong inflammatory response as evidenced by the increased 
secretion of pro-inflammatory cyto/chemokines including IL-1β, IL-6, MIP-2, 
KC and expression of adhesion molecules such as P and E-selectin and ICAM-12-4. 
Also, coagulation is activated upon I/R as illustrated by platelet activation and fibrin 
deposition4, 5. These pathways affect mainly the corticomedullary region of the kidney 
leading to tubular epithelial cell alterations such as loss of brush border, loss of cell 
polarity and cell death3, 4.
Activated protein C (APC) has been shown to influence both coagulation and 
inflammation which are of crucial importance in the pathogenesis of renal I/R6, 7. 
APC is primarily known for its anticoagulant effects, the proteolytic degradation of 
coagulation factors Va and VIIIa8. When bound to its receptor, the Endothelial Protein 
C Receptor (EPCR), APC is able to signal through the G protein-coupled Protease-
Activated Receptor 1 (PAR-1)9 and 310, 11 and induce several anti-inflammatory and 
cytoprotective effects, such as inhibition of the release of inflammatory mediators12-15, 
down-regulation of the expression of adhesion molecules16, inhibition of neutrophil 
and eosinophil migration17, 18, anti-apoptotic activities16, 19 and the protection of 
endothelial barrier function20, 21.
It has been documented that APC has protective effects in various animal models 
of disease. Two separate studies described the renoprotective effects of APC in 
a polymicrobial sepsis model in rats 22, 23. APC was also found to contribute 
to protection in a mice model of cardiac I/R24, and recently we described that 
administration of APC protects against renal I/R as well (Lattenist et al., unpublished 
results). In general, the cytoprotective effects of APC appear to be independent 
from its anticoagulant effects, and depend on interaction with EPCR, making 
EPCR a central element in the interaction between coagulation, inflammation and 
cytoprotection.
In the current study we investigate the role of EPCR in renal I/R, using genetically 
engineered mice.
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Methods
Experimental protocol
EPCR-overexpressor mice were generated as described25.
In EPCR overexpressor (EPCR-Tie2) animals, overexpression of EPCR was achieved 
by means of an inserted Tie2 enhancer controlled EPCR transgene25. EPCR KO 
mice were generated as described elsewhere26; in brief, the EPCR gene was deleted 
in embryos via a conditional cre-lox mediated knockout system that leaves EPCR 
expression on placental giant trophoblasts intact, thereby enabling embryos to be 
carried to term 26.
The genotypes of overexpressor and KO animals were confirmed by PCR27.
All mice were backcrossed for at least eight times to a C57BL/6 genetic background. 
Wild type (WT) control animals were purchased from Charles River (Maastricht, the 
Netherlands). 
Bilateral renal I/R was induced in WT, EPCR overexpressor and EPCR KO mice 
by clamping both renal arteries for 30 minutes under general anaesthesia (10µL/1g 
mouse of FFM mixture containing 1.25mg/mL midazolam (Roche, Mijdrecht, 
the Netherland), 0.08mg/mL fentanyl citrate and 2.5mg/mL fluanisone (Jansen 
Pharmaceutica, Beere, Belgium)). After the operation, the mice received 50µg/kg of 
buprenorphin (Temgesic, Schering-Plough, Brussels, Belgium). Groups of minimum 
8 animals of 8 to 12 weeks of age were used in this model and were maintained at 
the animal care facility of the Academic Medical Center (University of Amsterdam), 
according to national guidelines and had ad libitum access to food and water. The 
Committee on Use and Care of Animals of the University of Amsterdam approved all 
experiments.

Protein C activity in plasma
PC activity levels were measured by an amidolytic assay, as described previously25.

Enzyme-linked immunosorbent assay (ELISA)
Kidneys were homogenated in a lysis buffer containing 150mM NaCl, 15mM Tris, 
1mM MgCl.H2O, 1mM CaCl2, 1% Triton and 1% protease inhibitors. 
Concentrations of macrophage inflammatory protein-2 (MIP-2), keratinocyte-derived 
chemokine (KC), interleukin 1 and 6 (IL-1 and IL-6) and myeloperoxidase (MPO) 
were measured in kidney homogenates by ELISA according to the instructions of the 
manufacturer (R&D System, Abingdon, UK).
Concentration of TAT in kidney homogenate was measured according to the 
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manufacturer guideline using Enzygnost® TAT micro Kit (Siemens Healthcare 
Diagnostic, Marburg, Germany).
All measurements were corrected for total protein concentration which was measured 
by incubating kidney homogenates for 30 minutes at 37°C in 500µL of bicinchoninic 
acid containing 4% of CuSO4, absorbance was measured at 570nm. 

Histology and Immunostainings
KI-67 and caspase 3 immunostainings were performed on 4µm thick paraffin 
embedded sections. Antigen retrieval with pH6 0.01M citrate buffer (10 minutes at 
100°C) was performed for optimal staining. 
After blocking with 5% normal goat serum, the sections were incubated overnight 
(at 4°C) with a monoclonal rabbit anti KI-67 antibody or with a polyclonal rabbit 
anti caspase 3 antibody. Primary antibodies binding were detected with a goat 
anti rabbit poly HRP antibody (30 minutes incubation at room temperature, 
Powervisoin, Immunologic, Duiven, Netherlands). Staining was developed with DAB 
(Immunologic, Duiven, Netherlands).
4µm thick paraffin embedded sections were stained for Pas-diastase. After 30min 
treatment with α-amylase (0.25%, type VI A A6880, Sigma), the sections were 
incubated with 1% periodic acid and Schiff reagent (respectively for 10 and 15min). 
The degree of tubular injury was determined in a semi-quantitative fashion as 
described previously5.

Statistical Analysis
All data sets were tested for their distribution prior to analyses.
Data are expressed as mean and SEM. Wilcoxon-Mann Whitney and Kruskal Wallis 
tests were performed using SPSS 19 software (IBM Corporation, Stomer NY USA). 
Overall a two-tailed p-value of <0.05 was considered significant.

Results and discussion
WT control mice showed positive staining for EPCR of the endothelium of middle 
sized arteries and veins. Peritubular capillaries and glomeruli were negative for 
EPCR. As expected, renal tissue from KO animals did not show any positive EPCR 
staining whereas overexpressor mice displayed strong general EPCR expression in all 
endothelial cells, including peri-tubular capillaries and glomeruli (figure 1 A, B and 
C). EPCR overexpression resulted in increased APC activity in the sham operated 
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groups whereas I/R groups and KO mice showed similar APC activity as their 
respective controls (figure 1D).
I/R resulted in tubular injury mainly located in the corticomedullary region of the 
kidney, resulting in reduced renal function. KO and overexpressor animals displayed 
similar degree of injury compared with their respective controls (figure 2A and D). 
Accordingly, renal function did not differ between KO and Tie-2 animals when 
compared to WT controls (figure 2B, C, E and F). 
Since inflammation and coagulation are key parameters in the development of 
I/R-induced renal tissue damage and are partly controlled by EPCR, we evaluated the 
levels of inflammatory mediators as well as the activation of the coagulation cascade. We 
measured the levels of myeloperoxidase (MPO) and pro-inflammatory cytokines and 
chemokines by ELISA in kidney homogenates. Levels of MPO, reflecting the number 
of infiltrating neutrophils, did not show any variation between transgenic mice and 
their respective controls (table 1). Accordingly, no difference in the magnitude of the 
inflammatory response was observed, as evidenced by the similar levels of IL-1, IL-6, 
KC and MIP-2 (table 1). Only raised levels of MPO and MIP-2 were measured in 
sham-operated EPCR KO mice (not shown) as well as modestly increased KC levels 
in overexpressor mice 24h after reperfusion (table 1). In addition, we evaluated the 

Figure 1. EPCR expression and APC activity.
Representative immuno stainings for EPCR in WT (A), EPCR KO (B) and EPCR overexpressor animals (C).
APC activity was measured in renal homogenates of EPCR overexpressor (squares) and EPCR KO mice (cicrcles).
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intrarenal activation of coagulation by measuring renal levels of TATc, which appears to 
be mildly elevated only at day 1 in overexpressor animals (table 1). 
These data are in contradiction with those obtained by Lee et al. who showed that mice 
expressing human EPCR, in addition to murine EPCR, had preserved renal function 
one day after right kidney nephrectomy associated with left kidney I/R. In their 
model, the extent of renal injury was reduced as well as inflammatory cell infiltration 
and renal apoptosis28. The impact of EPCR deficiency and/or overexpression have been 
investigated in various disease models with conflicting outcomes. Most of the studies 
on EPCR have focused on its role during sepsis or endotoxemia. For instance, Zheng 
et al. have shown that EPCR KO mice, in response to a sublethal dose of LPS, exhibit 
higher mortality, exaggerated coagulation and inflammatory responses, indicating that 
EPCR is involved in the control of the coagulation and inflammatory and protects the 
host from endotoxemia29. Others have shown that mice overexpressing EPCR survive a 
lethal dose of LPS, these mice had elevated levels of APC but no significant differences 
in plasma TNF-α, IL-1β, IL-6 or MPO25. However, lack of EPCR is not always 
detrimental, since Kager et al. have shown that EPCR is playing a limited role in a 
model of experimental tuberculosis performed on EPCR deficient and overexpressing 
mice30. Those suggest that EPCR could take part in protective pathways. However this 
seems to depend on the model used.

Figure 2. Renal injury and function.
Renal tubular necrosis, scored in the corticomedullar region, did not differ in EPCR KO (A, black bars) and EPCR 
overexrpessor (D, grey bars) mice when compared to their respective controls (white bars). Accordingly, renal 
function was unchanged, as evidenced by unaltered levels of plasma creatinine (B and E) and ureum (C and F).
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I/R-induced tubular epithelial cell injury often results from the imbalance between 
apoptosis and cell proliferation. Of importance, both APC and EPCR were shown to 
affect proliferation and apoptosis of various cell types16, 19, 31, 32 including in ischemia 
models28, 33, leading us to evaluate these two parameters by scoring active caspase 3 for 
apoptosis and KI-67 staining for proliferating cells in the corticomedullary region of 
renal tissue. The only significant differences in tubular cell proliferation and apoptosis 
were observed in overexpressor mice (figure 3C). Cell proliferation was significantly 
reduced 1 day after reperfusion, timepoint at which tubular apoptosis is increased 
(figure 3D). In line with this finding, Keshava et al. have shown that EPCR expression 
led to reduced cell proliferation and enhanced apoptosis in mesothelial tumour cells34.
In this study we could not demonstrate a significant role for EPCR upon renal I/R 
even though EPCR is expressed in the kidney. Renal damage upon I/R is mainly 
limited to the tubular epithelial cells, the cell type where EPCR expression is barely 
detectable in mice including in our transgenic mice. The EPCR expression pattern 
in mouse slightly differs from the situation in human where intermediate EPCR 
expression was found on tubular epithelial cells35. Therefore, the role of EPCR in 
human subjects may be slightly different from its role in mice.

Table 1. loss or overexpression of EPCR does not alter inflammation and coagulation after I/R.
Concentrations of myeloperoxidase (MPO), interleukin 1 (IL-1), IL-6 keratinocyte-derived chemokine (KC) and 
macrophage inflammatory protein-2 (MIP-2) did not differ in kidney homogenates of EPCR KO and EPCR 
overexpressor mice. KC concentration was raised in overexpressor mice after 24h of reperfusion. Renal TATc did 
not differ between KO mice and their control. After 24h of reperfusion overexpressor mice show slight increase in 
renal TATc levels.
* p < 0.05 (Mann-Whitney Test)
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Figure 3. results of KI-67 and caspase 3 scoring.
Tubular epithelial cell proliferation (A, black bars) and apoptosis (B, black bars) were comparable in KO mice (A, 
black bars) and in their control.
After 24h of reperfusion overexpressor mice (grey bars) show slight decrease of tubular cells proliferation (C) and 
increased apoptosis (D).
* p < 0.05 (Mann-Whitney Test)
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Abstract
The Endothelial Protein C Receptor (EPCR) is expressed on leukocytes, on 
endothelium of large blood vessels and to a lesser extent on capillaries. Membrane 
bound EPCR plays an important role in the activation of protein C which has 
anticoagulant, anti-inflammatory and cytoprotective effects. After cleavage by a 
protease EPCR is also found as a soluble protein. Acute rejection of kidney allografts 
can be divided in T-cell-mediated rejection (TCMR) and antibody-mediated (ABMR) 
rejection. The latter is characterized by strong activation of coagulation. Currently no 
reliable non-invasive biomarkers are available to monitor rejection.
Renal biopsies were available from 81 renal transplant patients (33 without rejection, 
26 TCMR and 22 ABMR), we had access to mRNA material, matched plasma and 
urine samples for a portion of this cohort. Renal EPCR expression was assessed by 
RT-PCR and immunostaining. Plasma and urine sEPCR levels were measured by 
ELISA. 
ABMR patients showed higher levels of EPCR mRNA than TCMR patients. EPCR 
expression on glomeruli was significantly elevated in ABMR patients than in TCMR 
or control patients. In the peritubular capillaries EPCR expression was higher in 
ABMR patients than in control patients. EPCR expression was higher in tubules and 
arteries of rejection patients than in control patients. Plasma sEPCR levels did not 
differ. Urine sEPCR levels were more elevated in the ABMR group than in patients 
with TCMR or without rejection. ROC analysis demonstrated that urinary sEPCR is 
appropriate to discriminate between ABMR patients and TCMR or control patients. 
We conclude that urinary sEPCR could be a novel non-invasive biomarker of antibody 
mediated rejection in renal transplantation.
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Introduction
The Endothelial Protein C Receptor (EPCR) is a type 1 transmembrane glycoprotein 
which belongs to the CD1 receptor family1. EPCR is primarily expressed on 
monocytes2, neutrophils3, the endothelium of large blood vessels and to a lesser extent 
on capillaries4. It binds to the Gla domain of Protein C (PC)5 resulting in a 20 fold 
increase of the PC activation rate6. Once activated, Active Protein C (APC) can be 
released in the circulation or can stay bounded to EPCR. Circulating APC plays an 
important role as an anticoagulant by proteolytically degrading the coagulation factors 
Va and VIIIa7, which are important co-factors in the intrinsic and common pathways 
of the coagulation cascade. EPCR bound APC signals through the G protein-coupled 
Protease-Activated Receptor 1 (PAR-1)8 and exerts several anti-inflammatory and 
cytoprotective effects such as inhibition of the release of inflammatory mediators9-12, 
down-regulation of the expression of adhesion molecules13, inhibition of neutrophil 
and eosinophil migration3, 14, anti-apoptotic activities13, 15 and the protection of 
endothelial barrier function16, 17.
The soluble form of EPCR (sEPCR), resulting from the cleavage of the extracellular 
domain of the membrane bound EPCR (mEPCR) by a metalloprotease18, can decrease 
the activation of PC by competing with mEPCR for PC18. sEPCR also inhibits 
APC anticoagulant activity by blocking the interaction with negatively charged 
membranes19, an interaction that is necessary for effective inactivation of coagulation 
factors Va and VIIIa.
Currently the role of the EPCR/APC complex in renal transplantation is unknown; 
however APC has been extensively studied in inflammation settings and in sepsis. 
For example, Gupta et al. showed increased renal injury in rats with acquired PC 
deficiency in a polymicrobial sepsis model20 and Keller et al. discovered that treatment 
with APC attenuates inflammation and preserves renal function during sepsis in rats21.
There are two types of acute allograft rejection that can occur either separately or 
together: T-cell-mediated rejection (TCMR) and acute antibody-mediated rejection 
(ABMR). TCMR is the most common form of acute allograft rejection, caused by 
effector T-cells that infiltrate and proliferate in the graft (-draining lymph nodes) 
leading to graft rejection22. ABMR is caused by donor-specific antibodies and is 
characterised by histological changes such as leukocyte infiltration in the glomeruli 
and peritubular capillaries (PTC), tubular necrosis, congestion of PTC, infiltration 
of granulocytes, endothelial cell damage and finally fibrinoid arterial necrosis23. 
Damaged endothelial cells release injury molecules such as cytokines, chemokines, 
von Willebrand factor and P-selectin, which can induce leukocyte adhesion and 
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activation of the complement and coagulation cascade22. As a result of activation of 
the complement cascade during ABMR currently one of the most reliable surrogate 
markers for ABMR is C4d positivity of PTC23, which requires having access to biopsy 
material, involving an invasive procedure for the patient. In the clinical setting it 
is important to distinguish between patients with TCMR and ABMR, because the 
treatments of these two types of rejection are different22.
In the current study we investigate the EPCR expression pattern in kidney transplants 
on both mRNA and protein level; and correlate plasma and urine sEPCR levels 
upon acute renal allograft rejection. We describe how urinary sEPCR can distinguish 
between ABMR and TCMR.

Methods
Patients
Eighty-one patients who underwent kidney transplantation between 1994 and 2008 
were retrospectively selected from the patient population of the Academic Medical 
Center at the University of Amsterdam. Patients were selected based on pathological 
diagnosis. Renal biopsies that fulfilled the minimal criteria for diagnostic assessment 
(7 glomeruli and at least 1 artery) according to the Banff 1997 criteria were available 
from all patients24. All biopsies were stained for Haematoxylin-Eosin, Periodic Acid 
Schiff Diastase and Methenamine Silver (Jones) and scored following the Banff 2007 
guidelines25.
Patients were divided in 3 groups, according to the biopsy diagnosis. The TCMR 
group consisted of 26 patients with interstitial infiltration, tubulitis or intimal arteritis 
24. Twenty patients with acute-tubulus-necrosis-like inflammation, capillary and/or 
inflammation and/or thrombosis, arteritis and C4d tubular deposition were assigned 
to the ABMR group24. In addition, two patients with signs of ABMR-associated 
microvascular inflammation26 with negative C4d staining were assigned to the ABMR 
group. Finally, the control group consisted of 33 patients without signs of rejection. 
Kidney material of the control group came from protocol biopsies and showed no 
signs of inflammation or rejection.
Time matched mRNA, derived from frozen transplant biopsies, was available for 14 
patients in the control group, 13 in the TCMR group and 11 in the ABMR group as 
well as matched serum samples for 21 patients in the control group, 22 in the TCMR 
group and 9 in the ABMR group. Matched urine samples (taken from 24 hours urine 
samples) were available for 22 patients in the control group, 21 in the TCMR group 
and 8 in the ABMR group.
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Circulating donor specific antibodies are not systematically measured in kidney 
transplant patients in our institution. Consequently, according to the Banff criteria25, 
we considered a patient belonging to the ABMR group when showing a diffuse C4d 
staining of the peritubular capillaries on frozen section. If frozen sections were not 
available, we performed C4d staining on paraffin sections, patients with more than 
50% of positive peritubular capillaries were considered as positive for ABMR.
Seven patients who showed signs of both TCMR and ABMR were included in the 
ABMR group.
All biological material was collected for previous studies27, 28 for which written 
informed consent was given by all patients for their information to be stored in the 
hospital database and to be used for research. This research project used left-over 
biological material, anonymised and delinked from patient records, and as such was 
not subject to any requirement for ethical review or approval.

RNA Extraction and Processing for Real-Time PCR 
mRNA from complete kidney tissue was extracted from frozen renal biopsies cut 
into 25µm thick sections using a Microm HM500 cryostat (Adamas Instruments 
BV) and collected in an Eppendorf tube containing TRIzol (Invitrogen, Breda, The 
Netherlands). After 5 minutes incubation at room temperature RNA was extracted 
using chloroform. cDNA was synthesised using a standard procedure.
Real-time reverse-transcriptase polymerase chain reaction (RT-PCR) was 
performed on a Lightcycler® 480 Real-Time PCR System using Lightcycler® 480 
SYBR Green I Master (Roche Applied Science, Mijdrecht, the Netherlands). 
Specific primers were designed (synthesized by Eurogentec, Liège, Belgium) for 
human PROCR (EPCR) (forward ACCTTGGCCTTTCCTCTGAC, reverse 
CTCCCATTCACAGCCACTTC). Results were analyzed using LinRegPCR 
12.4 software (Heart Failure Research Center, Academic Medical Center, 
Amsterdam, the Netherlands). PROCR gene expression was normalized against 
two different housekeeping genes: HPRT1 (hypoxanthine phosphoribosytransferase 
1) and ACTBL2 (β-actin). Comparable results were obtained with the two 
housekeeping genes. We decided to present the ratios between Ct values of 
PROCR and HPRT1 (forward TTGTTGGATATGCCCTTGACT, reverse 
CCGCTGTCTTTTAGGCTTTG). 

Immunostaining
C4d staining was performed on frozen sections if available using a mouse anti-human 
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C4d antibody (AbD Serotec, Dusseldorf, Germany, ref. 2222-8004). Alternatively, 
C4d staining was performed on paraffin sections using a rabbit anti-human C4d 
antibody (Cell Marque, Rocklin, USA, ref. 404A-14), as described previously28.
Paraffin sections of kidney biopsies were immunostained for EPCR. Antigen retrieval 
with Tris EDTA pH 9 (20 minutes at 121°C) was performed for optimal staining. 
4µm thick sections were incubated for 60 hours at 4°C with goat anti human EPCR 
monoclonal antibody (452 ng/mL, kind gift of Dr. C. Esmon, Oklahoma Medical 
Research Foundation). Primary antibody binding was detected with a peroxydase kit 
(30 minutes incubation at room temperature, Powervisoin poly HRP-Anti-mouse 
IgG, Immunologic, Duiven, Netherlands). Staining was developed with Ultra DAB 
(Immunologic, Duiven, Netherlands).
On EPCR stained sections, the intensity of immunostaining was scored  
semi-quantitatively  on a scale from 0-3 (respectively absent, weak, moderate or 
strong) following the method of Faust et al.29. Intensity of staining was evaluated in 
five kidney substructures: glomeruli, peritubular capillaries, arteries, veins and tubules. 
All sections were coded and scored by two blinded investigators. For each section a 
mean score was calculated from at least three high power fields.
C4d staining was evaluated following the Banff 2007 recommendations25 by a blinded 
pathologist.

Enzyme-linked immunosorbent assay (ELISA)
Twenty µL aliquots of urine and plasma were pre-treated with 10µL 1N HCl. After 
10 minutes of incubation at room temperature acidified samples were neutralized 
with 9µL 1N NaOH. Prior to the assay samples were diluted with Calibrator Diluent 
(RD5-24 provided with the ELISA kit) to reach a total dilution factor of 15.6 for urine 
samples and 39 for plasma samples. Soluble EPCR concentrations in urine and plasma 
were measured using Human EPCR Quantikine kit (R&D System, Abingdon, UK) 
according to the manufacturer’s protocol. According to the data sheet the mean minimal 
detectable doses is 0.064 ng/mL. Optical densities were measured using a microplate 
reader set to 450nm and were corrected with a wavelength of 570nm. A standard curve 
was created using the trial version of MasterPlex® ReaderFit software (Hitachi Solution 
America Ltd.), capable of generating a four parameter logistic curve fit.
The urinary concentration of sEPCR was corrected for the urine dilution by dividing 
the urinary concentration of sEPCR by the urinary creatinine concentration (urine 
creatinine concentration did not differ between the groups, data not shown).
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Glomerular Filtration Rate (GFR)
The GFR was estimated with use of the CKD-EPI formula 30.

Statistical Analysis
All data sets were tested for their distribution prior to analyses.
Data are expressed as median and range unless stated otherwise. Wilcoxon-Mann 
Whitney test, Kruskal Wallis, Spearman’s correlation test, the multivariate analysis 
and Receiver Operating Characteristic (ROC) analyse were performed using SPSS 19 
software (IBM Corporation, Stomer NY USA) and the R computing environment 
(www.r-project.org). Overall a two-tailed p-value of <0.05 was considered significant.

Results
Demographic and clinical characteristics of the patients
Table 1 shows the demographic and clinical characteristics of the patients. The three 
groups differed in some aspects. The patients in the ABMR group are slightly younger 
than those in the control group (p<0.05). As expected, the median serum creatinine 
concentration was higher and the estimated glomerular filtration rate (GFR) was lower 
in patients undergoing renal allograft rejection compared to patients without rejection 
(p<0.001). 
More HLA mismatches were present in patients with ABMR compared with control 
(p<0.001) and TCMR groups (p<0.05) (Table 1).
In our hospital, it was not standard care to evaluate donor-specific antibodies at time 
of rejection. However, panel reactive antibody (PRA) measurements were performed 
before transplantation, at the time of transplantation, at time of biopsy and after the 
biopsy. PRA levels did not change significantly over time within the 3 patient groups 
(multivariate analysis, figure 1). At time of biopsy however, the ABMR group showed 
significantly higher levels of PRA compared to control patients (p<0.001) and patients 
undergoing T-cell-mediated rejection (p<0.05, figure 1 and table 1).
All patients received immunosuppressive treatment consisting of CD25mAb 
(induction), corticosteroids, mycophenolate and a calcineurin inhibitor. Acute 
cellular rejections were treated with pulse doses of methylprednisolone 500 mg iv 
for 6 days. Antibody mediated rejections were treated with plasmapheresis for 7 days 
and rabbitATG (rATG). The starting dose of rATG was 5mg/kg, 3 to 5 gifts were 
administered over 14 days. Dosages were titrated based on the total lymphocyte 
count after each administration (> 300x109/L: dose 5mg/kg; >200x109/L but 
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Figure 1. Evolution of the panel reactive antibody (PRA) levels in renal transplantation patients.
PRA concentrations were measured before transplantation (before Tx), at the time of transplantation (Tx), at the 
time of biopsy and after the biopsy. PRA levels are shown for control (in black), antibody-mediated (ABMR, in light 
grey) and for T-cell-mediated rejection (TCMR, in dark grey) patients.
PRA values within the groups did not differ significantly over time. However, at time of biopsy (i.e. during 
the acute rejection episode) PRA values in the ABMR group were significantly higher than in the TCMR group 
(P<0,05) and the control group (P<0,001).
Results are shown as mean and range.
* p < 0.05 (Mann-Whitney Test)

Table1. Clinical parameters of the included patients.
Date are shown as median and range unless stated otherwise
a: p<0.05 (Mann-Whitney Test)
§, *: p<0.001 (Mann-Whitney Test)
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<300x109/L: dose 3mg/kg; >150x109/L but <200 x109/L: dose 2mg/kg; <150x109/L: 
no administration).
Table 2 shows the Banff scores of the patients. TCMR patients had more tubulitis and 
mononuclear cell interstitial inflammation than ABMR patients (p<0.05). 86% of the 
biopsies diagnosed as ABMR were C4d positive (p<0.001 versus TCMR and control).

EPCR mRNA levels in kidney transplant biopsies
As shown in figure 2, PROCR/HPRT1 (EPCR) mRNA ratios were significantly 
higher in patients with ABMR (0.49 [0.29 – 0.64]) compared to those in patients with 
TCMR (0.26 [0.23 – 0.45], p<0.001) but not compared with control patients (0.33 
[0.20 – 0.68], p>0.05).

EPCR protein expression in kidney transplants
In order to visualize the expression pattern of EPCR in transplant biopsies, we 
performed immunostainings. Figure 3 shows representative EPCR staining patterns 
in kidney transplant biopsies. Intensity of staining was evaluated in five kidney 
substructures: glomeruli, peritubular capillaries, arteries, veins and tubules on a 
semi-quantitative scale from 0 to 329. In general, arteries were more intensely stained 
than other substructures. Therefore no score of 0 was assigned for arteries. Intensity 
of staining was generally weaker in tubules than in other kidney compartments, no 
staining intensity corresponding to a score of 3 was assigned for tubules.

Table 2. BANFF characteristics of the included patients.
Data are shown as median and range. 
a, b: p,0.05 (Mann-Whitney Test) 
*, 1: p,0.001 (Mann-Whitney Test)
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EPCR expression was significantly higher in patients with ABMR compared to 
patients without rejection or with TCMR in glomeruli (p<0.001 and p<0.05, 
respectively, figure 4A). In capillaries ABMR patients showed higher EPCR expression 
only compared to control (p<0.05, figure 4B).
In arteries we observed higher EPCR expression in patients with ABMR and TCMR 
compared to patients without rejection (p<0.05, figure 4C). The same expression 
pattern was observed in tubules (p<0.05, figure 4D)
EPCR scores of the venous endothelium did not show any differences between 
ABMR, TCMR and control (data not shown).

Plasmatic and urinary sEPCR concentration
Plasma and urine levels of sEPCR were determined by ELISA. The urinary concentration 
of sEPCR was corrected for dilution. We confirmed the presence of intact sEPCR 
protein, and not degradation products by western blot analysis (data not shown).
Plasma sEPCR levels were not significantly different between ABMR patients (599 ng/

Figure 2. EPCR mRNA expression in kidney transplant.
EPCR mRNA levels were measured with qPCR on whole kidney biopsies. Results are shown as ratio between EPCR 
and HPRT Ct.
Antibody-mediated (ABMR) rejection patients showed higher levels of EPCR mRNA than T-cell-mediated rejection 
(TCMR) patients.
Results are shown as median, interquartile range and range.
** p < 0.001 (Mann-Whitney Test)
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mL [67 - 1355]), control patients (623 ng/mL [418 – 1102], p>0.05) or patients with 
TCMR (508 ng/mL [381 – 945], p>0.05) (Figure 5A). Conversely, the urine levels of 
sEPCR were significantly higher in patients with ABMR (29 ng/mmol creatinine [9 – 
137]) than in either patients with TCMR (12 ng/mmol creatinine [5 – 50], p<0.05) 
or without rejection (13 ng/mmol creatinine [3 – 30], p<0.01, Figure 5B). The urine 
creatinine concentration did not differ between the groups (p=0.6).

Figure 3. EPCR expression patterns in transplant biopsies.
Representative immunostainings of kidney biopsies for EPCR in glomeruli (x32 magnification), peritubular 
capillaries (x64), arteries (x64), veins (x64) and tubules (x64). Arteries were always positive; therefore no picture 
with a score of 0 is shown. For tubules no score of 3 was assigned.
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Figure 4. EPCR levels of expression in kidney transplant biopsies.
Semi-quantitative scores (on a scale from 0 to 5) of EPCR immunostainings. EPCR expression on glomeruli (A) 
and peritubular capillaries (B) are significantly elevated in ABMR patients than in TCMR or control patients. EPCR 
expression is higher in arteries (C) and in tubules (D) of rejection patients than in control patients.
Results are shown as median, interquartile range and range.
* p < 0.05 (Mann-Whitney Test)
** p < 0.001 (Mann-Whitney Test)
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Figure 5. sEPCR in serum (A) and urine (B) of transplant patients.
Plasma and urine sEPCR concentration were measured with ELISA, urinary sEPCR concentration is corrected for the 
urine dilution by dividing the concentration by the urinary creatinine concentration.
Plasma sEPCR levels did not differ. Urine sEPCR levels are elevated in the ABMR group than in patients with TCMR 
or without rejection.
Results are shown as median, interquartile range and range.
* p < 0.01 (Mann-Whitney Test)
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We found no correlation between protein EPCR scores in the kidney and sEPCR 
concentration in plasma or urine (data not shown).

Association of clinical parameters and Banff scores with EPCR
Recently, Sis et al.26 proposed that the cumulative Banff score for glomerulitis and 
peritubular capillaritis (g + ptc) associates with antibody-mediated inflammation 
of the microcirculatory circuit, irrespective of C4d positivity. Indeed, C4d-negative 
ABMR is an increasingly recognised entity. We investigated whether little (g + ptc 
≤ 3) or severe (g + ptc > 3) microcirculatory inflammation related to higher levels 
of urine sEPCR or staining intensity of EPCR in these renal structures. Glomerular 
EPCR (p=0.009) and the composite of glomerular and peritubular capillary EPCR 
scores (p=0.009) significantly associated with severe microcirculatory inflammation (g 
+ ptc > 3). Higher scores for EPCR on the peritubular capillaries tended to relate to 
higher microcirculatory inflammation as well (p=0.09). Not for each biopsy sample, 
a matching urine sample was available. Therefore we imputed the missing values with 
multivariate bootstrap methods. Complete case analysis showed a trend for higher 
urine sEPCR levels at the time of biopsy when severe microcirculatory inflammation 
was present (p=0.06) (figure 6).

Receiver Operating Characteristic (ROC) analysis
In order to evaluate the possible usefulness of urinary sEPCR as a non-invasive biomarker 
for ABMR, a ROC calculation was performed. The area under the ROC curve was used to 
summarize the discriminative ability of the test, the closer to 1 the better.
As shown in figure 7, the sEPCR concentration in urine can be used to discriminate 
ABMR patients from TCMR patients (area under the curve of 0.875, p<0.01) and 
patients without rejection (area under the curve of 0.8785, p<0.01).
The cut-off value with the highest combined sensitivity and specificity for 
discriminating between ABMR patients and control patients was at 21.6 ng/mmol 
creatinine (75% sensitivity, 80% specificity). The optimum sEPCR concentration for 
discriminating between ABMR and TCMR patients was 22.1 ng/mmol creatinine 
(75% sensitivity, 82% specificity). The dotted line represents the line of equal 
sensitivity and specificity.
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Figure 6. Association between microcirculatory inflammation and EPCR.
Severe antibody-mediated inflammation of the microcirculation of the transplant, defined as the composite 
of Banff g and ptc scores26, associated with higher EPCR scores in both the glomeruli (A) and the peritubular 
capillaries (B) as well as the composite EPCR score of glomeruli and peritubular capillaries (C). Severe 
microcirculatory inflammation associated with higher levels of soluble EPCR in the urine at time of biopsy. Data 
are represented as box-and-whisker plots with median and (interquartile) range.
* p < 0.05 (Mann-Whitney Test)



88

CHAPTER 4

Discussion
This study is the first to describe the levels of membrane bound and soluble EPCR 
during acute renal allograft rejection in a transplant patient cohort.
We observed higher EPCR mRNA levels in ABMR patients compared with TCMR 
patients. On the protein level, we observed in glomeruli more EPCR expression 
in ABMR patients compared with patients without rejection or with TCMR. In 
the peritubular capillaries EPCR expression was higher in ABMR patients than in 
control patients. Immunostaining also revealed a higher expression of EPCR in 
arteries and tubules from patients with ABMR and TCMR compared with patients 
without rejection. Finally we found increased concentrations of sEPCR in the urine of 
ABMR patients compared with patients with TCMR or without rejection. Although 
validation is needed, these findings together with the ROC analysis indicate that 
urinary sEPCR could be used as a non-invasive biomarker for antibody mediated 
kidney rejection. 

Figure 7. ROC analyses, graphical representation.
Receiver operating characteristic (ROC) analysis of urine sEPCR concentration for the prediction of ABMR in kidney 
transplantation. ROC analysis demonstrated that urinary sEPCR is appropriate to discriminate between ABMR 
patients and TCMR or control patients. In grey: ABMR vs. Control, in black: ABMR vs. TCMR.
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There are some limitations to our study. Since it is a retrospective study some patients 
could not be studied for all the different tests. Furthermore the ABMR group contains 
a relatively small number of patients with urine sample available. The reason for this 
is the low incidence of ABMR within the renal transplant patient population in our 
institution. Nevertheless even with a population of 8 samples from the ABMR group 
and 21 from the TCMR group the ROC analysis achieves 80% power to detect a 
difference of 0.422 between the area under the curve under the null hypothesis of 
0.5000 and an AUC under the alternative hypothesis of 0.875 using a two-sided z-test 
at a significance level of 0.05.
Another limitation of our study may be the lack of data on donor specific antibodies 
(DSA). ABMR diagnosis can be complex in the clinical setting, often requiring DSA. 
Indeed, C4d-negative ABMR is an increasingly recognized phenomenon26. DSA are 
not routinely determined in our institute. Instead, we have incorporated the less specific 
PRA data in our study, showing that ABMR patients have higher percentages of PRA 
than TCMR patients at time of biopsy, i.e. at time of the acute rejection episode. 
It is known from the literature that the expression of EPCR is not only limited on 
endothelial cells. On the mRNA level EPCR is transcribed in HUVEC31, in a human 
alveolar epithelium cell line32, in rat lung33, pancreatic tissue34, in gastric epithelial cells35 
and in immortalized human proximal tubular epithelial cell line36. In this study we 
show for the first time EPCR mRNA in kidney allograft tissue. On the protein level 
EPCR is known to be expressed on HUVEC31, endothelium in the heart, the lung, 
the kidney, the skin and on other organs4 but also on epithelial cells such as a prostatic 
cancer cell line37, human alveolar epithelium32, rat lung33, pancreatic tissue34 and 
gastric epithelial cells35. In normal renal tissue, EPCR is expressed on vein and arterial 
endothelium4. Although the expression of EPCR by tubular epithelial cells has been 
described in a cell line of artificially immortalized kidney cells36, our study is the first to 
actually demonstrate EPCR expression by tubular epithelial cells in human tissue.
The roles of EPCR and protein C have been extensively studied in sepsis setting. 
EPCR and APC form a complex with PAR-1 and initiate biological effects such as 
anticoagulant, anti-inflammatory, anti-apoptotic and cytoprotective activities in vitro 
and in vivo3, 8-17. The APC/EPCR/PAR-1 axis inhibits the release of inflammatory 
mediators9-12, down-regulates the expression of adhesion molecules13, inhibits 
neutrophil and eosinophil migration3, 14 and exerts protective activities against 
infection. APC-EPCR-PAR1 interaction has been shown to play a protective role in 
several conditions such as in a sepsis model using E.coli 38 and was shown to have anti-
apoptotic activities13, 15 and protect endothelial barrier function16, 17.
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Importantly, Song et al. showed an upregulation of EPCR expression in the kidney of 
mice injected with LPS39.
These findings clearly indicate that EPCR is part of a protective pathway. Considering 
this we assume that the higher EPCR expression during acute kidney rejection could 
be part of a protective mechanism for the graft. EPCR could exert its protective 
activities on several levels.
Firstly, higher EPCR expression could contribute to enhanced APC formation and 
therefore more activation of PAR-1 and its associated protective properties. This could 
suggest that an actively regulated protection mechanism involving the EPCR/APC/
PAR-1 signaling cascade is taking place in the setting of acute allograft rejection. 
Secondly, it is known that ABMR is characterized by activation of the coagulation 
cascade, resulting in elevated levels of FVIIa22 which can bind to EPCR and activates 
its associated protective activities40.
EPCR not only exists as a membrane bound receptor but also as a soluble protein. 
sEPCR has a comparable affinity for APC as mEPCR19. sEPCR can compete with 
mEPCR for APC, resulting in a decreased activation of PC18. sEPCR also inhibits 
APC anticoagulant activity by blocking the interaction with negatively charged 
membranes19, a necessary interaction for an effective inactivation of coagulation 
factors Va and VIIIa. Currently, very little is known about sEPCR in transplantation. 
The only study on sEPCR in transplantation was performed by Keven et al, who 
measured plasma sEPCR concentration before and after kidney transplantation in 
patients without rejection41. Three months after transplantation the serum sEPCR 
concentration was significantly lower than before the transplant procedure. From 
this, Keven et al. concluded that the elevated pre-transplant sEPCR levels reflected 
endothelial damage, due to the hemo-dialysis regimen before transplantation41. 
Elevated levels of sEPCR have been described in vasculitis and SLE, which has fostered 
the hypothesis that sEPCR may be a biomarker for endothelial dysfunction42. 
Considering this, it is not surprising to observe higher sEPCR production during 
rejection, knowing that allograft rejection is associated with endothelial damage 
and dysfunction especially in antibody mediated rejection22. Until now sEPCR 
concentration was only measured in plasma, in this study we are the first to show 
sEPCR presence in the urine of patients. The origin of the urinary sEPCR is unclear. 
The relatively low molecular weight of sEPCR (about 43 kDA43) makes its filtration 
through the glomeruli theoretically possible. Therefore sEPCR could be derived 
either from filtrated blood or from shed tubular mEPCR. Shedding of monocytes or 
neutrophils bound EPCR might also be an alternative source of urinary sEPCR.
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Renal transplantation is the most suitable therapy for end stage kidney disease. Despite 
recent progress in anti-rejection therapy, approximately 23% of transplanted patients 
undergo an episode of acute rejection within the first year post-transplant44. For all 
patients undergoing a rejection episode it is crucial to have the ability to correctly 
diagnose the presence of rejection. Therefore having access to a convenient biomarker 
could be of interest for the clinical practice. Currently, sampling of a kidney biopsy 
and its histological examination is the gold standard for diagnosing both TCMR and 
ABMR, causing discomfort for the patient.
Therefore we propose that urinary sEPCR could be of interest for diagnosing 
acute kidney antibody mediated rejection as proven by the ROC analysis which 
demonstrates that urinary sEPCR might be suitable to make the distinction between 
ABMR patients and non-rejecting patients (AUC=0.875, p=0.002) and importantly 
also between ABMR and TCMR patients (AUC=0.875, p=0.003). Although 
validation will be needed in a larger patient cohort, we conclude that urinary sEPCR 
could be a suitable candidate to diagnose antibody mediated renal rejection in the 
clinical setting, in a non-invasive way.
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Abstract 
Pyelonephritis, a common complication of urinary tract infections, is frequently 
associated with kidney scarring and may lead to end-stage renal disease. During 
bacterial infections inflammatory and coagulation pathways and their mutual 
interaction are playing pivotal roles in the host response. Given that thrombomodulin 
(TM) is crucially involved in the interplay between coagulation and inflammation, 
we aimed to investigate the roles of its EGF and lectin-like domains in inflammation 
during acute pyelonephritis. Indeed, the EGF-like and the lectin-like domains of TM, 
are especially known to orchestrate inflammation and coagulation in different ways.
Acute pyelonephritis was induced by intravesical inoculation of 1x108 CFU of 
uropathogenic E.coli in two strains of TM transgenic mice. TMpro/pro mice carry 
a mutation in the EGF-like domain making them unable to activate protein C, 
an anticoagulant and anti-inflammatory protein. TMLeD/LeD mice lack the lectin-
like domain of TM, which is critical for its anti-inflammatory and cytoprotective 
properties. Mice were sacrificed 24 and 48 hours after inoculation. Bacterial loads, the 
immune response and the activation of coagulation were evaluated in the kidney and 
the bladder.
TMLeD/LeD mice showed elevated bacterial load in bladder and kidneys compared to WT 
mice, whereas TMpro/pro had similar bacterial load as WT mice. TMLeD/LeD mice displayed 
a reduced local production of pro-inflammatory cytokines and neutrophil renal 
infiltration. Activation of coagulation was comparable in TMLeD/LeD and WT mice.
From these data, we conclude that the lectin-like domain of thrombomodulin is 
critically involved in host defence against E. coli induced acute pyelonephritis.
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Introduction
Urinary tract infections (UTI) are common bacterial infections, affecting 50% of all 
women at least once in their lifetimes 1 and 2 to 8% of children under 10 year of age 2. 
UTI are most frequently caused by Gram-negative bacteria, by far the most common 
one being Escherichia coli (E. coli), followed by Proteus, Klebsiella and Enterobacter 1.
A major and disabling complication of UTI is acute pyelonephritis, which occurs 
when infection ascends from the bladder through the ureters into the renal pyelum 3. 
Prolonged pyelonephritis may lead to kidney scarring which can subsequently lead to 
end-stage renal disease 4. The incidence of renal fibrosis following pyelonephritis can 
be as high as 64% in children 5, 6.
Thrombomodulin (TM, CD141) 7, 8 is a multi-domain type 1 transmembrane 
glycoprotein which plays a critical role in both coagulation and inflammation 9, 10. TM 
is constitutively expressed by endothelial cells 7, 11, monocytes 12 and neutrophils 13. 
Interestingly, expression of TM by human urothelial cells has also been reported 14.
Structurally, TM consists of 5 domains 9, the N-terminal lectin-like domain, six 
epidermal growth factor (EGF)-like repeats, a serine/threonine-rich domain, a 
transmembrane and a cytoplasmic domain. 
The domain comprising the 6 EGF–like repeats 9 is critical as a cofactor to thrombin 
for generation of activated thrombin activatable fibrinolysis inhibitor (TAFIa) and 
activated protein C (APC) 15-19. APC has important anticoagulant 20 as well as anti-
inflammatory and cytoprotective properties 21-25.
The lectin-like domain (also referred to as TMD1) displays a structural homology 
with the C-type lectin family and has direct anti-inflammatory effects 26. Mice lacking 
the lectin-like domain produced more cytokines such as tumor necrosis factor alpha 
(TNFα) and interleukin (IL)-1 and exhibited more leukocyte infiltration into the 
lungs after challenge with lipopolysaccharide (LPS) or following inhalation of gram-
negative bacteria 26, 27.
The lectin-like domain also binds to the high mobility group box 1 (HMGB1) and 
LPS. Binding of the lectin-like domain prevents HMGB1 from triggering activation 
of the downstream pro-inflammatory pathways of its receptor (e.g. receptor for 
advanced glycation end products or toll-like receptors). In addition, binding of the 
lectin-like domain to HMGB1 results in degradation of HMGB1, dampening its 
proinflammatory properties 28. Binding of soluble recombinant lectin-like domain 
to the Lewis Y antigen of LPS causes agglutination of the bacteria and facilitates 
their opsonisation by macrophages 29. Moreover, soluble recombinant lectin-like 
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domain prevents LPS from binding to CD14, thereby reducing the production of 
inflammatory mediators 29.
Overall, TM regulates coagulation and plays a pivotal role in inflammation and in host 
defence against bacteria. 
Having established the involvement of clotting30-33 and inflammation during 
bacterial infection, we aimed to study the function of TM in regulating these two 
phenomena during pyelonephritis. More specifically, we have investigated the roles 
of TM-mediated APC activation and the intrinsic role of TM lectin-like domain in 
inflammation upon pyelonephritis. In order to do so, we used two TM transgenic 
mouse strains: TMpro/pro mice, which bear a mutation in the EGF-like domain 
making them unable to activate protein C 34, and TMLeD/LeD mice which lack the 
lectin-like domain of thrombomodulin 27. These mice were subjected to a model of 
pyelonephritis by intravesical inoculation of uropathogenic E.coli.

Methods
Mice
TMLeD/LeD and TMpro/pro mice were generated as described 27, 34 and backcrossed at 
least eight times to a C57BL/6 genetic background. TMLeD/LeD mice express normal 
antigenic levels of TM and activation of PC is intact 27.
The cell type- and organ-specific distribution of TM was identical in TMpro/pro mice 
as in WT mice, although antigen levels are significantly reduced 34. In TMpro/pro mice, 
protein C activation is reduced 26 fold 34, 35. Age matched pathogen free female wild 
type (WT) C57BL/6J mice were purchased from Charles River (Maastricht, the 
Netherlands). Groups of at least 8 mice were used.
Mice were maintained at the animal care facility of the Academic Medical Center 
(University of Amsterdam), according to national guidelines and had ad libitum access 
to food and water. The Committee on Use and Care of Animals of the University of 
Amsterdam approved all experiments.

Experimental protocol
UTI was induced as previously described 30, 33, 36. Uropathogenic E. coli 1677 isolated 
from an uroseptic patient was cultured in sterile Tryptic Soy Broth (TSB) overnight at 
37°C. After a 100 times dilution in 100 mL of TSB, bacteria were further grown for 
2 to 3 hours at 37°C to reach an optical density of 1 (600 nm). E. coli were washed 3 
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times in sterile PBS and resuspended in 10 mL of sterile PBS to obtain a suspension 
containing 109 colony forming unit (CFU)/mL.
Acute pyelonephritis was induced under general anaesthesia (10µL/1g mouse of FFM 
mixture containing 1.25mg/mL midazolam (Roche, Mijdrecht, the Netherland), 
0.08mg/mL fentanyl citrate and 2.5mg/mL fluanisone (Jansen Pharmaceutica, Beere, 
Belgium)) in 8-12 week old female mice. 100µL of 109 CFU/mL suspension were 
administered by transurethral injection. Mice were sacrificed 24 and 48 hours after 
the procedure by exsanguination and cervical dislocation performed under general 
anaesthesia (isoflurane).

Determination of bacterial outgrowth
The left kidney and the bladder of each mouse were homogenized in, respectively, 
4 and 9 volumes of sterile PBS using a tissue homogenizer (Polytron, Luzern, 
Switzerland) which was cleaned with ethanol after each homogenization.
To quantify bacterial outgrowth, serial 10-fold dilutions of blood, kidney and bladder 
homogenate were made in sterile PBS and 50µL of homogenate were plated onto 
blood agar plates. After overnight incubation at 37°C, the E. coli CFU were counted. 
Only mice showing positive bladder and kidney cultures were taken into account in 
our analysis.

Enzyme-linked immunosorbent assay (ELISA)
Kidneys and bladders were homogenated in a lysis buffer containing 150mM NaCl, 
15mM Tris, 1mM MgCl.H2O, 1mM CaCl2, 1% Triton and 1% protease inhibitors. 
Concentrations of macrophage inflammatory protein-2 (MIP-2), keratinocyte-derived 
chemokine (KC), interleukin 1ß (IL-1 ß), interleukin 6 (IL-6) and tumor necrosis 
factor α (TNF-α) were measured in kidney homogenates by ELISA according to the 
manufacturer’s instructions (R&D System, Abingdon, UK; for KC homogenates were 
diluted 8.5 times, for others 3 times).
Mouse myeloperoxidase (MPO) concentrations were determined by ELISA in kidney 
and bladder homogenates (HyCult biotechnologies, Uden, the Netherlands; kidney 
homogenates were diluted 40 times, bladder homogenates were diluted 30 times). 
Concentrations of Thrombin-antihrombin (TAT) complexes in kidney homogenates 
were measured using the Enzygnost® TAT micro Kit (Siemens Healthcare, Erlangen, 
Germany).
The concentrations measured by ELISA were normalized to the total amount of 
protein present in the kidney or bladder homogenates.
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Total protein concentration was measured by incubating 1µL of 10 times diluted 
homogenates for 30 minutes at 37°C in 500µL of bicinchoninic acid containing 4% of 
CuSO4, and absorbance was measured at 570nm.

Immunohistochemistry
4µm thick paraffin sections of tissue were prepared. Antigen retrieval with respectively 
0.25% pepsin in 0,01M HCl (15 minutes at 37°C) and 0.01M tri-sodium citrate 
dehydrate 4.4mM HCl were carried out for optimal staining. After blocking with 5% 
normal mouse serum, the sections were immunostained for the lymphocyte antigen 
6 (Ly6G) or F4/80 overnight at 4°C respectively with a rat-anti-mouse-Ly6G-FITC 
antibody or with a rat-anti-mouse-F4/80 antibody.
Detection of Ly6G and F4/80 staining was achieved with a rabbit-anti-FITC 
secondary antibody (for Ly6G) or a rabbit-anti-rat antibody (for F4/80), each for 
30 minutes at room temperature, followed by development using the appropriate 
species specific HRP peroxidase kit (30 minutes incubation at room temperature, 
Powervisoin, Immunologic, Duiven, Netherlands). Staining was developed with 
UltraDAB (Immunologic, Duiven, Netherlands).
After 30min blocking of sections with 5% normal goat serum, thrombomodulin 
immunostaining was performed using 10000 times diluted monoclonal rat-anti-mouse 
TM antibody (273-34A, kind gift of Dr. Stephen Kennel). After overnight incubation, 
the slides were subsequently incubated for 1h with biotin conjugated rabbit-anti-rat 
antibody (1/100 dilution, DAKO, Glostrup, Denmark), followed by 30 min 
incubation with ABC complex (vectastain, Vector laboratories, Burlingame, CA USA) 
and the staining was developed with UltraDAB (Immunologic, Duiven, Netherlands). 
The extent of TM immunostaining was evaluated by digital image analysis (Image Pro 
Plus, MediaCybernetics, Rockville, MD, USA).

Leukocyte quantification
Circulating leukocytes in blood were measured with a Coulter Counter (Beckman 
Coulter Inc., Woerden, Netherland).

Statistical Analysis
All data sets were tested for their distribution prior to analyses.
Data are expressed as median, interquartile range and range unless stated otherwise. 
Wilcoxon-Mann Whitney and Kruskal Wallis tests were performed using SPSS 19 
software (IBM Corporation, Stomer NY USA). A two-tailed p-value of <0.05 was 
considered significant.
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Results
Renal Thrombomodulin expression in mice
We first evaluated the pattern of expression of TM in the murine bladder and kidney, 
using a specific anti-mouse TM antibody. In the kidney, TM expression was mainly 
observed on endothelium, but some tubules also showed specific staining (Figure 1A, 
B and C).  

Figure 1. Renal expression of thrombomodulin.
Representative thrombomodulin staining on WT (A), TMLeD/LeD (B) and TMpro/pro (C) renal tissue.
Renal expression of thrombomodulin was similar in uninfected WT mice, as well as 24h (vertical lines) and 48h 
(horizontal lines) after infection of WT mice (D).
Data are shown as median, boxplot and percentile range.
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In contrast to a previous report of TM expression in human bladder 14, we did not 
detect TM on urothelial cells of the mouse bladder. TM expression, as quantified by 
digital image analysis, did not differ between control sham animals and infected mice 
at 1 or 2 days after inoculation with E. coli (Figure 1D). This would suggest that 
the local expression of TM is not influenced by the presence of active inflammation 
during that time period. This was confirmed by Western blot on bladder and kidney 
homogenates (not shown).

Higher bacterial load in TMLeD/LeD mice during pyelonephritis
To study the role of the lectin-like domain and the EGF-like domain of TM during 
ascending UTI, we induced acute pyelonephritis by intravesical inoculation with E. 
coli 1677 in TMLeD/LeD and TMpro/pro mice. This specific E. coli strain was isolated from 
an uroseptic patient and has proven uropathogenicity 36. At 24 hr and 48 hr after 
infection, bacterial outgrowth in the bladder, as measured by CFU, was significantly 
increased in TMLeD/LeD mice compared to WT mice, whereas the bacterial load in the 
bladder tissue of TMpro/pro mice at those time points remained the same as for the WT 
(figure 2A). None of the mice showed systemic bacterial dissemination, except for one 
mouse in the TMLeD/LeD group and one mouse in the TMpro/pro group at T=24 hrs.
Bacterial outgrowths in kidney homogenates were similar in WT, TMpro/pro and TMLeD/

LeD mice 24 h after inoculation. After 48 h the bacterial outgrowth in TMpro/pro mice 

Figure 2. Colony forming units (CFU) in the bladder (A) and in the kidney (B).
Bacterial outgrowth in bladder (A) and kidney (B) homogenates of WT (white), TMLeD/LeD (light grey) and TMpro/pro 
(dark grey) mice 24 h and 48 h after inoculation.
Data are shown on a logarithmic scale as median, boxplot and percentile range.
* p<0.05 (Kruskal-Wallis with post-hoc Mann-Whitney tests)
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Figure 3. Concentration of KC (A), MIP-2 (B), IL-1 (C), IL-6 (D) and TNF-α (E) in kidney homogenates.
Concentration of KC (A), MIP-2 (B), IL-1 (C), IL-6 (D) and TNF-α (E) measured by ELISA in kidney homogenates. The 
measurements were performed in WT (white), TMLeD/LeD (light grey) and TMpro/pro (dark grey) mice 24 h and 48 h 
after inoculation. The concentrations were normalized to the total amount of protein present in the homogenates.
Data are shown as median, boxplot and percentile range
* p<0.05 (Kruskal-Wallis with post-hoc Mann-Whitney tests)
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remained similar to the WT, whereas the TMLeD/LeD had significantly more CFU than 
the WT (figure 2B). These data indicate that lack of the lectin-like domain of TM is 
associated with an impaired ability to clear E. coli infection from the urinary tract.

TMLeD/LeD mice display an impaired inflammatory response during pyelonephritis
To monitor the local inflammatory response during infection, we measured the levels 
of KC, MIP-2, IL-1β, TNF-α and IL-6 in kidney homogenates by ELISA.
The production of KC, MIP-2 and IL-6 was reduced at 24h after infection in 
TMLeD/LeD mice compared to WT and TMpro/pro mice (figure 3A, B and D). The 
renal concentration of IL-1β and TNF-α were reduced in TMLeD/LeD mice compared 
with WT mice (figure 3C and E). At 48h after infection the levels of KC, MIP-2, 

Figure 4. Concentration of MPO in kidney (A) and bladder (B) homogenates.
Concentration of myeloperoxidase (MPO) was measured by ELISA in kidney (A) and bladder (B) homogenates 
from WT (white), TMLeD/LeD (light grey) and TMpro/pro (dark grey) mice at 24 h and 48 h after inoculation. The 
concentrations were normalized to the total amount of protein present in the homogenates.
Representative Ly6G (C) and F4/80 (D) stainings in renal pelvis from WT mice 48h after infection.
Data are shown as median, boxplot and percentile range
* p<0.05 (Kruskal-Wallis with post-hoc Mann-Whitney tests)
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IL-1, IL-6 and TNF-α were similar among the 3 groups (figure 3A, B, C, D and E). 
Therefore, in the early phase of infection, lack of the lectin-like domain of TM results 
in reduced local production of renal pro-inflammatory cytokines, suggesting that the 
lectin-like domain of TM plays a protective role locally in the defence against bacterial 
infection.

Lower influx of neutrophils in kidneys of TMLeD/LeD mice
An essential part of the host response against bacterial infections is the recruitment of 
inflammatory cells and especially neutrophils37. We quantified influx of neutrophils by 
measuring the bladder and renal concentration of myeloperoxidase (MPO), which is 
produced by activated neutrophils. At 24h after infection, TMLeD/LeD mice had reduced 
MPO levels in the kidney and bladder, indicating lower neutrophils infiltration 
compared with TMpro/pro and WT mice (figure4A and B). At day 2 the levels were the 
same in the three groups. Since MPO can also be synthesized by macrophages, we 
performed immunostainings for macrophages (F4/80, figure 4D) and neutrophils 
(Ly6G, figure 4C) on kidney sections. As depicted in figures 4 C and D, neutrophils 
were abundant in the kidney pyelum while almost no macrophages were detected, 
supporting the notion that the main source of MPO is the neutrophil.
Finally, at 24 h and 48 h after inoculation, the TMLeD/LeD mice had significantly more 

Figure 5. Circulating leukocytes.
Circulating leukocytes in blood were measured using a haemocytometer. 24 h after inoculation, TMLeD/LeD (light 
grey) mice showed significantly more circulating leukocytes than WT mice (white). After 48 h, the circulating 
leukocytes count was elevated in TMLeD/LeD relative to WT and TMpro/pro (dark grey) mice.
Data are shown on a logarithmic scale as median, boxplot and percentile range
* p<0.05 (Kruskal-Wallis with post-hoc Mann-Whitney tests)
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circulating leukocytes than WT mice (figure 5).
Activation of coagulation
TM plays a pivotal role in regulating coagulation. We evaluated the state of 
coagulation activation in the kidney by measuring the concentration of intrarenal 
thrombin-antithrombin complexes (TATc). At 24 h following inoculation, TMpro/

pro mice had lower TATc levels compared to WT and TMLeD/LeD mice (figure 6), 
suggesting lower levels of intra-renal thrombin generation in the TMpro/pro mice. At 
48 h after inoculation, this difference had disappeared. TMLeD/LeD mice displayed 
comparable TATc levels as WT mice at both time points.

Discussion
Inflammation and coagulation are highly integrated processes that play pivotal roles 
in the host defence against infection. Since thrombomodulin (TM) is involved in the 
interplay between those two systems, it represents a protein of choice for the study 
of the pathophysiology of bacterial infections such as acute pyelonephritis. Indeed, 
TM limits coagulation by shifting the catalytic activity of thrombin from cleaving 
fibrinogen into fibrin to activating anti-inflammatory and anticoagulant factors such 
as TAFI and PC. In that respect, the effects of TM have been extensively studied, 
especially in models of sepsis and infection.

Figure 6. Concentration of TAT in kidney homogenates.
Concentration of thrombin-antithrombin (TAT) measured by ELISA in kidney homogenate. The measurements were 
performed in WT (white), TMLeD/LeD (light grey) and TMpro/pro (dark grey) mice at 24 h and 48 h after inoculation. The 
concentrations were normalized to the total amount of protein present in the homogenates
Data are shown as median, boxplot and percentile range
* p<0.05 (Kruskal-Wallis with post-hoc Mann-Whitney tests)
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In our study, TM expression was limited largely to endothelial cells. Interestingly, 
we could not detect TM on the urothelial cells of mouse bladder or renal tissue. 
This is opposed to the human situation, where urothelial TM expression has been 
described in both normal and neoplastic urothelial cells 14. Although this may be 
a function of the antibody we used, it is also possible that there are species-specific 
differences in TM expression. Endothelial TM expression was comparable in both 
infected and uninfected tissues. This is not in line with previous observations that 
describe diminished TM expression in the pulmonary vasculature during tuberculosis 
38 and during acute lung inflammation due to the inhalation of LPS or live bacterial 
pathogens 35.
Few studies have investigated the function of the EGF-like domain of TM in sepsis 
or infection. Kager et al. showed that a mutation in the EGF-like domain (TMpro/pro 
mice) has a limited impact in a model of gram-negative sepsis (melioidosis). Indeed, 
the TMpro/pro mice displayed reduced survival, increased coagulation activation, mildly 
elevated bacterial outgrowth and a slightly elevated immune response during murine 
melioidosis39. In our pyelonephritis model, the EGF-like domain seems to play a 
limited role. The TMpro/pro mice had reduced TATc generation, and responses that were 
comparable to the WT mice in terms of bacterial load, circulating leukocytes, cytokine 
production and infiltrating neutrophils.
The role of the lectin-like domain of TM was first studied in a sepsis model induced by 
LPS. Mice lacking the TMD1 domain of TM (TMLeD/LeD mice) had reduced survival 
and elevated levels of TNF-α, IL-1, IL-10, MPO and more neutrophils in their lungs 
upon challenge with LPS 27. In the same study, TMLeD/LeD endothelial cells expressed 
more ICAM-1 and VCAM-1 than WT endothelial cells, resulting in an increase 
neutrophil influx27. These findings were not restricted to the pulmonary compartment, 
since Zoja et al. showed in a model of LPS/Shiga toxin induced haemolytic uremic 
syndrome, that TMLeD/LeD mice exhibit an enhanced immune response (as illustrated 
by the increased influx of neutrophils and macrophages into the kidney and elevated 
proinflammatory cytokines), complement activation, glomerular fibrin deposition and 
reduced survival40. From these studies, the lectin-like domain of TM clearly appears 
to be a limiting factor for the immune response. However, the mechanisms are not 
fully understood yet and more importantly, in vivo models of infectious diseases have 
delivered more conflicting results.
Treatment with recombinant TMD1 (rTMD1) reduced the immune response 
and bacterial outgrowth and improved survival after intraperitoneal injection of K. 
pneumoniae. One of the proposed mechanisms is the following: rTMD1 binds to the 
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Lewis Y antigen of LPS and thereby blocks its interaction with CD14, resulting in a 
reduced inflammatory response. In addition, rTMD1 binds directly to LPS on the 
membrane of K. pneumoniae and induces agglutination and opsonisation of bacteria. In 
addition, in LPS-induced sepsis, Shi et al. observed that after intraperitoneal injection 
of rTMD1, the mice had a reduced immune response, less kidney damage and better 
survival29. Other models such has Mycobacterium tuberculosis revealed that TMLeD/

LeD mice had the same response against the infection as WT mice in terms of bacterial 
outgrowth, cytokine response, lung inflammation and the extent of infiltrating immune 
cells at 2 and 6 weeks after the infection. The only noticeable differences were observed 
29 weeks after infection in the macrophages, neutrophils and lymphocytes counts in 
lungs homogenates where TMLeD/LeD had higher levels of these leukocytes. In pneumonia 
and melioidosis models, Schouten et al. and Kager et al. have respectively shown that 
mice lacking the lectin-like domain of TM were protected in terms of better survival, 
reduced bacterial outgrowth and reduced immune response 41, 42.
In these models of infectious diseases, the anti-inflammatory role of the lectin-like domain 
of TM appears less clear and likely depends on the type and on the site of the infection. 
In this context, our study adds to the discussion since we show that TMLeD/LeD mice 
have a reduced local immune response as illustrated by the reduced levels of KC, 
MIP-2, IL-1, IL-6 and TNF-α as well as reduced renal and bladder neutrophil 
influx. It is well established that leukocyte and neutrophil influx can be altered by 
TM. Indeed, administration of TM reduced white blood cells adhesion and partially 
restored total count in LPS-induced sepsis43, 44. Treatment with recombinant TM was 
also shown to reduced the number of neutrophils invading the liver upon damage 
and reduced hepatic MPO activity45. In addition, administration of recombinant 
lectin-like domain of TM, reduced leukocytes, monocytes and neutrophils adhesion to 
endothelium by inhibiting Lewis y-mediated adhesion, resulting in reduced infiltration 
of leukocytes in the peritoneal cavity in a model of peritonitis46. Of relevance to our 
own study, treatment with recombinant soluble TM (rTM) had beneficial effects in a 
study of six patients with severe pyelonephritis-induced septicaemia and disseminated 
intravascular coagulation (DIC)47. Treatment with rTM reduced clinical disease scores 
and levels of C-reactive protein (CRP), while increasing platelet counts in five out of 
six patients.
In our model, it is likely that the impaired local immune response resulted in elevated 
bacterial outgrowth in the kidney and the bladder. Indeed, where the EGF-like 
domain plays a limited local role (probably due to the extremely low level of APC 
expression and availability in the urinary tract), the lectin-like domain of TM appears 
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to have a crucial remote role, likely by interfering with the immune cell recruitment to 
the site of infection.
Remarkably at the systemic level, our results are in line with previous report on the 
role of TM in bacterial infections38, since we found elevated levels of leukocytes in the 
circulation of the TMLeD/LeD mice.
In conclusion, we report that the lectin-like domain of TM plays a protective 
role locally in the defence against bacterial infection, possibly by enhancing the 
inflammatory response and promoting neutrophil recruitment to the site of infection.
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Abstract
Urinary tract infections (UTI), frequently caused by E. coli, are among the most 
common bacterial infections, affecting 50% of women worldwide at one point of their 
life. Acute pyelonephritis, a severe form of ascending UTI, forms a substantial health 
issue and can lead to end stage renal failure.
The endothelial protein C receptor (EPCR), mainly expressed on endothelial cells 
but also on some epithelia, is involved in regulation of the coagulation cascade and 
inflammatory processes. Recently, EPCR has been shown to play an important role in 
various infectious diseases such as cerebral malaria, pneumonia or melioidosis, making 
the study of its role during pyelonephritis relevant.
EPCR deficient mice and wild-type mice were subjected to an established 
pyelonephritis model by intravesical inoculation of 1x109 CFU of uropathogenic 
E. coli 1677. Mice were scarified after 24 hours after inoculation. Kidneys and the 
bladder were harvested and homogenized in sterile saline for determination of bacterial 
outgrowth on blood agar plates. Circulating numbers of leukocytes were counted 
using a haemocytometer and cytokine levels were measured by ELISA in kidney 
homogenates.
WT and EPCR deficient mice showed comparable bacterial loads in bladder and 
kidney, and showed comparable levels of pro-inflammatory cytokines and chemokines 
and myeloperoxidase. Also, renal TATc levels, representing intarenal coagulation were 
comparable in WT and EPCR deficient mice. 
We conclude that EPCR does not play any role in the development of acute 
pyelonephritis.
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Introduction
Urinary tract infections (UTI) are extremely common bacterial infections, most 
commonly caused by Gram-negative bacteria. By far the most common causative 
bacterium is Escherichia coli, followed by Proteus, Klebsiella and Enterobacter1. UTI 
affect 50% of the women at least once in their lifetimes1 and form an important 
pediatric problem since the cumulative incidence of UTI during the first 10 years of 
life varies from 2-8%2. 
Pyelonephritis occurs when UTI ascends into renal pelvis3. Prolonged pyelonephritis 
may lead to kidney scarring which may subsequently lead to end-stage renal disease4. 
The incidence of renal scarring following pyelonephritis can be as high as 64% in 
children5, 6.
Recently, the endothelial protein C receptor (EPCR) has been shown to influence 
a wide variety of infectious diseases such as cerebral malaria7, pneumonia caused 
by S. pneumonia8 or septicaemia caused by B. pseudomallei9.Recognizing the role of 
EPCR in sepsis and infectious disease in general, we aimed to study its role in acute 
pyelonephritis. EPCR is a type 1 transmembrane glycoprotein primarily expressed 
on the endothelium10 and immune cells11, 12 and on some epithelia . EPCR is part 
of a protein complex that activates Protein C13 which then acquires anticoagulant, 
anti-inflammatory and cytoprotective properties. Indeed, Activated Protein C (APC) 
can either proteolytically degrade the coagulation factors Va and VIIIa14 or signal 
through the G protein-coupled Protease-Activated Receptor 1 (PAR-1)15. This 
signaling cascade requires the co-localization of PAR-1 and EPCR and activates 
several anti-inflammatory and cytoprotective pathways such as inhibition of the 
release of inflammatory mediators16-19, down-regulation of the expression of adhesion 
molecules20, inhibition of neutrophil and eosinophil migration12, 21, anti-apoptotic 
activities20, 22 and the protection of endothelial barrier function23, 24.
We investigated the role of EPCR in pyelonephritis, using EPCR deficient mice in a 
model of ascending acute urinary tract infection.

Methods
Mice
ProcrLox/Lox and Procr+/Lox Meox2+/cre mice were a kind gift of Dr. Charles Esmon 
(Oklahoma Medical Research Foundation, Oklahoma, US). EPCR deficient mice 
(EPCR KO) were generated by crossing ProcrLox/Lox and Procr+/Lox Meox2+/cre animals as 
described previously25. The genotype of KO animals was checked by PCR25.
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All mice were backcrossed for at least eight times to a C57BL/6 genetic background. 
Wild type (WT) control animals were purchased from Charles River (Maastricht, the 
Netherlands). 
Mice were maintained at the animal care facility of the Academic Medical Center 
(University of Amsterdam), according to national guidelines and had ad libitum access 
to food and water. The Committee on Use and Care of Animals of the University of 
Amsterdam approved the experiment.

Experimental protocol
UTI was induced as previously described26-28. Uropathogenic E. coli 1677 isolated 
from an uroseptic patient were cultured in sterile Tryptic Soy Broth (TSB) overnight 
at 37°C. After a 100 times dilution in 100mL of TSB, bacteria were further grown for 
2 to 3 hours at 37°C to reach an optical density of 1. E. coli were washed 3 times in 
sterile PBS and resuspended in 10mL of sterile PBS to obtain a suspension containing 
109 colony forming unit (CFU)/mL.
Acute pyelonephritis was induced under general anesthesia (10µL/1g mouse of FFM 
mixture containing 1.25mg/mL midazolam (Roche, Mijdrecht, the Netherland), 
0.08mg/mL fentanyl citrate and 2.5mg/mL fluanisone (Jansen Pharmaceutica, 
Beere, Belgium)) in 8-12 week old female mice. 100µL of 109 CFU/mL suspension 
were administered by transurethral injection. Mice were sacrificed 24 hours after 
the procedure by exsanguination and cervical dislocation performed under general 
anesthesia (isoflurane).

Determination of bacterial outgrowth
The left kidney and the bladder of each mouse were homogenized in respectively 4 and 
9 volumes of sterile PBS using a tissue homogenizer (Polytron, Luzern, Switzerland) 
which was cleaned with 96% ethanol after each homogenization.
To determine the bacterial outgrowth serial 10-fold dilutions were made in sterile 
PBS and 50µL of homogenate were plated onto a blood agar plates. After overnight 
incubation at 37°C the E. coli CFU were counted.

Enzyme-linked immunosorbent assay (ELISA)
Kidneys and bladders were homogenated in a lysis buffer containing 150mM NaCl, 
15mM Tris, 1mM MgCl.H2O, 1mM CaCl2, 1% Triton and 1% protease inhibitors. 
Concentrations of macrophage inflammatory protein-2 (MIP-2), keratinocyte-derived 
chemokine (KC), interleukin 1ß (IL-1 ß) and interleukin 6 (IL-6) were measured 
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in kidney homogenates by ELISA according to the instructions of the manufacturer 
(R&D System, Abingdon, UK; for KC homogenates were diluted 8.5 times, for others 
3 times).
Mouse myeloperoxidase (MPO) concentrations were determined by ELISA in kidney 
and bladder homogenates (R&D, Abingdon, England).
The concentrations measured by ELISA were corrected for the total amount of protein 
present in the kidney or bladder homogenates.
Total protein concentration was measured by incubating 1µL of 10 times diluted 
homogenates for 30 minutes at 37°C in 500µL of bicinchoninic acid containing 4% of 
CuSO4, absorbance was measured at 570nm.
Concentration of TAT in kidney homogenate was measured using Enzygnost® TAT 
micro Kit (Siemens Healthcare, Erlangen, Germany).

Leukocyte count in blood
The number of circulating leukocytes in blood was measured using a Coulter Counter 
(Beckman Coulter Inc., Woerden, Netherland).

Statistical Analysis
All data sets were tested for their distribution prior to analyses.
Data are expressed as median, interquartile range and range unless stated otherwise. 
Wilcoxon-Mann Whitney and Kruskal Wallis tests were performed using SPSS 19 
software (IBM Corporation, Stomer NY USA). Overall a two-tailed p-value of <0.05 
was considered significant.

Results and discussion
At 1 day after inoculation, bacterial loads in bladder and kidney tissue were 
comparable between WT and EPCR deficient mice (Fig. 1 A and B). Also, the amount 
of circulating leukocytes and renal influx of neutrophils, as evidenced by the levels of 
MPO in kidney homogenates, did not differ between WT and EPCR deficient mice 
(Fig. 1 C and D). These results were mirrored by the levels of KC, MIP-2, IL-1 and 
IL-6 that were comparable in renal homogenates of WT and EPCR deficient mice 
(Fig. 1 E-H). Also the concentration of intrarenal TATc, reflecting the local level of 
coagulation, did not differ between both mouse strains (Fig. 1 I). 
Inflammation and coagulation are two phenomena that play pivotal roles in the 
host defence against infection. The endothelial protein C receptor (EPCR) is at 
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Figure 1. Bacterial outgrowth in the bladder 
(A) and the kidney (B) of WT and EPCR KO mice 
(white and grey bars, respectively). Amount if 
circulating leukocytes (C).
Concentration of MPO (D), KC (E), MIP-2 (F), IL-1 
(G), IL-6 (H) and TATc (I) measured by ELISA in 
kidney homogenates. The measurements were 
performed in WT (white) and EPCR KO (grey) 
mice. The concentrations were normalized 
to the total amount of protein present in the 
homogenates.
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the crossroad between these two fundamental systems since it activates protein 
C, which is a natural negative regulator of the coagulation cascade, and mediates 
its anti-inflammatory functions, making EPCR a protein of choice for the study 
of the pathophysiology of bacterial infections such as acute pyelonephritis. We 
have previously reported that EPCR is prominently expressed on endothelium of 
glomerular and extraglomerular vessels and some intermediate staining was observed 
in tubular epithelial cells29.
Several in vivo studies have demonstrated a role of EPCR in infectious diseases. Kager 
et al., after observing that patients with melioidosis have increased plasma levels 
of soluble EPCR, showed that mice over-expressing EPCR have slightly elevated 
bacterial load in their lungs, liver and spleen two days after incubation Burkholderia 
pseudomallei9. This was accompanied by increased lung damage, infiltrating 
granulocytes, cytokines/chemokines production (such as TNF-α, IL-6 and MCP-1) 
and reduced TATc, IL-12 and IFN-γ levels9.
Another study revealed that mice lacking EPCR expression had less bacterial 
outgrowth, fewer invading granulocytes and lower cytokines production in a model of 
pneumonia caused by Streptococcus pneumoniae8.
These results confirmed that EPCR is critically involved in the host defence against 
bacterial infection and suggest that EPCR plays a detrimental role during bacterial 
infections.
However, we were unable to reproduce these observations in our model of acute 
urinary tract infection. Indeed, our results show that loss of EPCR expression did 
not affect the bacterial load in the bladder nor in the kidney compared to WT 
animals. Accordingly the amounts of circulating leukocytes as well as the invading 
granulocytes, as evidenced by intrarenal MPO levels were similar in the KO and WT 
mice. In addition, no differences were observed in the production of pro-inflammatory 
cytokines and chemokines and TAT complexes.
Our study is not the only one which fails to demonstrate a critical role for EPCR in 
infection models. Indeed, a paper published by Kager et al. showed that EPCR has a 
very a limited impact in the host defence against Mycobacterium-induced pulmonary 
tuberculosis. The authors have used EPCR over-expressing and KO mice. Despite 
the fact that EPCR expression was upregulated in lung tissue upon tuberculosis, the 
authors showed that KO and over-expressor animals had similar numbers of invading 
polymorphonuclear cells, CD4 and CD8 lymphocytes and cytokine production in 
their lung as WT animals. Only the macrophage influx was elevated in transgenic 
animals compared to WT30. 
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The role of EPCR appears to depend on the model and likely relies on the type and 
on the site of the infection. In this context, our study adds to the controversy. The 
lack of effect of EPCR in our model compared to the abovementioned studies could 
be explained firstly by the micro-organism we used. Indeed, E. coli is a Gram negative 
bacterium and is likely to behave different than Gram positive S. Pneumoniae and 
the M. tuberculosis. For instance, Gram positive and Gram negative bacteria interact 
differently with the coagulation system, as suggested by the fact that disseminated 
intravascular coagulation is classically associated with Gram negative bacterial 
infections and rarely with and Gram positive sepsis31.
Secondly, we measured all the parameters one day after inoculation whereas most 
of the effects observed in the pneumonia and sepsis models were obtained two days 
or longer after inoculation. Finally, our model is different in the sense that we have 
injected the bacteria in the bladder from where they climbed along the ureter to finally 
reach the kidneys. The bladder and urinary tract are lined with epithelial cells that 
express at best very low levels of EPCR limiting therefore the potential effect of EPCR 
in our model; this may explain why the loss of EPCR did not have any effects in our 
setting.
Therefore, we conclude that EPCR does not play any role in the pathophysiology of 
acute pyelonephritis.
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Abstract 
Background
Diabetic nephropathy (DN) represents the leading cause of end stage renal disease.
The endothelial protein C receptor (EPCR) and its ligand (activated protein C) 
have been shown to ameliorate the phenotype of DN in mice. EPCR activity can 
be regulated by proteolytic cleavage involving A Disintegrin and Metalloproteinases 
(ADAM) yielding soluble form of EPCR (sEPCR). 

Objective
To characterize the renal expression and shedding of EPCR during diabetic 
nephropathy.

Methods
EPCR levels were measured in plasma, urine and biopsy samples of diabetic patients 
with (n=73) or without (n=63) DN. ADAM-induced cleavage of EPCR was 
investigated in vitro using a human glomerular endothelium cell line.

Results
DN patients displayed higher plasma and urinary levels of sEPCR than diabetic 
controls (112.2 vs. 135.2 ng/mL and 94.35 vs. 140.6 ng/mL, respectively). 
Accordingly, glomerular endothelial EPCR expression was markedly reduced in 
patients with DN, which was associated with increased glomerular expression of 
ADAM17 and ADAM10. 
In vitro, EPCR shedding was induced by incubation of glomerular endothelium in 
high-glucose medium, such shedding was suppressed by ADAM17 inhibition or 
silencing, which led to improved endothelial VE-cadherin expression and reduced 
mRNA expression of TGF-β. In addition, EPCR silencing led to minor effects on 
VE-cadherin but on a significant increase of TGF-β mRNA expression.

Conclusion
Inhibition of ADAMs-driven glomerular EPCR shedding restored the endothelial 
phenotype of glomerular endothelium, whereas EPCR silencing led to enhanced 
expression of TGF-β, a marker of endothelial-to-mesenchymal transition. These 
findings demonstrate that EPCR shedding through ADAMs contributes to the 
worsening of DN.
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Introduction
In the last decades the prevalence of diabetes mellitus has increased dramatically1, 2. 
Consequently, the incidence of diabetic nephropathy (DN), a serious complication 
of diabetes mellitus that may lead to end stage renal disease (ESRD), has increased 
as well. It affects approximately one third of patients suffering from type 1 or type 2 
diabetes2, 3, making DN the main cause of ESRD in the United States4. In the early 
stage of DN, excessive production of reactive oxygen species5, 6, advanced glycation 
end products5, 7, increased activation of protein kinase C5, 8 and inflammation9-11 
lead to glomerular abnormalities and endothelial dysfunction, eventually resulting 
in increased glomerular filtration rate, glomerular basement membrane thickening, 
albuminuria, mesangial expansion, podocyte injury, glomerulosclerosis and eventually 
tubulointerstitial fibrosis2.
Glomerular endothelium has emerged as a major factor in DN, as evidenced for 
instance by the loss of endothelial fenestrations and glomerular capillary occurring 
upon DN (reviewed in12). During the development of diabetic microvascular 
complications, the expression of markers of endothelial integrity, among which 
vascular endothelial cadherin (VE-Cadherin) are reduced12, 13. At the same time, the 
phenomenon of endothelial-mesenchymal transition, facilitated by transforming 
growth factor beta (TGF-beta) is an important step in the pathophysiology of DN12, 14.
Recognizing a pivotal role of glomerular endothelial dysfunction in DN, we aimed 
to study the endothelial protein C receptor (EPCR), an important endothelial 
protective factor. EPCR is a type 1 transmembrane glycoprotein primarily expressed 
on endothelium15 and immune cells16, 17. EPCR facilitates the activation of Protein C 
(PC), resulting in activated protein C (APC). APC has been shown to exert a variety 
of endothelium protective functions, including anti-inflammatory and cytoprotective 
effects, as well as maintaining the integrity of endothelial barrier and prevention 
of endothelial cell death18, 19. Such effects require binding of APC to EPCR and 
EPCR-induced activation of protease-activated receptors18-20. In the kidney, EPCR 
is expressed on endothelium of glomerular and peritubular capillaries and, to a lesser 
extent, in tubules21

Several studies have demonstrated the protective effect of APC in hyperglycaemic 
conditions. Genetically-induced overexpression of APC reduces hyperglycaemia-
induced glomerular apoptosis, prevents endothelial dysfunction and apoptosis, 
glomerular capillary injury and DN in mice20. Another study showed that 
administration of APC to diabetic mice reduced glomerular apoptosis and renal 
fibrosis resulting in partially restored renal function22. APC has also been shown to 
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reduce podocyte apoptosis23. Part of the protective effects of APC depends on the 
interaction with EPCR. Treatment with APC prevented hyperglycaemia-induced 
apoptosis of endothelial cells in a PAR-1 and EPCR dependent fashion, as evidenced 
by the fact that treatment with EPCR or PAR-1 blocking antibodies abrogated the 
APC-induced reduction of apoptosis20. Despite this well described protective role of 
APC in DN, the expression and levels of glomerular EPCR in DN in human subjects 
has not been studied to date.
EPCR expressed on the surface of endothelial cells can be cleaved and released into 
the circulation in a soluble form24 by activity of various metalloproteinases25, 26. The 
A Disintegrin and Metalloproteinase (ADAM) 10 and 17 are known to be major 
shedding enzymes of various transmembrane receptors27. Especially ADAM17 is 
known to cleave membrane-bound EPCR releasing soluble form of EPCR (sEPCR) 
into the circulation26. Such shedding does not only inactivate EPCR, but sEPCR 
could possess a specific activity, such as competing with full membrane EPCR for 
binding of PC and therefore affecting PC activation28, 29. We have previously shown 
that sEPCR is excessively released into the urine upon renal injury, such as acute renal 
allograft rejection, while systemic and urinary levels of sEPCR in DN have not yet 
been studied21.
In the current study we investigate renal EPCR expression and cleavage in DN. 

Subjects and Methods
Patients
One hundred thirty six patients with type 2 diabetes were selected from the patient 
population of the Slotervaart hospital in Amsterdam, by applying a priori criteria to 
define the two study groups based on daily urinary albumin excretion (UAE): Seventy-
three patients with UAE higher than 300mg/day (macroalbuminuria) were considered 
as DN patients. The diabetic control group consisted of 63 diabetic patients with 
UAE lower than 30mg/day (no microalbuminuria). These cut off values were 
chosen according to the KDOQI Clinical Practice Guidelines30. The whole cohort 
was characterized in terms of plasma glucose and lipid profile, serum and urinary 
creatinine, urinary sodium and calcium excretion by standard biochemical assays. 
Sample size was determined by power analysis testing. To detect 25% difference in 
sEPCR plasma concentration with a power of 80%, we needed to include at least 51 
patients in each study group. 
EDTA plasma and matched 24h urine portions were available for 60 and 56 patients 
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in the diabetic control group and for 72 and 64 patients in the DN group, respectively. 
In addition, to characterize standard values for sEPCR in body fluids, plasma and 
24h-urine collected from 18 healthy age-matched volunteers (without diabetes, 
metabolic, cardiovascular or renal disease) were employed for sEPCR measurements. 
The study was approved by the ethical committee of the Slotervaart Hospital and all 
patients provided written informed consent.
Kidney biopsies, selected from the archives of the Pathology department of the 
Academic Medical Center in Amsterdam, from 11 patients with diabetic nephropathy 
and 8 healthy controls were used for immunostainings. 

Enzyme-linked immunosorbent assay (ELISA)
Soluble EPCR concentration was measured using Human EPCR DuoSet kit 
(DY2245, R&D System, Abingdon, UK). 
Aliquots of 24-hour urine, plasma or cell culture supernatant were pre-treated, 
according to the manufacturer protocol, with 1M HCl and 1M NaOH and then 
diluted in 1% BSA PBS. 
According to manufacturer guidelines, optical densities were measured using a microplate 
reader set at 450nm and wavelength correction was set at a wavelength of 570nm. 

Immunostaining
EPCR immunostaining was performed on 4µm thick paraffin embedded kidney 
sections as previously described21. The intensity of immunostaining was scored semi-
quantitatively on a scale from 0-3 (absent, weak, moderate or strong, respectively) 
following the method of Faust et al.21, 31.
Paraffin sections of kidney biopsies were also immunostained for ADAM17 and 
ADAM10. After antigen retrieval with pH6 citratebuffer (20 minutes at 121°C), 4µm 
thick sections were overnight incubated at 4°C with either 10µg/mL rabbit anti human 
ADAM17 polyclonal antibody (LS-B619, LSBio, Seattle, USA) or 4µg/mL rabbit 
polyclonal IgG against ADAM10 (AB19031, Millipore, Billerica, USA). Primary 
antibody binding was detected with a peroxidase kit (Brightvision poly HRP-Anti-
rabbit IgG, Immunologic, Duiven, Netherlands). Staining was developed with 
3,3’-diaminobenzidine (DAB) or bright DAB (Immunologic, Duiven, Netherlands).
All sections were coded and scored by two blinded investigators simultaneously, by 
means of consensus. For each section a mean score was calculated from at least five 
high power fields. Staining of podocytes, mesangium, endothelium and tubular 
epithelial cells were scored on a semi-quantitative scale from 0 to 3 (respectively 
absent, weak, moderate or strong).
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Cell culture
Immortalized human-glomerular endothelial cells (GEnCi)32 were grown to confluence 
at 33°C in VEGF-free EGM medium (CC-3202, Lonza, Breda, Netherland) and then 
differentiated during at least 6 days at 38°C32. The cells were stimulated with 1µM of 
12-myristate 13-acetate (PMA) for 2 hours to induce EPCR shedding or in 10% FCS 
DMEM/F12 medium containing 30mM of glucose (or mannitol as osmotic control) 
to model the diabetic environment for 48 hours. 50µM of TAPI-0 (INH-3850-PI, 
Peptides International, Louisville USA) was added to inhibit ADAM17 activity. In 
some experiments, blocking anti-EPCR antibody (Abcam, Cambridge, UK) was used.
Protein expression by immunoblotting
To study the changes in protein expression of ADAM17 and EPCR upon incubation 
in high glucose media, the cells were washed with cold PBS and lysed in RIPA buffer 
with protease inhibitors. Protein concentrations were determined by the bicinchoninic 
acid method and equal amounts of protein were resuspended in Laemmli sample 
buffer and boiled for 10 minutes at 95°C. The proteins were separated by SDS-PAGE 
on polyacrylamide gels (Thermo Fischer Scientific, Landsmeer, Netherlands) and 
transferred to Immobilon-P nitrocellulose membranes by blotting for 2 hours 
(BioRad, Transblot SD, Hercules, CA). The membranes were blocked for 1 hour in 
TBST (20mM Tris, 150mM NaCl, 1% Tween, pH7.5)/5% non-fat dry milk and 
incubated overnight at 4°C with the primary antibodies, including goat anti-human 
EPCR polyclonal antibody (R&D) and rabbit anti human ADAM17 polyclonal 
antibody (LSBio). Subsequently, the membranes were washed and incubated with the 
corresponding secondary antibody in and immunoreactivity was visualized using ECL 
PLUS western blotting detection reagent (GE Healthcare Europe, Diegen, Belgium). 
ECL was detected on a photographic film. Digital scans of the blots were quantified 
by densitometrical analysis using the ImageJ software. Subsequently, membranes 
were stripped in the stripping buffer (2%SDS, 62.5mM Tris HCl, pH6.8, 100mM 
β-mercaptoethanol) and probed with mouse anti-human beta actin antibody (Sigma-
Aldrich) to correct for the protein loading. Three independent biological replicates 
were analyzed to quantify protein expression. 

mRNA expression by reverse transcription (RT)-PCR
To determine changes in endothelial phenotype, mRNA expression of 
endothelial markers was studied by RT-PCR. First, RNA was extracted from 
the cells using the Trizol reagent (Life Technologies), according to the protocol 
recommended by the manufacturer. RNA concentration and purity was 



135

The role of EPCR shedding in diabetic nephropathy

determined by the Nanodrop spectrophotometer (Thermo Scientific) and 
cDNA was synthesized using oligo dT primers and reverse transcription-mix 
(Roche Applied Science). Specific primers for the PCR were designed using the 
Primer-BLAST program (NCBI Tools). The primers sequences were as follows: 
VE-cadherin (CDH5)- sense:AGATCAGGAGTGACAGATCACAGG, anti
sense:AAGTCAGTGTTATCTACAATCCCTTGC (577bp); transforming 
growth factor-β (TGFB1)- sense:TGATGTCACCGGAGTTGTGC, 
antisense:CGGTAGTGAACCCGTTGATG (132bp); cyclophilin-B (PPIB)- 
sense:CTGCTGCTGCCGGGACCT, antisense:AATACACCTTGACGGTGA
CTTTGGG (70bp). For each PCR, a mastermix was prepared on ice, containing 
SensiFAST SYBR no-ROX mix (Bioline Reagents Ltd, London, UK), reverse 
and forward primers. LightCycler 480 Real-Time PCR System (Roche-Applied 
Science) was used with a 384-multiwell plate format. Specificity of the PCR product 
was verified by electrophoresis in a 2% agarose gene using a 100bp DNA ladder 
(Promega). Three independent biological replicates were analyzed to quantify RNA 
expression.

siRNA intervention
Specific siRNA ADAM17 and EPCR knock-down of GENci was achieved by 
transfecting the cells with 50 nM On-TARGETPlus SMARTpool human ADAM17 
or EPCR siRNA (GE Healthcare Dharmacon, Lafayette, CO) using INTERFERin 
transfection reagent (Polyplus Transfections, Illkirch, France). Additional cells were 
transfected with SMARTpool green fluorescent protein (GFP) siRNA to control for 
the nonspecific effects of the transfection. Following 6 hour transfection the cells were 
washed and exposed to high glucose medium, as described above.

Statistical Analysis
All data sets were tested for their distribution prior to analyses.
Wilcoxon-Mann Whitney test, Kruskal Wallis test, Spearman’s correlation test and 
linear regression analyses were performed using SPSS 20 software (IBM Corporation, 
Stomer, NY USA). In all experiments, a two-tailed p-value of <0.05 was considered 
significant.
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Results
Clinical characteristics of the patients
Table 1 shows the clinical characteristics of the patients. Only type 2 diabetes patients 
were included in this study.
More male patients were included in the diabetic nephropathy (DN) group compared 
with the diabetic control group. DN patients had significantly higher BMI and lower 
levels of HDL cholesterol. There were no significant differences in the long-term 
severity of diabetes, nor the level of diabetes compensation between the groups, as 
evidenced by comparable levels of glycated haemoglobin (HbA1c). On the other 
hand, systolic and diastolic blood pressure was elevated in DN patients and almost all 
the patients received angiotensin receptor blockers or angiotensin converting enzyme 
inhibitors, in contrast to diabetic controls. Reduced renal function was evidenced 
by the increase in serum creatinine and reduced estimated glomerular filtration rate 
(GFR) in nephropathic patients.

Plasma levels and urinary excretion of sEPCR in diabetic nephropathy
The levels of sEPCR were elevated in plasma (given as median [interquartile range], 
112.2[93.38-153.9] vs 135.2[107.7-177.7ng/mL] for diabetic controls vs DN patients 

Table1. Clinical parameters of the patients.
Continuous variables are shown as median and 95% confidence intervals.
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respectively) and urine (94.35[53.66-194.9] vs 140.6[100.7-230.7]ng/mL) of DN 
patients when compared to diabetic controls (Figure 1A and 1B). 24-hour urine 
excretion of sEPCR was markedly increased in the DN group as well (195.9[99.09-
266.0] vs 297.5[208.3-386.6]µg/day, Figure 1C). Neither sEPCR plasma levels nor 
urinary excretion in diabetic control group did significantly differ from control levels 
found in healthy non-diabetic volunteers (114.9[86.8-124.6]ng/mL and 163.4[129.3-
379.5]µg/day for plasma and urinary excretion control levels, respectively).

Renal expression of EPCR in diabetic nephropathy
In order to visualize the EPCR expression pattern in renal tissue, EPCR 
immunostainings were performed. Figure 2A, B, C and D show representative EPCR 
staining patterns in kidney biopsies. Prominent EPCR expression was observed on 
glomerular endothelium. EPCR was expressed in endothelium of extraglomerular 
vessels and some intermediate staining was observed in tubular cells. Importantly, 
glomerular endothelial EPCR expression was markedly reduced in patients with 
DN as compared to control kidneys (Figure 2E), whereas EPCR staining of the 
extraglomerular endothelium remained similar in both groups (Figure 2A and B). 

Figure 1. Plasma and urinary sEPCR concentrations and Spearman’s correlation analysis.
Plasma and urinary sEPCR concentration were measured by ELISA.
Plasma (A), urine (B) sEPCR levels and 24h urinary excretion (C) are elevated in patients suffering from DN 
compared to diabetic controls.
24h urinary sEPCR excretion correlates with plasma sEPCR in the whole population (D). Urinary sEPCR excretion 
does not correlate with GFR in the diabetic control group (E) but does so in the DN group (F).
* p < 0.05 (Mann-Whitney Test)
** p < 0.01 (Mann-Whitney Test)
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Figure 2. EPCR expression in renal biopsies.
Representative EPCR immunostainings of kidney biopsies (A and B) with close ups on glomeruli (C and D).
DN patients display markedly reduced EPCR expression on glomerular endothelium (E), whereas ECPR staining 
intensity remained unchanged in podocytes (F) and mesangium (G) compared to healthy controls. Intensity of 
tubular ECPR staining (H) did not differ between the two groups.
In addition internal control (extraglomerular vessels) remained strongly stained in DN tissue, confirming that the 
staining was technically successful.
Results are shown as mean and SEM.
* p < 0.05 (Mann-Whitney Test)
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Although not being statistically different between the two groups, EPCR expression 
in the podocytes tended to be reduced as well in patients with DN (Figure 2F). In 
addition, the expression of EPCR remained unchanged in other glomerular cell types 
such as mesangium (Figure 2G) as well as in the tubules (Figure 2H).

EPCR shedding by glomerular endothelium in vitro
The protein kinase C activator phorbol 12-myristate 13-acetate (PMA) has been 
shown to induce EPCR shedding in human umbilical vein endothelial cells26. 
Comparably, after 2h stimulation of immortalized glomerular endothelial cells 
(GEnCi) with 1 µM PMA, elevated concentration of EPCR was detected in the 
culture supernatant (Figure 3A). PMA-induced EPCR shedding was abolished when 
the cells were pre-treated with 50µM TAPI-0, an inhibitor of metalloproteinase 
ADAM17, indicating that EPCR can be shed by proteolytic cleavage in glomerular 
endothelium (Figure 3A).
To simulate effects of the diabetic milieu, GEnCi were exposed to medium containing 
high-glucose concentration (30mM). This led to a significant increase in the 
supernatant concentration of EPCR compared to the osmotic control mannitol. 
EPCR shedding was inhibited by ADAM17 inhibitor TAPI-0 (Figure 3B). Similarly, 
EPCR shedding was also reduced in ADAM17 siRNA knock-down (Figure 3C) 
characterized by a mean 55±3%, p<0.05 reduction in ADAM17 mRNA expression 
In line with EPCR shedding to the conditioned cell culture medium, high glucose 
environment reduced expression of EPCR in cellular lysate, while pre-incubation with 
TAPI-0 led to increased detection of EPCR in glomerular endothelium (Figure 3D 
and F). 
Finally, to investigate whether high-glucose EPCR shedding might affect endothelial 
phenotype, we studied changes in mRNA expression of endothelium-specific 
VE-cadherin, important intercellular junction component controlling endothelial 
permeability and TGF-β, a marker of endothelial-to-mesenchymal transition 
indicating loss of endothelial phenotype of glomerular endothelium. Interestingly, 
inhibition of ADAM17-induced EPCR shedding by TAPI-0 and ADAM17 siRNA 
significantly improved endothelial VE-cadherin expression altered by high glucose 
(Figure 3G and I). At the same time, TAPI-0 and ADAM17 siRNA reduced mRNA 
expression of TGF-β, thus preventing the loss of endothelial phenotype induced by 
hyperglycaemic environment (Figure 3H and J).
Finally, knocking-down EPCR expression with EPCR siRNA, characterized by a mean 
77±4.7 %, p<0.05 reduction in EPCR mRNA expression, lead to minor effects on 
VE-cadherin but on a significant increase of TGF-β mRNA expression (Figure 3K and L).



140

CHAPTER 7

Figure 3. EPCR shedding in glomerular 
endothelial cells (GEnCi).
Elevated EPCR shedding was induced 
when GEnCi were treated with 1 µM 
PMA (A) or incubated in high-glucose 
(30mM) medium (B). ADAM17 was 
inhibited using 50 µM TAPI-0 (B) or 
ADAM17 siRNA (C).
Figure D shows representative western 
blot analysis for EPCR and ADAM17. 
Quantification of protein expression 
of ADAM17 (E) and EPCR (F) in GEnCi 
incubated under control conditions 
(Vehicle), with osmotic control manitol 
(Man), in high glucose medium (Glu) 
and following ADAM17 inhibition by 
TAPI-0.
mRNA expression of VE-cadherin , 
a marker of endothelial phenotype, 
and TGFβ , a marker of endothelial 
phenotype loss, in GEnCi incubated 
under control conditions (Vehicle), 
with osmotic control manitol, in 
high glucose medium and following 
ADAM17 inhibition by TAPI-0 (G and 
H), ADAM17 siRNA (I and J) and EPCR 
siRNA (K and L).
Results are shown as mean and SEM.
* p < 0.05 (Mann-Whitney Test)
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Glomerular expression of ADAM17 diabetic nephropathy
After having established a role for ADAM17 in EPCR shedding under diabetic 
conditions in vitro, we further investigated the expression of ADAM17, a 
metalloproteinase known to specifically cleave EPCR, in renal tissue. 
Figure 4A and 4B show representative ADAM17 staining in glomerular endothelium 

Figure 4. ADAM17 expression in renal biopsies.
Representative immunostainings of kidney biopsies for ADAM17 in glomeruli (A and B) with close up of a 
glomerular segment (C and D). Podocytes are marked by an arrow, endothelium by a V and mesangium by #.
DN patients have elevated glomerular endothelium expression of ADAM17 (E) compared to healthy controls. EPCR 
expression was similar on podocytes and mesangium in the two groups (F and G).
Results are shown as mean and SEM.
* p < 0.05 (Mann-Whitney Test)
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Figure 5. ADAM10 expression in renal tissue.
Representative immunostainings of kidney biopsies for ADAM10 in glomeruli (A and B) with close up of a 
glomerular segment (C and D). Podocytes are marked by an arrow, endothelium by a V and mesangium by #.
DN patients display elevated ADAM10 expression on glomerular endothelium (E) and a reduced expression on 
podocytes (F) compared to healthy controls. Mesangial ADAM10 expression was similar between the two groups (G).
Results are shown as mean and SEM.
* p < 0.05 (Mann-Whitney Test)
** p < 0.01 (Mann-Whitney Test)
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of control and DN patients. Intense ADAM17 staining was observed on glomerular 
and extraglomerular endothelium, whereas moderate staining was observed on tubular 
epithelial cells.
Patients with DN displayed markedly elevated expression of endothelial ADAM17 
compared with control patients (Figure 4E). However, ADAM17 expression in 
glomerular podocytes and mesangium did not differ between the groups (Figure 4F 
and 4G).

Glomerular expression of ADAM10 in diabetic nephropathy
In addition to ADAM 17, ADAM10 has been shown to be one of the major shedding 
enzymes. Figure 5A and 5B show representative ADAM10 staining in glomeruli. 
Important ADAM10 expression was observed on glomerular endothelium as well as 
on the endothelium of extraglomerular vessels and to a lesser extent in tubular cells.
DN patients show elevated ADAM10 expression in glomerular endothelium (Figure 
5E). However, we observed a reduced expression of ADAM10 on podocytes (Figure 
5F) in the DN groups and a comparable mesangial expression between the two groups 
(Figure 5G).

Discussion
In the current study we have investigated the levels of the endothelial protein C 
receptor (EPCR) in human diabetic nephropathy. We observed that patients suffering 
from DN display elevated plasma and urinary concentrations of sEPCR when 
compared to diabetic controls. We also observed loss of glomerular endothelial EPCR 
expression, as well as increased glomerular levels of ADAM17 and ADAM10 in 
biopsies from DN patients. Furthermore, exposure of glomerular endothelial cells to a 
high glucose environment resulted in ADAM17-mediated EPCR shedding.
EPCR is expressed on endothelium of various systemic and organ vascular beds. It 
has been proposed that sEPCR levels could be increased upon generalized vascular 
injury, such as present in preeclampsia, suggesting that sEPCR levels might represent 
a marker of systemic endothelial dysfunction33. Not surprisingly, in the current study, 
the patients with DN showed more severe cardiovascular risk factors than the diabetics 
without nephropathy. However, none of these parameters correlated with plasma 
(Supplemental figure 2) or urine (Supplemental figure 3) 
sEPCR neither in the diabetic control nor in the DN group, arguing against the 
possibility that sEPCR elevations reflect generalized cardiovascular injury.  
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In addition, the differences in gender ratios between the both groups reflects reality of 
the practice and the fact that diabetes-related ESRD more commonly occurs in men 
than in women34. Interestingly, sEPCR levels do not depend on gender in the current 
diabetic cohort since multiple linear regression analysis showed that gender was not 
significantly associated with plasma and urinary sEPCR levels nor with the daily 
sEPCR excretion (Supplemental figure 4).
Systemic elevation in sEPCR levels could reflect vascular dysfunction occurring 
during DN35-37. Indeed, elevated levels of sEPCR is considered as a biomarker for 
endothelial dysfunction38 and have been associated with endothelial damage during 
haemodialysis39 or in vasculitis and systemic lupus erythematosus38. Interestingly, the 
plasma levels of thrombomodulin, another receptor crucially involved in protein C 
activation, coagulation and inflammation, were elevated in patients suffering from 
diabetes mellitus and were associated with albuminuria40.
The single-nucleotide polymorphism (SNP) A6936G (also known as haplotype 
A3) in the EPCR gene is well known to be associated with elevated plasma sEPCR 
levels41. It could be argued that elevated sEPCR levels in our cohort resulted from 
an over representation of patients bearing the A6936G SNP in the DN group rather 
than being a consequence of DN. We were unable to verify this hypothesis since we 
have no data on patients’ genotypes. In A6936G patients a glycine substitution at 
Ser-219 in the EPCR trans-membrane region makes the protein more susceptible to 
cleavage by ADAM17. Therefore, the elevated sEPCR levels could also result from 
a combination of high ADAM17 expression and the presence of a cleavage-prone 
A6936G EPCR variant. In addition to elevated plasma levels of sEPCR, we observed 
increased sEPCR concentrations in the 24h urine of DN patients. We previously 
reported that patients undergoing antibody-mediated renal transplant rejection had 
elevated urinary sEPCR levels compared to patients with T-cell mediated rejection 
and transplant patients without rejection, suggesting that urinary sEPCR might 
be used as a novel non-invasive biomarker of antibody mediated rejection in renal 
transplantation21. High urinary levels of sEPCR could result from a reduced tubular 
resorption, excessive filtration of systemic ECPR or local secretion in the kidney. 
Since sEPCR has a relatively low molecular weight (approximately 43kDa42), systemic 
sEPCR could possibly be filtered through both intact and compromised glomerular 
membrane. Indeed, since urine and plasma sEPCR showed a positive correlation in the 
total patient population as well as in both individual groups (figure 1D, Supplemental 
figure 1), it is likely that urinary sEPCR is, at least partially, derived from glomerular 
production and/or filtrated systemic sEPCR rather than being produced by the renal 
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parenchyma. This is supported by the fact that elevated glomerular filtration rate 
positively correlates with increased urinary sEPCR in DN patients (figure 1F). In 
addition, tubular EPCR expression did not differ between DN and diabetic control 
patients suggesting that EPCR renal production remained constant.
Interestingly, EPCR glomerular expression almost disappears in DN patients, suggesting 
that glomerular EPCR may be cleaved and released in a soluble form, either to systemic 
circulation or being filtered to the urine. Excessive glomerular EPCR shedding is 
supported by our in vitro data showing that under hyperglycaemic conditions elevated 
quantities of sEPCR are released by glomerular endothelial cells into the culture 
supernatant. The loss of glomerular EPCR expression is accompanied by an increased 
glomerular expression of the metalloproteinase ADAM10 and 17. The latter has been 
implicated in the cleavage of the membrane-bound EPCR to produce the soluble 
EPCR variant26. Therefore, it is likely that elevated expression of ADAM17 and possibly 
ADAM10 can lead to the excessive glomerular EPCR shedding upon hyperglycaemic 
conditions. Our data on the glomerular expression of EPCR and ADAM17 reflect 
a static situation. It would be of great interest to study the dynamics and kinetics of 
ADAM17 and EPCR expression at various disease stages of developing DN.
The hypothesis that the elevated expression of ADAM17 leads to EPCR shedding 
is supported by our in vitro data which show that elevated EPCR shedding was 
abrogated when glomerular endothelial cells were treated with TAPI-0, an ADAM17 
inhibitor, or in ADAM17 siRNA-mediated knock-down. This indicates that 
ADAM17 is responsible for the cleavage of glomerular EPCR in diabetic milieu. The 
reduced shedding of EPCR which occurred as a result of inhibition of ADAM17 was 
accompanied by increased mRNA expression of endothelium-specific VE-cadherin, 
an important intercellular junction component that controls endothelial integrity. At 
the same time, inhibition of ADAM17 resulted in decreased mRNA levels of TGF-β, a 
marker of endothelial-to–mesenchymal transition which is critically implicated in the 
pathogenesis of DN12-14. Silencing of ADAM17 by siRNA technique reproduced the 
effects of ADAM17 blockade on endothelial phenotype. These results may suggest that 
EPCR actively safeguards glomerular endothelial phenotype while the levels of EPCR 
are controlled by ADAM17-mediated shedding. This hypothesis is further supported 
by the fact that EPCR silencing significantly increased TGF-β mRNA expression in 
the in vitro system. Incubation of the cells with a specific EPCR blocking antibody 
showed a comparable increase in TGF-β mRNA levels, although not reaching 
statistical significance (data not shown). This discrepancy may reflect a functional 
difference between blocking intact EPCR versus EPCR cleavage in vitro. 



146

CHAPTER 7

EPCR-independent effects of ADAM17 may be considered. Since ADAM17 acts to 
cleave multiple targets43, inhibition of ADAM17 could alter a number of pathways. 
For instance, hyperglycaemia-induced increase in ADAM17 expression controls 
the release of HB-EGF and subsequent activation of the epidermal growth factor 
receptor (EGFR) in mesangial cells44. Also, hyperglycaemia-induced ADAM17 
leads to increased type IV collagen production in tubular epithelial cells45. These 
studies indicate EPCR-independent roles for ADAM17 in renal cell types other than 
endothelium. Our study is the first to implicate glomerular endothelial ADAM17 and 
ADAM10 in DN and linking the overexpression of metalloproteinases to cleavage of 
EPCR in DN. These findings may be relevant for understanding of the development 
of renal damage, since glomerular endothelium emerges as major component in the 
pathogenesis of DN.
Glomerular EPCR cleavage probably reflects glomerular endothelial damage upon 
DN, but might also play an active role in its pathogenesis. Isermann et al. have 
shown that mice with an impaired ability to activate protein C (APC) develop more 
glomerular damage and higher albuminuria in a DN model compared to wild type 
mice. Of note, APC-mediated renal protection was independent of its anticoagulant 
properties20.
Binding of APC to EPCR is necessary to induce PAR-1 activation of several pathways 
leading to down-regulation of adhesion molecules46, the maintenance of endothelial 
barrier function and apoptosis prevention18, 19. Therefore, the loss of glomerular EPCR 
due to ADAM17-mediated cleavage might result in lower APC production and 
reduced APC-mediated endothelial protection against diabetic injury. 
Taken together, we propose that ADAMs-driven glomerular endothelial EPCR 
cleavage is enhanced upon hyperglycaemic conditions. This results in elevated sEPCR 
levels in the urine and plasma, possibly compromising APC-mediated glomerular 
protection against diabetic injury. It remains to be determined, whether plasma and 
urinary levels of sEPCR reflect the severity of diabetic glomerular injury.
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Supplementary figures

Supplemental figure 1.
Correlation between daily sEPCR excretion and plasma sEPCR.
24h urinary sEPCR excretion correlates with plasma sEPCR in the diabetic control group (A) as well as in the DN 
group (B) (Spearman’s correlation analysis).

Supplemental figure 2.
Spearman correlation coefficients between plasma sEPCR concentration and body mass index (BMI), blood 
pressure, HDL cholesterol concentration.
BMI, HDL cholesterol, systolic blood pressure and diastolic blood pressure do not correlate with plasma sEPCR 
concentration in the diabetic control group nor in the DN group.
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Supplemental figure 3.
Spearman correlation coefficients between daily sEPCR urinary excretion and body mass index (BMI), blood 
pressure, HDL cholesterol concentration
BMI, HDL cholesterol, systolic blood pressure and diastolic blood pressure do not correlate with daily sEPCR 
excretion in the diabetic control group nor in the DN group.

Supplemental figure 4.
Associations of gender with sEPCR concentrations with adjustment for baseline characteristics (multiple linear 
regression analysis.)
Plasma and urinary sEPCR levels as well as daily sEPCR excretion were not associated with the gender of patients 
included in the diabetic control and diabetic nephropathy groups.
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Abstract 
Background
TAM receptors (Tyro3, Axl, Mer) activated by anticoagulant protein S have been 
implicated in the regulation of innate immunity. Circulating levels of the soluble 
forms (sTyro3, sAxl, sMer) are related to the severity of various autoimmune disorders 
and associated renal complications. 

Objectives
Measure TAM levels in plasma, urine and renal tissue of type 2 diabetes patients.

Methods
Urinary and plasma levels of protein S, sTyro3, sAxl and sMer were determined by 
ELISA in 126 patients with type 2 diabetes assigned to normoalbuminuric (urinary 
albumin excretion- UAE<30mg/24h) or macroalbuminuric (UAE>300mg/24h) 
study group, respectively. Eighteen healthy volunteers were included for comparison. 
Histopathological examination was performed using archived kidney biopsies from 
patients with DN (n=9) and compared to control biopsies (n=6).

Results
Patients with albuminuria displayed elevated circulating levels of sMer and enhanced 
urinary excretion of sTyro3 and sMer when compared to normoalbuminuric diabetics. 
This is the first study reporting measurable excretion of sTAM receptors in the urine, 
thus identifying the kidney as a potential source of such soluble receptors. Increased 
renal clearance of sTyro3 and sMer was associated with the loss of tubular Tyro3 and 
Mer expression in diabetic kidneys, excessive infiltration of TAM-positive macrophages 
and glomerular depositions of protein S. Additional studies are required to establish 
whether sTAM receptors might have any predictive value for renal injury in diabetes.
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Introduction
Diabetic nephropathy (DN) is the leading cause of chronic kidney disease, reported 
in up to 45% of end-stage renal disease (ESRD)1, 2. Despite a significant progress in 
understanding of the DN pathophysiology, the complex sequence of events leading 
to glomerular and tubular damage is far from clear and current treatment strategies 
still provide inadequate renoprotection. Therefore identification of novel mediators of 
disease and potential therapeutic targets is warranted to reduce enormous health and 
economic burden of DN.
Glomerular injury associated with an alteration of glomerular filtration barrier and 
development of microalbuminuria due to podocyte and endothelial dysfunction 
constitute key early pathologic features of DN3-5. These events are followed by the 
development of overt proteinuria, glomerulosclerosis and tubulointerstitial injury 
leading eventually to nephron loss and renal function decline6, 7. Although diabetes 
mellitus has been traditionally viewed as a nonimmune disease, emerging evidence 
suggest that activation of innate immune mechanisms plays an important role in 
the development of diabetic renal injury8, 9. Infiltration of inflammatory monocytes/
macrophages and subsequent cytokine release is a prominent feature of DN10, 11 and 
is promoted by a pro-adhesive and pro-inflammatory phenotype of dysfunctional 
diabetic endothelium. Identification and characterization of novel mediators involved in 
regulation of renal inflammation might improve our understanding of DN pathology.
Tyrosine-kinase receptors of TAM family including three subtypes Tyro3, Axl and 
Mer have recently emerged as novel crucial regulators of innate immunity12. Although 
serving as classical tyrosine-kinase membrane receptors activating proliferation/
survival, cell adhesion and migration in malignant cells, all three subtypes are 
also expressed on macrophages, dendritic cells and natural killer lymphocytes13, 

14. Activation of TAM receptors limits the cytokine release following macrophage 
activation and mediates clearance of apoptotic cells by macrophages15, 16. Consequently, 
triple TAM knock-out mice display the phenotype resembling autoimmune disorder17, 

18. A natural anticoagulant, protein S has been identified as a ligand for Tyro3 and 
Mer receptors19, 20. Originally described as a cofactor for activated protein C (APC)-
dependent inactivation of coagulation factors Va and VIIIa21, 22, protein S induces 
multiple coagulation-independent effects in a TAM receptors-dependent manner. 
Interestingly, in addition to regulation of macrophage and other immune cell function, 
protein S may activate TAM receptors subtypes expressed on non-immune cell types, 
including endothelial and epithelial cells or neurons. For instance, protein S has 
been shown to protect against various types of central nervous system or lung injury, 
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through activation of Tyro3 receptor23-25. Protein S displays much lower affinity 
towards Axl, which preferentially binds to growth arrest specific protein (Gas-6), a 
non-coagulant soluble protein sharing a significant homology with protein S19, 20. 
Gas-6/Axl axis has been recently extensively studied in the kidney and Gas-6 activation 
of mesangial Axl receptor has been implicated in the development of glomerular 
damage in several glomerulopathies including DN26, 27. In contrast to Gas-6/Axl, little 
is known on the role of protein S, Tyro3 and Mer in the development of renal disease. 
Interestingly, extracellular domains of TAM receptors can be proteolytically cleaved 
by metalloproteases to yield truncated soluble receptor forms designated sTyro3, 
sMer and sAxl28-30. All three soluble TAM receptors can be found in plasma, although 
their role has not been characterized yet. Such soluble forms might function as decoy 
receptors to inactivate their respective circulating ligands28 or even possess specific 
effects antagonistic to those of the canonical ligands31. Excessive circulating levels 
of sMer, indicating increased systemic shedding, have been recently related to the 
severity of nephritis in lupus patients30 and to the severity of renal function decline 
in patients with chronic kidney disease of variable origin32. However, systemic levels 
of soluble TAM receptors in diabetic patients have not been studied so far. Although, 
high molecular weight proteins, such as soluble TAM receptors (150 kDa) are unlikely 
to be filtered under normal conditions, we hypothesize that specific subtypes of TAM 
receptors might be expressed in the normal and in the diabetic kidney, and eventually, 
the truncated soluble forms of the receptors might be released to urine. Furthermore 
we propose, that upon metabolic and inflammatory injury in diabetic nephropathy, 
renal expression, urinary and plasma levels of soluble TAM receptors might be altered. 

Materials and methods
Subjects
The study was approved by the local ethical committee of the Slotervaart Hospital, 
Amsterdam, the Netherlands. One hundred and twenty six patients from a larger, 
previously described33, cohort of type 2 diabetes patients were included in the study. 
The cohort was recruited between May 2009 and December 2010, and consisted of 
patients visiting the Department of Internal Medicine, Slotervaart Hospital for their 
annual comprehensive diabetes evaluation. Patients with urinary albumin excretion 
(UAE) levels >300 mg/24h (macroalbuminuria, indicating presence of a diabetic 
renal injury, n=67) and with available blood and 24-urine samples were identified 
and assigned to a DN study group. A similar number of patients with UAE levels <30 
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mg/24h (normoalbuminuria, diabetic patients without DN, diabetic control group, 
n=59) was randomly selected. A minimal sample size of 52 patients was calculated 
to detect a 25% difference in plasma level of soluble Mer with a power of 80%. In 
addition to UAE and glucose biochemistry, the patients were characterized in terms of 
plasma lipid profile, serum and urinary creatinine by standard biochemical assays, as 
described previously33.
Both blood and urine samples were centrifuged at 2000g to obtain EDTA plasma and 
urine supernatant, respectively. To characterize normal values for sTAM receptors in 
body fluids, plasma and urine were collected from 18 healthy volunteers (non-obese, 
without diabetes mellitus, metabolic syndrome, hypercholesterolemia, hypertension, 
cardiovascular or renal disease, age>40 years). 
In addition, histopathological examination was performed using archived kidney 
biopsies (Department of Pathology, Academic Medical Center, Amsterdam, the 
Netherlands) from patients with diabetic nephropathy (n=9) and compared to control 
biopsies (n=6). 

ELISAs for TAM receptor subtypes 
DuoSet ELISA kits for human Tyro3 or Axl or Mer receptor (R&D Systems 
Minneapolis, MN) were used to determine plasma and urine levels of soluble TAM 
receptors subtypes. Following the coating of 96-well ELISA plates with the respective 
monoclonal capture antibodies, the plate was blocked with 3% fish gelatin (Sigma-
Aldrich, St.Louis, MO) in TBST buffer (20 mM Tris, 150 mM NaCl, pH=7.4, 0.1% 
Tween 20). Washing steps with PBST buffer (3.2 mM Na2HPO4, 0.5 mM KH2PO4, 
1.3 mM KCl, 135 mM NaCl, 0.1% Tween 20) were performed after the blockade 
and each subsequent incubation. EDTA plasma was diluted 1:10 in all cases, while 
24-h urine samples were diluted by factor 8, 20 and 4, for sTyro3, sAxl and sMer, 
respectively. The diluted samples and serial dilutions of standards (recombinant 
Tyro3, recombinant Axl, recombinant Mer, respectively), were added to the plate 
and subsequently incubated with the respective biotinylated polyclonal detection 
antibodies. Following the addition of horse-radish peroxidase-conjugated streptavidine, 
the color reaction was initiated using hydrogen peroxide and tetramethylbenzidine and 
the absorbance was measured using automated plate reader. The concentrations were 
calculated using regression analysis to the respective standard curves. 
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Total and Free protein S ELISA
Total protein S levels were determined as described previously34 with an in-house ELISA 
(using antibodies from Dako, Glostrup, Denmark). Free protein S was measured by 
precipitating the C4b-binding protein-bound fraction with polyethylene glycol 8000, 
followed by the measurement of the concentration of free protein S in the supernatant. 

Immunohistochemistry
Paraffin-embedded sections of the kidney biopsies from healthy individuals and 
diabetic patients were stained for TAM receptors subtypes using mouse anti-Tyro3 
monoclonal and rabbit anti-Mer monoclonal (both LifeSpan Biosciences, Seattle, 
WA), goat anti-Axl polyclonal (R&D Systems Minneapolis, MN), rabbit anti-protein 
S polyclonal (Sigma-Aldrich, St.Louis, MO) and mouse anti-CD68 monoclonal 
(Dako, Glostrup, Denmark) primary antibodies. Following the incubation with the 
respective peroxidase-conjugated secondary antibodies, the stainings were developed 
with 3,3’Diaminobenzidine (DAB) kit. The specificity of the anti-TAM antibodies was 
confirmed by characteristic staining pattern in testicular epithelium. All sections were 
coded and scored by two blinded investigators simultaneously, by means of consensus. 
Intensity and abundance of glomerular, tubular and interstitial signal were scored on 
a semi-quantitative scale from 0 to 3 (absent, weak, moderate or strong, respectively). 
For each section a mean score was calculated from at least seven high power fields. 
For double staining of individual TAM receptors with macrophage marker CD68, 
co-incubation of the individual primary antibodies was followed by the corresponding 
species-compatible secondary antibodies and visualized by Nova Red peroxidase and 
Vector Blue alkaline phosphatase kits, respectively (Vector Laboratories, Burlingame, CA). 

Statistical analysis
Graphpad Prism (Graphpad Software, La Jolla, CA) was used for all statistical 
analyses. Comparisons between groups were performed using the Mann-Whitney 
test or Kruskal-Wallis test followed by Dunn’s post hoc comparisons, as appropriate. 
A P-value< 0.05 was considered significant for all tests. Spearman’s rank correlation 
coefficients (rs) were calculated to study the relationship (correlations) between soluble 
TAM receptors’ levels and clinical variables. Renal clearance [ml/min] of specific 
soluble TAM receptors was calculated as (urinary concentration [ng/ml] x daily 
urine volume [ml]) / (plasma concentration [ng/ml] x 24 h x 60 min). To assess the 
performance of the measured parameters as markers to discriminate between diabetic 
patients with and without albuminuria, receiver operating characteristics (ROC) curve 
analysis was performed.
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Results
Cohort characteristics
The characteristics of both patient groups and healthy controls are given in Table 1. As 
expected, patients with macroalbuminuria in DN group displayed significantly higher 
serum creatinine levels and reduced estimated GFR (eGFR), suggesting a significant 
decline in renal function when compared to diabetic controls with normoalbuminuria. 
At the same time, the severity of diabetes and was comparable in both study groups, 
as indicated by the lack of significant differences in HbA1c, duration of diabetes and 
proportion of patients on insulin treatment. Still, patients with macroalbuminuria 
showed increased body mass index (BMI), reduced HDL cholesterol levels and 
elevated blood pressure when compared to diabetic controls. Finally, patients with DN 
were slightly older and the proportion of males in this group was also higher than in 
diabetic controls. 
In line with the inclusion criteria, the healthy volunteers in the control group used 
to define normal values of sTAM receptors displayed normal glucose, HbA1c, blood 
pressure, cholesterol and serum creatinine values.
Plasma levels of total and free protein S in diabetic nephropathy
There were no significant differences between the study groups in plasma levels of 
total (Figure 1A), free (Figure 1B) or C4b-BP bound (data not shown) protein S, all 
approaching the levels measured in healthy individuals. Nevertheless, protein S levels 
correlated positively to the level of albuminuria (rs=0.19, P<0.05 and rs=0.24, P<0.01 
for total and free protein S, respectively) and negatively to eGFR (rs=-0.22, P<0.01 
and rs=-0.18, P<0.05) in the overall cohort.

Plasma levels of sTAM receptor subtypes in diabetic nephropathy
Soluble forms of all three subtypes of TAM receptors were detected in plasma of both 
healthy controls and diabetic patients, showing non-normal skewed distribution 
(Figure 1C-E). There was no significant difference between the diabetic study groups 
in sTyro3 levels (4.40[1.29–31.2] vs 5.81[0.97–32.2] ng/ml, Figure 1C) or sAxl 
levels (17.1[4.93-22.3] vs 18.3[10.6-24.1] ng/ml, for patients without and with DN, 
respectively, Figure 1D), although in both cases the levels were significantly higher 
than the values measured in healthy controls (1.93[0.79-25.0] and 12.4[8.10-18.7] 
ng/ml for sTyro3 and sAxl, respectively) 
On the other hand, sMer plasma levels were markedly elevated (14.4[6.31–27.6] vs 
19.3[9.29-47.4] ng/ml, P<0.005, Figure 1E) in patients with DN when compared 
to diabetic controls, while there was no significant difference between the levels in 
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Table 1. General characteristics of the type 2 diabetic (DM2) patients with macroalbuminuria (DN, UAE>300 
mg/24h) and normoalbuminuria (diabetic controls, UAE<30mg/24h) and healthy controls. UAE- urinary albumin 
excretion. Data are given as median (range).
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Figure 1. Comparison of plasma protein S levels (A: total; B: free) and concentrations of soluble TAM receptors 
(C: sTyro3; D: sAxl; E: sMer) in healthy controls and type 2 diabetic patients with (UAE>300 mg/day) and 
without (UAE<30 mg/day) diabetic nephropathy (DN). Urinary excretion (F-H) and renal clearance (I-K) of soluble 
TAM receptors (F, I: sTyro3; G, J: sAxl; H, F: sMer) in healthy controls and type 2 diabetic patients with (UAE>300 
mg/day) and without (UAE<30 mg/day) DN, *p<0.05 vs diabetic patients without DN, #p<0.05 vs healthy 
controls.
ROC curve of urinary sMer excretion (L) and urinary Tyro3 excretion (M) for discrimination between diabetic 
patients with and without DN.
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Table 3. Relationships between the levels of soluble TAM receptors and clinical parameters in the overall cohort 
of 126 type 2 diabetic patients and 18 healthy controls (n=144) and in the cohort of type 2 diabetic patients 
with nephropathy (UAE>300 mg/24h, n=67) as determined by Spearman’s correlation analysis. Statistically 
significant correlations are highlighted in bold.

Table 2. Absolute and creatinine-corrected urinary levels of soluble TAM receptors in healthy controls and 
diabetic patients with (UAE>300 mg/24h) and without (UAE<30mg/24h) DN, *p<0.05 vs diabetic patients 
without DN, #p<0.05 vs healthy controls
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patients without macroalbuminuria and healthy controls (13.2[6.59–21.8] ng/ml). 
Moreover, sMer systemic levels were significantly correlated to sTyro3 and sAxl levels 
in the whole cohort (sMer vs sTyro3 rs=0.45, P<0.001; sMer vs sAxl rs=0.37, P<0.001). 
Furthermore, plasma levels of sTyro3 were significantly related to the levels of HbA1c 
and UAE, sAxl to BMI, HbA1c, UAE and eGFR and sMer positively correlated 
with BMI, HbA1c, systolic blood pressure, eGFR and UAE in the complete study 
population (Table 3).

Urinary excretion of sTAM receptor subtypes in diabetic nephropathy
Intriguingly, all three soluble TAM receptors subtypes were excreted in the urine. 
Absolute and creatinine corrected urinary levels are given in Table 2. Urinary 
concentrations of sTyro3 displayed skewed distribution and large variability (Table 2).

Importantly, sTyro3 daily urinary excretion was increased more than two-fold in 
patients with DN compared to normoalbuminuric diabetes patients (0.94[0.20-
4.07] vs 2.10[0.24-7.40] µg/24h, P<0.001; for patients without and with DN, 
respectively; Figure 1F). Control sTyro3 excretion was not different from the excretion 
in normoalbuminuric patients (1.06[0.74-1.43] µg/24h, Figure 1F). To estimate the 
role of systemic vs. renal contribution to urinary excretion of soluble TAM receptors, 
renal clearance was calculated for each individual TAM receptors subtype, as described 
in Methods. sTyro3 renal clearance was significantly higher in patients with DN, when 
compared to diabetic controls (0.17[0.01-0.66] vs 0.25[0.05-2.10] ml/min; P<0.001; 
Figure 1I), suggesting either changes in renal sTyro3 handling (filtration/reabsorption) 
or active production of sTyro3 in the kidney upon diabetic nephropathy.
While no changes were observed in urinary excretion of sAxl (46.0[20.0-62.0] vs 
44.5[12.2-171] vs 47.5[14.8-150] µg/24h; Table 2; Figure 1G), nor renal clearance 
(2.26[1.25-3.20] vs 1.82[0.54-5.79] vs 1.81[0.54-6.52] ml/min, for healthy controls, 
diabetic patients without and with DN, respectively; Figure 1J), daily excretion of 
sMer was approximately doubled in patients with DN when compared to diabetic 
or healthy controls (1.23[0.28-2.44] vs 0.91[0.14-2.33] vs 2.35[0.49-7.72] µg/24h; 
P<0.001; Table 2; Figure 1H). Furthermore, renal clearance of sMer was markedly 
increased as well (0.046[0.004-0.137] vs 0.087[0.008-0.323] ml/min, P<0.001; Figure 
1K), indicating that in addition to elevated systemic sMer, increased urinary sMer 
excretion is due to altered renal handling and/or production of sMer in the diabetic 
kidneys. 
In the complete cohort urinary levels of sTyro3 and sMer correlated positively to BMI, 
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blood pressure and UAE, while urinary sAxl was related to BMI and eGFR levels 
(Table 3). There was a significant positive relation between systemic and urinary levels 
for sMer (r=0.26, P<0.01), but not sTyro3 or sAxl. Interestingly, urinary levels of sMer 
are positively correlated to UAE in individual patients with DN, while urinary levels 
of sTyro3 and sAxl depend on the preserved eGFR (Table 3).
Receiver operating characteristics (ROC) curve analysis for urinary sTAM parameters 
revealed that the daily excretion of sMer may serve as a diagnostic marker for 
diabetic nephropathy in type 2 diabetic patients (area under the curve 0.8972[95% 
CI 0.8412–0.9532], P< 0.0001, Figure 1L). Furthermore, ROC curve analysis for 
daily excretion of sTyro3 (area under the curve 0.8204[95% CI 0.7429–0.8978], P< 
0.0001, Figure 1M) suggested this parameter could also discriminate between patients 
with and without DN.

Figure 2. Representative immunohistochemical stainings of protein S in the control kidneys (A, arrow depicts a 
positive staining of tubular epithelial cells) and in the kidneys of patients with diabetic nephropathy (B, arrows 
show extensive glomerular depositions of protein S). Quantitative comparison of glomerular (C) and tubular (D) 
score of protein S staining in control and diabetic kidneys, DN- diabetic nephropathy, * p<0.05, Values given as 
mean±SEM
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Protein S immunoreactivity in the diabetic kidneys
Being a typical systemic liver-derived circulating anticoagulant protein, protein S 
immunoreactivity would not be readily expected in organs, such as kidneys under 
normal conditions. Indeed, control renal biopsies were largely protein S-negative, 
with only minor positivity in tubuli (Figure 2A, arrows), possibly reflecting some 
reabsorption of the filtered protein or eventually an ectopic tubular protein S 

Figure 3. Immunohistochemical staining of Tyro3 receptor in the control kidneys (A, asterisks at the positive 
tubular epithelium) and in the kidneys of patients with DN (B, arrows depict the positive interstitial cells). 
Quantitative comparison of glomerular (C), tubular (D) and interstitial (E) score of Tyro3 receptor staining in 
control and diabetic kidneys. F. Double staining of macrophage marker CD68 (red/brown) and Tyro3 (blue) shows 
co-localization (arrows) in the renal interstitium of patients with DN. DN- diabetic nephropathy, * p<0.05, Values 
given as mean±SEM
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expression. In contrast, diabetic nephropathy is characterized by prominent glomerular 
deposition of protein S (Figure 2B arrows and Figure 2C), while no significant 
difference was noted in tubular protein S signal (Figure 2D).

Figure 4. Immunohistochemical staining of Mer receptor in the control kidneys (A, asterisk at the positive tubular 
epithelium) and in the kidneys of patients with DN (B, arrow depicts a positive interstitial cell). Quantitative 
comparison of glomerular (C), tubular (D) and interstitial (E) score of Mer receptor staining in control and diabetic 
kidneys. F. Double staining of macrophage marker CD68 (red/brown) and Mer (blue) shows co-localization (arrow) 
in the renal interstitium of patients with DN. DN- diabetic nephropathy, * p<0.05, Values given as mean±SEM
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Changes in renal expression of TAM receptor subtypes in the kidney 
following diabetic nephropathy
All three subtypes of TAM receptors were found to be expressed in control, as well as 
diabetic human kidneys by immunohistochemistry. Tyro3 was abundantly expressed 
in proximal tubular epithelium (Figure 3A, asterisks) and mild positivity was observed 
in glomeruli (podocytes and endothelial cells). The latter was not altered in diabetic 
kidneys (Figure 3C), however epithelial Tyro3 expression was markedly reduced in 
diabetic nephropathy (Figure 3B, asterisk and Figure 3D). Interestingly, abundant 
interstitial influx of Tyro3-positive infiltrating cells (Figure 3B, arrows), presumably 
macrophages, was found in diabetic kidneys, while such cells were also observed 
in normal kidneys, albeit in markedly lower number (Figure 3E). Indeed, using 
macrophage marker CD68 and Tyro3 staining we confirmed massive interstitial influx 
of macrophages in diabetic kidneys with numerous cells double positive for both the 
macrophage marker and Tyro3 receptor (Figure 3F). 
In contrast to ubiquitous renal expression of Tyro3, Mer receptor showed a more 
restricted expression pattern, including specific subset of tubular epithelial cells, 
presumably in proximal portions, often strongly localized in the cell membrane 
(Figure 4A asterisk). Little glomerular and weak interstitial expression of Mer was 
noticed in control kidneys. No changes in glomerular Mer expression were found in 
diabetic kidneys (Figure 4C). On the other hand, in diabetic kidneys, loss of tubular 
Mer staining (Figure 4B and Figure 4D) was associated with increased presence of 
Mer-positive interstitial cells (Figure 4B, arrow and Figure 4E). Comparable to Tyro3 
interstitial expression pattern, macrophage marker CD58 co-localized with Mer 
receptor in the renal interstitium (Figure 4F).
Finally, Axl receptor was prominently expressed in glomeruli and renal vasculature, 
reflecting endothelial localization of this subtype (Figure 5A, arrow). In addition, 
clear membrane staining of Axl was noticed in proximal tubuli (Figure 5A, asterisk). 
Although hardly any changes were observed in Axl glomerular (Figure 5B and Figure 
5C) or tubular (Figure 5B and Figure 5D) staining following diabetic nephropathy, 
some CD68-positive interstitial macrophages showed expression as well (Figure 5E 
and Figure 5F).
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Discussion
In the present study, we provide evidence that type 2 diabetes is associated with 
excessive circulating levels of soluble TAM receptors sTyro3 and sAxl, whereas sMer 
levels are raised only in diabetic patients with DN. Surprisingly, all soluble TAM 
receptors are excreted in the urine and urinary excretion of sTyro3 and sMer is 

Figure 5. Immunohistochemical staining of Axl receptor in the control kidneys (A, asterisks at the positive 
tubular epithelium, arrow at interstitial vascular staining) and in the kidneys of patients with DN (B). Quantitative 
comparison of glomerular (C), tubular (D) and interstitial (E) score of Axl receptor staining in control and diabetic 
kidneys. F. Double staining of macrophage marker CD68 (red/brown) and Axl (blue) shows co-localization (arrows) 
in the renal interstitium of patients with DN. DN- diabetic nephropathy, * p<0.05, Values given as mean±SEM
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markedly enhanced in diabetic patients with DN. This is associated with the loss 
of tubular Mer and Tyro3 expression in diabetic kidneys. Furthermore, diabetic 
nephropathy is characterized by excessive infiltration of Mer-, Tyro3- and Axl-positive 
macrophages and glomerular deposition of TAM ligand, protein S. 
So far, elevations in circulating levels of TAM receptors sMer and sTyro3 have been 
reported in patients with autoimmune disease, including systemic lupus erythemathosus 
and rheumathoid arthritis30, 35, 36. It has been proposed that excessive sMer levels might 
reflect impaired clearance of apoptotic debris and excessive cytokine production by 
macrophages and dendritic cells, both key pathologic characteristics of autoimmune 
disease. The current study suggests that a primarily non-immune disease, such as type 2 
diabetes might be associated with systemic elevations of soluble TAM receptors as well. 
Diabetes mellitus is characterized by chronic low-grade inflammation, activation of 
innate immune system and elevated systemic levels of cytokines, such as IL-1β, IL-6 or 
TNFα37, potentially negatively regulated by TAM receptors. Direct correlations between 
circulating levels of sTyro3, sAxl and sMer on the one hand and clinical parameters, 
such as BMI or the level of glycemic control (HbA1c) on the other hand may suggest 
that elevations of TAM receptors in diabetic patients are the reflection of such systemic 
metabolically-induced inflammation. Possibly, systemic or resident immune cells, such 
as monocytes/macrophages might represent the primary source for circulating TAM 
receptors elevations, although TAM receptors are expressed by many other systemic 
cell types including vascular endothelium and platelets38, 39. For instance, shedding 
of soluble Mer domain in macrophages is probably initiated by metalloproteinase 
ADAM1729. Increased ADAM17 expression along with reduced Mer expression has 
been recently described in circulating monocytes isolated from dialysis patients32. On 
the other hand, in our study systemic levels of sMer were increased only in patients 
with diabetic nephropathy when compared to diabetics with normoalbuminuria. This 
is in line with a previous finding that renal function loss is associated with increase in 
sMer circulating levels in a mixed population of patients with chronic kidney disease32. 
Increase of systemic sMer levels upon renal injury might either reflect more severe 
cardiovascular and metabolic dysfunction associated with impaired renal function or 
alternatively indicate contribution of kidney-derived sMer to circulating levels. Indeed, 
in the current study, diabetic nephropathy was characterized by excessive renal TAM 
receptor-positive macrophage infiltration and reductions in Tyro3 and Mer receptor 
expression in renal cell types, such as tubular epithelium. Notably, we recently found an 
excessive renal expression of Mer-shedding protease ADAM17 in patients with diabetic 
nephropathy (data not shown). Collectively, in contrast to sTyro3 and sAxl levels affected 
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only by metabolic and/or cardiovascular disease, systemic sMer concentration is directly 
or indirectly elevated by diabetic renal dysfunction. It remains unclear, whether renal 
shedding of Mer receptor might contribute to the systemic changes. 
Intriguingly, we have found all three soluble receptors being excreted in urine in a 
range of micrograms per day. This is the first study showing urinary excretion of sTAM 
receptors in healthy individuals, as well as diabetic patients. It is a rather surprising 
finding, as the soluble forms of TAM receptors are high molecular weight proteins 
(150 kDa)31 that are not likely to be filtered in intact glomeruli. All three subtypes are 
expressed in tubular epithelium of normal as well as diabetic kidneys and could be 
potentially shed in tubular lumen leading to urinary excretion of sTAM. Also, urinary 
excretion of sMer and sTyro3 is markedly increased upon diabetic renal injury when 
compared to diabetics with normoalbuminuria. Interestingly, such increase is much 
higher than proportional to the corresponding plasma levels elevations, as suggested 
by enhanced renal clearance of both soluble TAM subtypes. This could be the result of 
either increased filtration or excessive renal shedding. Reduced tubular expression of 
sTyro3 and sMer in diabetic kidneys would favor the latter explanation. On the other 
hand, urinary sMer levels correlate with sMer circulating levels and in addition are 
directly proportional to the severity of albuminuria in patients with DN, indicating at 
least a partial contribution of excessive filtration to urinary sMer excretion. In contrast, 
both sTyro3 and sAxl urinary levels were not related to albuminuria, but rather 
correlated positively with eGFR. This counterintuitive finding could be explained by 
the fact that a preservation of renal parenchyma is necessary for renal injury-induced 
TAM receptor shedding. Finally, as determined by ROC analysis, urinary excretion of 
sMer and sTyro could be used as parameters to discriminate between diabetic patients 
with or without renal injury with a relatively favorable profile between sensitivity and 
specificity. However, this finding should be confirmed in a validation study.
Since the role of TAM receptors in the development of kidney injury has not been 
defined yet, we can only speculate about the functional consequences of excessive 
sTAM shedding. TAM receptors are required for limitation of cytokine production 
in macrophages16, 40, therefore reduced expression and/or excessive shedding might 
contribute to the activation of circulating or renal interstitial macrophages upon 
inflammatory injury. Furthermore protein S-induced activation of Tyro3 receptors 
protects microvascular endothelial cells against apoptosis and preserves endothelial 
barrier function25, 38. Since Tyro3 is expressed in glomeruli, it might contribute to 
the regulation of glomerular permeability. Interestingly, although circulating levels 
of protein S were not different in diabetic patients, we observed marked glomerular 
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depositions of protein S in diabetic kidneys, suggesting that the TAM ligand local 
renal levels are increased upon injury. Furthermore, systemic protein S levels were 
positively correlated with albuminuria in diabetic patients. This is in line with the 
recent study finding elevated protein S levels in patients with chronic kidney disease41. 
The similar was true for circulating levels of Gas-641, an additional ligand of Axl and 
other TAM subtypes. Glomerular Gas-6 has been proposed to stimulate mesangial Axl 
inducing glomerular hypertrophy in DN26, 42. We however did not detect any changes 
in Axl glomerular staining in our study. Furthermore, Gas-6 circulating levels could be 
related to systemic vascular pathology, as Gas-6 and Axl expressed on vascular smooth 
muscle cells seem to be involved in prevention of vascular calcifications associated 
with chronic kidney disease41, 43. This was however not reflected by any changes in 
circulating sAxl levels in DN in the current study.
In conclusion, renal injury in type 2 diabetes is associated with elevated systemic 
levels of sMer and increased urinary excretion of sMer and sTyro3. In the current 
study we demonstrate a measurable excretion of sTAM in the urine, thus identifying 
the kidney as a potential source of sTAM shedding. Better understanding of a role of 
TAM receptors in the development of renal injury, characterization of mechanisms of 
TAM shedding in renal cells and a longitudinal clinical study are required to establish 
whether specific soluble TAM receptors are of any predictive value for kidney function 
decline in DN and could be eventually used as biomarkers.
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Summary and discussion
Mounting evidence shows that coagulation and inflammatory processes are closely 
intertwined phenomena. As a result, most elements of the coagulation cascade and 
their negative regulators have been implicated in inflammatory and immune processes. 
The research presented in this thesis addresses the roles that different elements 
of the Protein C system (activated Protein C, the endothelial Protein C receptor, 
thrombomodulin and Protein S) play in both acute and chronic renal diseases, as well 
as in renal allograft rejection, with an emphasis on the inflammatory effects of these 
proteins.
In Chapter 2, we have investigated the impact of APC administration in renal 
ischemia reperfusion. 
Renal ischemia reperfusion (I/R) is defined as an intermittent interruption of blood 
supply towards the kidney followed by its restoration. It induces a multitude of 
pathways affecting mainly the corticomedullary region of the kidney, ultimately 
leading to the development of acute renal failure. Of importance, I/R leads to the 
development of tubular epithelial cell alterations including disruption of cell polarity, 
loss of brush border, alteration of the cytoskeleton and even to cell death (either by 
necrosis or apoptosis) in more extreme cases. I/R is also characterized by inflammatory 
processes, oxidative stress, and activation of coagulation1, 2.
As described above, the EPCR pathway and more specifically APC have been 
demonstrated to be essential endogenous mechanisms that control both coagulation 
and inflammation. Indeed, extensive research has been conducted investigating the role 
of APC in various I/R models. Lately, APC has been shown to have neuroprotective 
effects after middle cerebral artery occlusion in rodents3-6. In this model, APC restored 
cerebral blood flow, reduced cerebral fibrin deposition, apoptosis and inflammation, 
resulting in reduced infarct size, oedema formation and improved motor neurological 
score in a PAR-1 and EPCR-dependent fashion3-6. Fewer studies have investigated the 
effects of APC directly on renal tissue upon I/R. Importantly, after hepatic ischemia/
reperfusion, treatment with APC has been shown to reduce remote renal injuries by 
reducing renal necrosis, inflammation, infiltration of neutrophils as well as endothelial 
apoptosis7.
Globally, treatment with APC improves the condition and has demonstrated 
protective effects during I/R in various organs, mainly by limiting the extent of the 
inflammatory and apoptotic processes
In our study, administration of APC attenuated renal damage upon ischemia/
reperfusion, reducing tissue damage in the corticomedullary region, resulting in 
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preserved renal function. However, this was not associated with reduced production 
of inflammatory mediators nor with reduced apoptosis. Even though animals treated 
with exogenous APC tended to show reduced apoptosis, it did not reach a statistically 
significant difference.
Next, we have investigated the role of endogenous APC in the same model. To this 
end, we used monoclonal antibodies, MAPC1591 and MPC1609, which block 
anticoagulant functions of APC8. In addition, MPC1609 inhibits binding of APC 
to endothelium as well, thereby preventing APC signalling. Using this strategy, Xu 
et al. have shown shown that mice treated with MAPC1591 survived a sublethal 
dose of LPS whereas animals treated with MPC1609 died prematurely displaying 
evidences of renal failure associated with elevated IL-6 serum and TAT plasma levels 
8. Our investigation revealed that simultaneous inhibition of APC’s anticoagulant and 
signalling properties resulted in increased tubular injury whereas blocking only the 
anticoagulant function had no effect, suggesting that APC-induced renal protection 
is independent from its anticoagulant properties. This finding was confirmed by 
administration of two different APC derivates (APC-2Cys and APC-E170A) which 
have strongly reduced anticoagulant or absent signalling properties.
Surprisingly, when we subjected EPCR KO or EPCR overexpressor mice to our I/R 
model, as described in Chapter 3, we couldn’t find any variation in the degree of 
renal injury, in the renal function or in the intensity of the inflammatory processes. 
Only overexpressor mice had slightly reduced cell proliferation and increased tubular 
apoptosis 1 day after reperfusion. These data are in contradiction with those with our 
previous results and with those obtained by Lee et al. who showed that mice expressing 
human EPCR, in addition to murine EPCR, had preserved renal function one day 
after right kidney nephrectomy associated with left kidney I/R9.
Taken together these results suggest that the signalling capabilities of APC are 
important for its protective capabilities but this could be independent from EPCR , 
which is barely detectable in the tubule, the region where most of the I/R injuries are 
manifest .
End stage renal disease (ESRD) is defined by an impaired renal function insufficient 
to maintain body homeostasis. Currently, about 1.6 million patients are suffering 
from end stage renal diseases and this figure is increasing each year, according to the 
statistics of the United States Renal Data System.
Renal transplantation remains the most favourable therapy for ESRD. Despite 
progress in anti-rejection therapy, approximately 23% of transplanted patients 
undergo an episode of acute rejection within the first year post-transplant. In Chapter 
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4 we studied the expression levels of EPCR in renal tissue, urine and plasma samples 
from patients who underwent acute renal allograft rejection, demonstrating that 
patients suffering from antibody-mediated rejection (ABMR) showed elevated EPCR 
expression at the mRNA and protein levels, especially in their glomeruli, peritubular 
capillaries, arteries and tubules. EPCR exists in two forms: bound to membrane (most 
often membranes from endothelial cells) and as a soluble protein, sEPCR. sEPCR was 
found to be present at elevated concentration in the urine of ABMR patients. These 
elevated urinary levels of sEPCR proved to be a potential biomarker for ABMR 
From the literature it is known that EPCR can be expressed on various cells types or 
organs. At the mRNA levels, EPCR expression by human alveolar epithelium cell 
line10, in immortalized human proximal tubular epithelial cell line11 and in gastric 
epithelial cells12 have been described. At the protein level, EPCR expression was found 
on human alveolar epithelium10, pancreatic tissue13, gastric epithelial cells12, on venous 
and arterial endothelium14. In the kidney, expression of EPCR by tubular epithelial 
cells has been described in a cell line of artificially immortalized kidney cells but our 
study was the first to actually demonstrate EPCR expression by tubular epithelial cells 
in human tissue11.
To date the role and the expression pattern of EPCR in renal acute rejection has 
not been extensively studied. Only one study has revealed that three months after 
kidney transplantation the serum sEPCR concentration was significantly lower than 
before the transplant procedure. Indicating, according to the authors, that elevated 
pre-transplant sEPCR levels reflected endothelial damage caused by prolonged 
hemodialysis before the transplantation15.
The biological relevance of the altered EPCR expression, observed upon renal 
transplantation, is not understood to date. Elevated EPCR expression could be a 
physiologic attempt to compensate for endothelial damage. Indeed, EPCR facilitates 
PC activation and mediates several of its protective properties. In addition, ABMR is 
characterized by activation of the coagulation cascade, resulting in elevated levels of 
FVIIa16 which can bind to EPCR and activates its associated protective activities17.
The origin of the urinary sEPCR is unclear, due to the retrospective design of our 
study we can only speculate that sEPCR could originate from filtrated blood or be 
directly produced in the tubules or in the glomeruli. Indeed, sEPCR being a relatively 
small protein (about 43 kDA18), it could be filtered through the glomeruli ending up 
in the urine. As shown in chapter 7, glomeruli are also capable to produce sEPCR 
upon hyperglycaemic conditions, making from glomeruli a possible source of urinary 
sEPCR. Finally, sEPCR could be also derived from shed tubular EPCR.
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In daily practice it is of crucial importance to have the ability to correctly diagnose 
acute rejection. Therefore new biomarkers could be of interest for the clinical 
practice. To date, histological examination of renal biopsy is the gold standard for 
diagnosing both TCMR and ABMR. From ROC analysis, elevated sEPCR urinary 
level appears to be a suitable marker to make the distinction between ABMR patients 
and non-rejecting patients (AUC = 0.875, p = 0.002) and importantly also between 
ABMR and TCMR patients (AUC = 0.875, p = 0.003). Therefore, although validation 
will be needed in a larger patient cohort, we propose that urinary sEPCR might be a 
suitable candidate to diagnose ABMR in the clinical setting, in a non-invasive way.

In Chapter 5 and 6, we studied the roles of TM and EPCR in a model of acute 
pyelonephritis. Host defence against infection requires activation of a multitude of 
pathways among which inflammation and coagulation are playing major roles. EPCR 
and thrombomodulin (TM) are two proteins at the crossroad between inflammation 
and coagulation. EPCR and TM are negative regulators in the coagulation cascade 
in that they are capable of limiting coagulation by shifting the catalytic activity of 
thrombin from cleaving fibrinogen into fibrin to activating anti-inflammatory and 
anticoagulant factors. In that respect, the effects of TM have been extensively studied, 
especially in models of sepsis and infection.
Of importance, overexpression of EPCR led to elevated bacterial load mouse in 
the lung, the liver and the spleen two days after that mice have been injected with 
Burkholderia pseudomallei19. This was associated with increased lung damages, 
infiltrating granulocytes, cytokines/chemokines production (such as TNF-α, IL-6 and 
MCP-1) and reduced TATc, IL-12 and IFN-γ levels19. Another study showed that 
mice lacking EPCR expression had less bacterial outgrowth, invading granulocytes, 
cytokines production in a model of pneumonia caused by Streptococcus pneumonia20. 
However, apparently depending on the model, lack or over expression of EPCR does 
not necessarily result in altered host response, as shown by another study where EPCR 
has a very limited impact on host defence against pulmonary tuberculosis21.
In that context, we have observed that during acute E. coli – induced urinary tract 
infection, loss of EPCR expression did not affect the bacterial load in the bladder 
nor in the kidney compared to WT animals. Accordingly, the numbers of circulating 
leukocytes as well as the number of granulocytes invading the kidney were similar 
in the KO and WT animals. In addition, no differences in the magnitude of the 
inflammatory and coagulation responses were observed as highlighted by the constant 
production of KC, MIP-2, IL-1β, IL-6 and TATc concentrations. This led us to 
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conclude that EPCR does not play a significant role in the pathophysiology of acute 
pyelonephritis, which may partly be due to the fact that EPCR is barely expressed on 
epithelial cells lining the bladder and the urinary tract.
TM consists of 5 domains including a highly charged N-terminal lectin-like domain, 
an EGF-like domain with six EGF-like structures, a serine and threonine-rich domain, 
a transmembrane domain and a cytoplasmic domain. The EGF-like and the lectin-
like domains each have specific properties. The EGF–like domain participates in the 
activation of protein C in particular22-26, while the lectin-like domain has direct anti-
inflammatory effects27.
The impact of these two domains have been the object of various studies mainly in 
sepsis or infection models. In a melioidosis model, mice with a mutated EGF-like 
domain (TMpro/pro mice) showed a slightly reduced survival, increased coagulation 
activation, mildly elevated bacterial outgrowth and a slightly elevated immune 
response during murine melioidosis28, whereas mice lacking the lectin like domain 
(TMLeD/LeD mice) had attenuated inflammatory reponses and were protected in the 
same disease model29. On the other hand, TMLeD/LeD mice exhibit enhanced immune 
response i.e. elevated levels of TNF-α, IL-1, IL-10, MPO, reduced survival and more 
invading neutrophils in models of Shiga toxin induced haemolytic uremic syndrome, 
in response to endotoxin and in myocardial ischemia/reperfusion30, 31. 
In general, the lectin-like domain of TM appears to be a limiting factor for the 
immune response. However, the mechanisms are not fully understood yet and more 
importantly, in vivo models of infectious diseases have delivered conflicting results. 
In this context, our study adds to the discussion since we observed that TMLeD/LeD 
mice have a reduced local immune response as illustrated by the reduced levels of KC, 
MIP-2, IL-1, IL-6 and TNF-α as well as reduced renal and bladder neutrophil influx 
and elevated renal and bladder bacterial outgrowth, whereas the EGF-like domain 
seemed to play a limited role as illustrated by the bacterial load, circulating leukocytes, 
cytokine production and infiltrating neutrophils which were all comparable to WT 
controls.
From our data, reduction of PC activation does not seem to significantly impact the 
course of pyelonephritis which deviates from the vast majority of studies which shows 
a beneficial effect of APC during bacterial infections and sepsis.
From the literature it appears that APC has a limited impact on the recruitment of 
immune cells to the infected place32. Therefore, to our opinion, the favorable effects 
of APC greatly depend on its local availability, which is extremely low in the urinary 
tract and the urothelial cells. Conversely, the lectin-like domain of TM appears more 
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and more clearly to play a remote role by interfering with the immune cell recruitment 
to the site of infection, which could explain why we observed little differences 
between WT and TMpro/pro animals and significant changes between WT and TMLeD/

LeD animals. Indeed, several studies have highlighted the preponderant role of TM’s 
lectin-like domain in the recruitment of immune cells: administration of recombinant 
lectin-like domain of TM reduced leukocytes, monocytes and neutrophils adhesion 
to endothelium by inhibiting Lewis y-mediated adhesion32. Such an impaired local 
immune response may have resulted in elevated bacterial outgrowth in the kidney and 
the bladder in our experiments. Remarkably, at the systemic level, our results are in 
line with previous reports on the role of TM in bacterial infections33, since we found 
elevated levels of leukocytes in the circulation of the TMLeD/LeD mice.

In Chapter 7, we have investigated the expression of EPCR during diabetic 
nephropathy (DN), a severe complication of diabetes mellitus that may ultimately 
lead to end stage renal disease. At the cellular level, DN is in particular characterized 
by excessive production of reactive oxygen species34, 35, advanced glycation end 
products34, 36, increased activation of protein kinase C34, 37 and inflammation38-40. These 
phenomena will ultimately lead to endothelial dysfunction, increased glomerular 
filtration rate, glomerular basement membrane thickening, albuminuria, mesangial 
expansion, podocyte injury, glomerulosclerosis and eventually tubulointerstitial 
fibrosis41. Glomerular endothelium has emerged as a major active factor in DN, as 
evidenced by the loss of endothelial fenestrations and glomerular capillary occurring 
upon DN (reviewed in42) or by the reduced expression of markers of endothelial 
integrity (such as VE-Cadherin 42, 43), promoting the phenomenon of endothelial-
mesenchymal transition42, 44.
One of the studies which have demonstrated most convincingly the protective 
effect of APC in hyperglycaemic conditions has been published by Isermann et al. 
45. The authors showed that genetically-induced overexpression of APC reduced 
hyperglycaemia-induced glomerular apoptosis, prevented endothelial dysfunction and 
apoptosis, glomerular capillary injury and DN in mice. Those protective effects were 
shown to be PAR-1 and EPCR dependent, as EPCR or PAR-1 blocking antibodies 
abolished the APC-induced reduction of apoptosis45.
Acknowledging a role for EPCR in hyperglycaemia, our study is the first to address the 
expression and levels of glomerular EPCR in DN in human subjects.
We showed that patients suffering from DN displayed elevated plasma and urinary 
concentrations of sEPCR when compared to diabetic controls; accordingly, EPCR 
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expression on glomerular endothelium was dramatically reduced. This was associated 
with increased glomerular levels of ADAM17 and ADAM10 in biopsies from DN 
patients. In-vitro studies demonstrated that exposure of glomerular endothelial cells to 
a high glucose environment resulted in ADAM17-mediated EPCR shedding.
It was not surprising to observe elevated systemic sEPCR elevated levels since sEPCR 
is a known marker of vascular dysfunction which are known to occur during DN46-48. 
However, the origin of urinary sEPCR was unclear. Urine and plasma sEPCR showed 
a positive correlation in the total patient population as well as in individual groups. 
Therefore, it is likely that urinary sEPCR originates, at least partially, from filtrated 
systemic sEPCR and/or from glomerular production rather than being produced by 
the renal parenchyma. 
Interestingly, glomerular EPCR expression almost disappears in DN patients, 
suggesting that glomerular EPCR expression is inhibited or that EPCR is cleaved 
and released in a soluble form, either to systemic circulation or being filtered into the 
urine. 
Our in-vitro data support the hypothesis assuming that abundant EPCR shedding 
is the main source of sEPCR. Indeed, under hyperglycaemic conditions elevated 
quantities of sEPCR were released by glomerular endothelial cells into the culture 
supernatant. This was abrogated when glomerular endothelial cells were treated 
with TAPI-0, an ADAM17 inhibitor, or after ADAM17 siRNA-mediated knock-
down. Inhibition or silencing of ADAM17 induced increased mRNA expression of 
endothelium-specific VE-cadherin, an important intercellular junction component 
that controls endothelial integrity, as well as decreased mRNA levels of TGF-β, a 
marker of endothelial-to–mesenchymal transition which is critically implicated in the 
pathogenesis of DN42-44. EPCR silencing restored TGF-β mRNA levels in the in vitro 
system.
To our opinion, the physiological relevance of this finding could be that EPCR 
actively safeguards glomerular endothelium while the levels of EPCR are controlled by 
ADAM17-mediated shedding, highlighting a contribution of ADAMs-driven EPCR 
shedding to the worsening of DN. However, it remains to be determined, whether 
plasma and urinary levels of sEPCR reflect the severity of diabetic glomerular injury.

In Chapter 8, we have investigated the expression of Tyro-3, Axl and Mer (TAM) 
receptors and protein S (PS) during diabetic nephropathy. PS, a vitamin K-dependent 
protein, which acts as cofactor for APC-mediated cleavage of coagulation factor 
Va and VIIIa49. Like the other factors studied in this thesis, PS is at the crossroad 
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between coagulation and inflammation. PS and the growth arrest-specific gene 6 
protein (GAS6), have been identified as a ligand for the TAM receptors50. As discussed 
in the introduction, TAM receptors are implicated in haemostasis, since they are 
found on platelets and participate in thrombogenesis and platelet stabilization51-53, 
and inflammation. The role of TAM receptors in inflammation has been extensively 
studied (as nicely reviewed50): they are implicated in leukocyte extravasation and 
phagocytosis of apoptotic cells by macrophages54, 55. Soluble TAM receptors (sTAMR), 
contribute to inhibition of inflammation notably by inhibiting components of TLR 
signalling such as P38 MAP kinase, NF-κB, tumor necrosis factor-receptor-associated 
factor 3 and inhibition of cytokines such as TNF-α, IL-6 and IL-1250, 56.
Our study provides evidence that type 2 diabetes is associated with excessive 
circulating levels of sTAMR sTyro3 and sAxl, whereas sMer levels are elevated only 
in diabetic patients with DN. All soluble TAM receptors were found in the urine but 
only urinary excretion of sTyro3 and sMer was increased in patients with DN. This 
was associated with the loss of tubular Mer and Tyro3 expression in diabetic kidneys. 
In addition, DN patients were found to have excessive renal infiltration of Mer, Tyro3 
and Axl-positive macrophages and glomerular protein S deposition. 
The source of urinary sTAM is unknown, since sTAM are high molecular weight 
proteins (150 kDa)57, it is unlikely that they originate from filtrated blood, we rather 
propose that they could potentially be shed in tubular lumen leading to urinary 
excretion of sTAM. Although validation will be necessary, the ROC analysis revealed 
that urinary excretion of sMer and sTyro3 could be used as parameters to discriminate 
between diabetic patients with or without DN with a satisfactory sensitivity and 
specificity. 
Other studies have reported elevated sTAM levels, in the context of kidney diseases. 
Patients with chronic kidney disease (CKD) had significantly lower expression of 
Mer in monocytes, but increased levels of sAxl and sMer in plasma compared to 
controls58. Elevated levels of sTAM receptors were associated with progressive loss 
of renal function58, which is in line with our observation of elevated sMer levels in 
patients with DN compared with their diabetic controls. In a broader context, elevated 
circulating levels of sTAM have been associated with systemic lupus erythematosus 
activity59-61, and is thought to reflect impaired clearance of apoptotic debris and 
excessive cytokine production by macrophages and dendritic cells. In our study, 
macrophages could be another source of circulating sTAM since we observed excessive 
renal infiltration of Mer, Tyro3 and Axl-positive macrophages. 
The lack of data about the role of TAM receptors in the development of kidney 
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injury makes drawing of solid conclusions difficult. However, we can speculate about 
the physiological relevance of our findings. Since TAM receptors are involved in the 
limitation of cytokine production by macrophages62, 63, reduced expression and/or 
excessive shedding could contribute to enhanced local activation of macrophages In 
addition, activation of Tyro3 has been shown to induced protection of microvascular 
endothelial cells against apoptosis and to preserves endothelial barrier function64, 65.  
Alteration of glomerular endothelium is a well-documented feature in the 
development of DN42, therefore glomerular expression of Tyro3 could contribute 
to the regulation of glomerular endothelia integrity, thereby contributing to the 
pathophysiology of DN. 
In conclusion, this study is the first to describe measurable excretion of sTAM in the 
urine, thus identifying the kidney as a potential source of sTAM shedding. However, 
additional work would be needed to characterization of mechanisms of TAM shedding 
in renal diseases.
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Nederlandse samenvatting
Steeds meer wetenschappelijk onderzoek toont aan dat bloedstolling en 
ontstekingsprocessen nauw met elkaar verweven zijn. De meeste elementen 
van de stollingscascade hebben dan ook inflammatoire en immunomodulatoire 
eigenschappen. Het onderzoek dat ten grondslag ligt aan dit proefschrift beschrijft 
de rol die de verschillende elementen van het Proteïne C systeem (geactiveerd 
Proteïne C (APC), de endotheliale proteïne C-receptor (EPCR), thrombomoduline 
(TM) en Proteïne S (PS)) spelen bij zowel acute als chronische nierziekten, evenals 
niertransplantaatafstoting. 

In hoofdstuk 2 hebben we de rol van APC in renale ischemie-reperfusie 
onderzocht. Renale ischemie-reperfusie (I/R) wordt gekenmerkt door schade aan de 
tubulusepitheelcellen, met name in de corticomedullaire overgangszone. I/R leidt 
tot de verlies van borstelzoom, verandering van het cytoskelet en uiteindelijk ook 
celdood van tubulusepitheelcellen. I/R wordt gekenmerkt door ontstekingsprocessen, 
oxidatieve stress en activering van de bloedstolling. Toediening van APC verminderde 
nierschade na I/R in muizen, resulterend in behoud van nierfunctie. Dit was echter 
niet geassocieerd met een verminderde productie van ontstekingsmediatoren of 
verminderde apoptose van tubulusepitheelcellen. Vervolgens onderzochten we de 
rol van endogeen APC in hetzelfde model. Hiervoor gebruikten wij monoklonale 
antilichamen, MAPC1591 en MPC1609, die de anticoagulante functies van APC 
blokkeren. Bovendien remt MPC1609 de binding van APC aan het endotheel, 
waardoor de signaleringseffecten van APV geblokkeerd worden. De gelijktijdige 
remming van anticoagulante en signaleringseigenschappen van APC resulteerde 
in meer tubulusepitheelschade, terwijl het blokkeren van alleen de anticoagulante 
eigenschapen geen effect sorteerde, wat erop wijst dat APC-geïnduceerde bescherming 
tijdens I/R onafhankelijk is van de anticoagulante effecten van APC. Deze bevinding 
werd bevestigd door toediening van twee verschillende APC derivaten (APC-2Cys 
en APC-E170A), met respectievelijk sterk verminderde anticoagulante of afwezige 
signaleringseffecten. 

In hoofdstuk 3 onderwerpen we EPCR knock out of EPCR overexpressor muizen 
aan I/R. Verassend genoeg toonden deze muizen geen significante verschillen in de 
mate van nierschade, de nierfunctie of in de intensiteit van de ontstekingsrespons, 
in vergelijking tot controle WT muizen. Alleen hadden de overexpressor muizen een 
iets lagere tubulusepitheelcelproliferatie en verhoogde tubulaire apoptose op 1 dag 
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na I/R. Samengevat suggereren deze resultaten dat de signaleringscapaciteiten van 
APC belangrijk zijn voor bescherming tegen I/R maar dat dit effect niet door EPCR 
gemedieerd wordt.

I/R speelt een belangrijke pathofysiologische rol in het ontstaan van acute 
niertransplantaatafstoting (rejectie). Ongeveer 23% van de getransplanteerde patiënten 
ondergaat een episode van acute rejectie binnen het eerste jaar na transplantatie. In 
hoofdstuk 4 onderzochten we de expressie van EPCR in nierweefsel, urine en plasma 
van patiënten met acute rejectie. Patiënten met acute antilichaam-gemedieerde 
rejectie (ABMR) toonden verhoogde expressie van EPCR op mRNA- en eiwitniveau 
vooral in hun glomeruli, peritubulaire capillairen en tubuli. EPCR bestaat in twee 
vormen: gebonden aan de celmembraan en als een oplosbaar eiwit, sEPCR. De 
urine van ABMR patiënten bevatte hogere concentraties van sEPCR dan patiënten 
met T-celgemedieerde rejectie (TCMR) of patiënte zonder rejectie. De verhoogde 
expressie van EPCR zou een fysiologische poging kunnen zijn om te compenseren 
voor endotheelschade in de context van ABMR. Vanwege het retrospectieve karakter 
van onze studie kunnen we slechts speculeren omtrent de herkomst van sEPCR in de 
urine. Mogelijk is sEPCR afkomstig uit gefiltreerd bloed, of direct geproduceerd in de 
tubuli of glomeruli. sEPCR is een relatief klein eiwit (ongeveer 43 kDa) dat in theorie 
kan worden gefiltreerd door de glomeruli. Zoals aangegeven in hoofdstuk 7, zijn 
glomeruli ook in staat om sEPCR te produceren, zodat ook glomeruli een mogelijke 
bron van sEPCR in de urine zijn. Tenslotte kan sEPCR geproduceerd worden door 
tubulusepitheelcellen.
Tot op heden is histologisch onderzoek van nierbiopten de gouden standaard voor de 
diagnose van zowel TCMR als ABMR. ROC-analyse van onze data toonde dat sEPCR 
in de urine wellicht een geschikte biomarker kan zijn om patiënten met ABMR te 
onderscheiden van patiënten met TCMR en patiënten zonder rejectie. Dit dient 
evenwel gevalideerd te worden in een validatiecohort.

In hoofdstuk 5 en 6 hebben we de rol van TM en EPCR in een model van acute 
pyelonefritis onderzocht. EPCR KO muizen deficiënte muizen hadden vergelijkbare 
hoeveelheden bacteriën in de blaas en in de nieren tijdens acute E. coli - geïnduceerde 
pyelonefritis. Ook het aantal circulerende leukocyten en de mate van influx van 
granulocyten in het nierweefsel waren vergelijkbaar in de EPCR deficiënte muizen en 
WT dieren. Daarnaast werden geen verschillen in de omvang van de inflammatoire 
respons en bloedstolling gevonden, zoals blijkt uit de vergelijkbare hoeveelheden KC, 
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MIP-2, IL-1β, IL-6 en TATc in nierweefselhomogenaten. We kunnen dus concluderen 
dat EPCR geen belangrijke rol speelt in de pathofysiologie van acute pyelonefritis, wat 
gedeeltelijk kan worden veroorzaakt door het feit dat EPCR nauwelijks tot expressie 
komt op urotheel en tubulusepitheel.

TM omvat 5 domeinen; een N-terminaal lectin-like domein, een EGF-like 
domein, een serine- en threonine-rijk domein, een transmembraandomein en een 
cytoplasmatisch domein. De EGF-like en lectin-like domeinen hebben elk specifieke 
eigenschappen. Het EGF-like domein participeert in de activering van proteïne C 
terwijl het lectin-like domein directe anti-inflammatoire effecten bewerkstelligt. We 
hebben twee genetisch gemodificeerde muisstammen gebruikt in een model van E. 
coli-geïnduceerde pyelonefritis, te weten muizen met een gemuteerd EGF-like domein 
(TM pro / pro muizen) en muizen zonder lectin-like domein (TM LeD / LeD muizen). TM 
LeD / LeD muizen toonden een verminderde lokale immuunrespons, gekenmerkt door 
verlaagde concentraties KC, MIP-2, IL-1, IL-6 en TNF-α en verminderde influx 
van granulocyten in blaas en nieren. Dit resulteerde in een toegenomen hoeveelheid 
bateriën in de TMLeD/LeD muizen. Het EGF-like domein daarentegen leek een beperkte 
rol spelen; TMPro/Pro muizen hadden vergelijkbare bacteriële infestatie, leukocytose, 
lokale cytokineproductie en granulocyteninflux als WT muizen. Onze studie toont 
daarmee aan dat APC een beperkte rol speelt tijdens pyelonefritis, hetgeen afwijkt van 
afwijkt van de meeste studies, die een beschermend effect van APC laten zien gunstig 
bij bacteriële infecties en sepsis.

In hoofdstuk 7 hebben we de expressie van EPCR in diabetische nefropathie (DN) 
onderzocht. DN is een ernstige complicatie van diabetes mellitus die uiteindelijk 
kan leiden tot ESRD. Op cellulair niveau wordt DN met name gekenmerkt 
door overmatige productie van reactieve zuurstofdeeltjes, geavanceerde glycatie 
eindproducten, verhoogde activatie van proteïnekinase C en ontsteking. Deze 
verschijnselen leiden tot endotheeldysfunctie, verhoogde glomerulaire filtratie, 
verdikking van de GBM, albuminurie, mesangiale expansie, podocytenschade, 
glomerulosclerose en uiteindelijk tubulointerstitiële fibrose. Het glomerulaire 
endotheel speelt een centrale rol in het ontstaan van DN, zoals blijkt uit het verlies 
van endotheliale fenestraties, verlaagde expressie van endotheliale differentiatiemarkers 
(zoals VE-cadherine), en het optreden van endotheliale-mesenchymale transitie 
(EnMT).
Eerdere muizenstudies hebben aangetoond dat APC beschermt tegen het ontstaan 
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van DN, en dat dit beschermende effect afhankelijk was van PAR-1- en EPCR-
gemedieerde signalering. Onze studie is de eerste die de expressie glomerulair EPCR 
in humane DN beschrijft. We toonden aan dat patiënten met DN verhoogde plasma- 
en urineconcentraties van sEPCR hebben, in vergelijking met diabetische controles, 
terwijl de expressie van EPCR op het glomerulaire endotheel drastisch verminderd 
was. Tevens was sprake van verhoogde expressie van glomerulaire ADAM17 en 
ADAM10 in biopten van patiënten met DN. Door middel van in vitro experimenten 
hebben we aangetoond dat blootstelling van glomerulaire endotheelcellen aan hoge 
concentraties glucose resulteert in ADAM17-gemedieerde shedding van EPCR. 
Remming ADAM17 leidde daarbij tot verhoogde expressie van VE-cadherine mRNA, 
alsook verlaagde expressie van TGF-β mRNA, een marker van EnMT. EPCR silencing 
herstelde de concentratie TGF-β mRNA in het in vitro systeem.
Ons inziens is de (patho)fysiologische relevantie van deze bevindingen dat EPCR 
actief de integriteit van het glomerulaire endotheel waarborgt, waarbij de hoeveelheden 
EPCR onder controle van ADAM17-gemedieerde shedding staat. 

In hoofdstuk 8 hebben we de expressie van Tyro-3, Axl en Mer (TAM) receptoren 
en proteïne S (PS) bij DN onderzocht. PS is een vitamine K-afhankelijke cofactor 
bij de APC-gemedieerde inactivatie van stollingsfactoren Va en VIIIa. Net als de 
andere factoren bestudeerd in dit proefschrift, heeft PS zowel antistollings- als 
ontstekingmodulerende eigenschappen. PS is een van de liganden van de TAM 
receptoren. De rol van TAM receptoren bij ontsteking is uitgebreid onderzocht. TAM 
receptoren zijn o.a. betrokken bij extravasatie van leukocyten, en fagocytose van 
apoptotisch materiaal door macrofagen. Oplosbare TAM receptoren (sTAMR) hebben 
anti-inflammatoire eigenschappen door remming van TLR-signaleringsroutes, en door 
inhibitie van cytokinen zoals TNF-α, IL-6 en IL-12.
Onze studie laat zien dat diabetes type 2 geassocieerd is met verhoogde concentraties 
van sTAMR sTyro3 en sAxl in de circulatie. sMer concentraties zijn bovendien 
verhoogd bij diabetespatiënten met DN. We waren in staat om alle sTAMR aan te 
tonen in de urine, waarbij sTyro3 en sMer verhoogd waren bij patiënten met DN. 
Dit ging gepaard met het verlies van de expressie van Tyro3 en Mer op het tubulaire 
epitheel, in nierbiopten met het beeld van DN. Bovendien toonden biopten met DN 
een significante toename van het aantal Mer-, Tyro3- en Axl-positieve macrofagen in 
het interstitium. Ook was DN geassocieerd met glomerulaire depositie van Proteïne 
S. De herkomst van sTAMR in de urine is vooralsnog onbekend. Aangezien sTAM 
een vrij hoog molecuulgewicht hebben (circa 150 kDa) is het onwaarschijnlijk dat ze 
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door glomerulaire filtratie in de urine terechtkomen. Onze hypothese is dan ook dat 
shedding van TAM receptoren door tubulusepitheelcellen tot urinair sTAMR leidt. 
ROC analyse van onze data toonde dat de urinaire concentratie van sMer en sTyro3 
gebruikt zou kunnen worden om patiënten met DN te onderscheiden van diabetici 
zonder DN.
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Résumé
Un nombre croissant d’études fait état de liens intimes existants entre la coagulation 
sanguine et les processus inflammatoires. Le rôle primaire de la cascade de coagulation 
est de refermer les plaies tout en empêchant la formation de caillot. Néanmoins, 
l’activation de la cascade de coagulation s’accompagne de modulations plus ou 
moins importantes de processus inflammatoires. Parmi les molécules impliquées 
dans l’hémostase et l’inflammation, l’étude du « système protéine C » (composé 
de la protéine C activée, APC, du récepteur endothélial de la protéine C, EPCR, 
de la thrombomoduline, TM et de la protéine S, PS) et de son implication dans la 
transplantation rénale ainsi que dans les maladies rénales chroniques et aiguës font 
l’objet de cette thèse. 

La protéine C est activée en fin de cascade de coagulation par un complexe protéique 
formé par la thrombine, TM et EPCR. Une fois activée, APC agit comme régulateur 
négatif de la coagulation en dégradant les facteurs de coagulation Va et VIIIa. 
APC possède également des propriétés anti-inflammatoires, anti-apoptotiques et 
cytoprotectices. Ces dernières requièrent toutefois la liaison d’APC à EPCR qui va 
alors médier le clivage de récepteurs membranaires (PAR-1 et 3) et ainsi activer les 
voies de signalisation menant, notamment, à l’inhibition de la sécrétion de médiateurs 
inflammatoires, à la réduction de l’expression de molécules d’adhésion, à l’inhibition 
de la migration des neutrophiles et éosinophiles, à la réduction des activités anti-
apoptotiques et à la protection des fonctions de la barrière endothéliale. 

Dans le chapitre 2, nous avons examiné le rôle que joue APC dans l’ischémie/
reperfusion (I/R, arrêt de la perfusion sanguine d’un organe suivi par sa restauration) 
rénale. Cette affection se caractérise par l’apparition de dommages au niveau de 
l’épithélium tubulaire concentré dans la zone corticomédulaire, se manifestant par 
la perte des bordures en brosse, l’altération du cytosquelette et, dans les cas extrêmes 
par la mort cellulaire. L’I/R induit également des processus inflammatoires, du stress 
oxydatif et l’activation de la coagulation sanguine.
Dans notre modèle murin d’I/R, l’administration d’APC a pour conséquence de 
réduire les lésions rénales et de préserver la fonction rénale, sans toutefois influer sur 
la production de médiateurs inflammatoires ni sur l’apoptose des cellules épithéliales 
tubulaires. L’APC étant également produite à l’état naturel, nous avons étudié les effets 
de la protéine endogène. Pour ce faire, nous avons utilisé des anticorps monoclonaux, 
MAPC1591 et MPC1609, qui bloquent les fonctions anticoagulantes d’APC. En 
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outre, MPC1609 inhibe également la liaison d’APC à EPCR, annihilant ainsi ses 
effets cytoprotecteurs et anti-inflammatoires. L’inhibition simultanée des propriétés 
anticoagulantes et de signalisation d’APC provoque l’apparition de dommages 
tubulaires importants alors que l’inhibition des fonctions anticoagulantes seules 
n’a aucun effet, ce qui suggère que l’effet protecteur d’APC est indépendant de ces 
fonctions anticoagulantes. Cette constatation a été confirmée par l’administration 
de deux dérivés d’APC (APC-2Cys et APCE170A), ayant respectivement une action 
anticoagulante fortement réduite ou des effets de signalisation absents.

Dans le troisième chapitre nous montrons, toujours dans le modèle d’I/R rénale, que 
les souris n’exprimant pas d’EPCR (EPCR KO) ou celles le surexprimant (EPCR Tie2) 
ont des niveaux de dommages rénaux comparables à ceux observés chez les souris 
contrôles. Ceci indique que si les fonctions de signalisation d’APC sont importantes 
pour la protection rénale, elles ne sont pas médiées par EPCR.

Les phénomènes coagulatoires et inflammatoires jouant des rôles importants dans la 
physiopathologie du rejet de greffe rénale, nous avons étudié l’expression d’EPCR 
chez les patients transplantés et subissant un rejet de greffe. Nous avons inclus deux 
types de sujets: les premiers subissant un rejet de greffe médié par les lymphocytes T 
(TCMR) alors que les seconds subissent un rejet humoral (ABMR). Cette dernière 
forme de rejet étant caractérisée par une activation de la cascade de coagulation. Dans 
notre étude, les patients ABMR montrent des niveaux d’expression rénaux importants 
d’EPCR, particulièrement au niveau des glomérules et des capillaires péri-tubulaires. 
Chez ces mêmes sujets, nous avons mesuré des niveaux élevés d’EPCR soluble 
(sEPCR) dans le plasma et les urines. 
L’expression accrue d’EPCR pourrait être une tentative physiologique pour compenser 
les lésions endothéliales particulièrement présentes lors de rejets humoraux. Toutefois, 
en raison de la nature rétrospective de notre étude, nous ne pouvons que spéculer sur 
l’origine de sEPCR dans l’urine. sEPCR étant une protéine de faible poids moléculaire 
(environ 43 kDa), elle pourrait être filtrée à partir du sang, ou produite directement 
dans les tubules ou les glomérules. Enfin, à ce jour, l’examen histologique est la 
méthode de choix pour le diagnostic des rejets TCMR et ABMR dans le rein. L’analyse 
ROC de nos données a montré que le sEPCR urinaire pourrait être un biomarqueur 
non invasif approprié pour distinguer les patients avec ABMR des patients avec 
TCMR ou de ceux sans rejet. Toutefois, ceci doit encore faire l’objet d’une validation 
dans une cohorte ad hoc.
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TM est constituée de 5 domaines: un domaine N-terminal « lectin-like », un domaine 
de type EGF, un domaine riche en sérine et thréonine, un domaine transmembranaire, 
et enfin un domaine cytoplasmique. Les domaines EGF et lectin-like ont chacun 
des propriétés spécifiques. Le domaine de type EGF participe à l’activation de la 
protéine C, tandis que le domaine « lectin-like » a des effets anti-inflammatoires 
et cytoprotecteurs directs. TM étant impliquée dans la coagulation, les processus 
inflammatoires et la résolution d’infection, nous avons étudié son impact dans la 
pyélonéphrite aiguë, une complication fréquente des infections des voies urinaires 
souvent associée à des lésions rénales et pouvant conduire au développement d’une 
insuffisance rénale terminale. Pour ce faire, nous avons provoqué l’apparition de 
pyélonéphrite en injectant des bactéries E. coli uropathogènes dans les voies urinaires 
de souris portant des mutations dans le gène de TM. Les souris TMpro/pro sont 
porteuses d’une mutation dans le domaine de type EGF qui les rend incapables 
d’activer la protéine C, alors que les souris TMLeD /LeD expriment une forme 
tronquée de TM dépourvue de son « lectin-like domain ». Dans notre modèle, les 
souris TMLeD/LeD montrent une charge bactérienne élevée dans la vessie et les reins 
par rapport aux souris WT, alors que les souris TMpro/pro ont une charge similaire 
à celle des contrôles. De plus, les souris TMLeD/LeD affichent une inflammation 
locale réduite, comme indiqué par les niveaux abaissés de cytokines pro-inflammatoires 
et l’infiltration limitée de neutrophiles dans le rein. Indiquant que le « lectin-like 
domain » de la thrombomoduline est impliqué de manière cruciale dans la défense de 
l’hôte lors de pyélonéphrite aiguë.

Dans le chapitre 7, nous avons étudié l’expression d’EPCR dans la néphropathie 
diabétique (DN). La DN est une complication du diabète pouvant conduire à 
une insuffisance rénale terminale. Au niveau cellulaire, la DN est notamment 
caractérisée par une production excessive de dérivés réactifs de l’oxygène, de 
produits de glycation avancée et par une inflammation accrue. Ces phénomènes 
conduisent à des dysfonctionnements endothéliaux, à une augmentation de la 
filtration glomérulaire, à un épaississement de la GBM, à l’expansion mésangiale, à 
l’apparition de glomérulosclérose, à de fibrose et à de l’albuminurie. L’endothélium 
glomérulaire joue un rôle central dans le développement de la DN, comme le prouve 
la perte de fenestrations endothéliales, la réduction de l’expression de marqueurs 
de différenciation endothéliale (telles que la VE-cadhérine) ou l’augmentation de 
marqueurs de transition épithélio-mésenchymateuse (comme TGF-β) chez les patients 
atteints de DN.
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Des études antérieures chez la souris ont permises de montrer que l’APC protège 
contre le développement de DN, et que cet effet protecteur était dépendant de PAR-1 
et de la signalisation médiée par EPCR. 
Notre étude est la première à décrire la perte d’expression d’EPCR glomérulaire 
chez les patients atteints de DN. Ceci est associé à des concentrations élevées de 
sEPCR dans le plasma et les urines par rapport aux témoins diabétiques. En outre, 
la perte d’expression d’EPCR glomérulaire est accompagnée par une importante 
augmentation de l’expression d’ADAM17 et 10 dans les glomérules. ADAM17 étant 
une métalloprotéinase capable de cliver EPCR membranaire, le libérant ainsi sous 
forme soluble dans la circulation. Au moyen d’expériences in vitro, nous avons montré 
que l’exposition des cellules endothéliales glomérulaires à des concentrations élevées 
de glucose provoque l’excrétion d’EPCR dans le milieu de culture et ce au moyen 
d’ADAM17. 
L’inhibition d’ADAM17 conduit au maintient du phénotype endothélial comme 
l’atteste l’expression accrue de l’ARNm de la VE-cadhérine et l’expression réduite 
de TGF-β. A l’inverse, la perte de l’expression d’EPCR mène à la dégradation du 
phénotype endothélial (expression accrue de TGF-β). Cette étude fournit le premier 
lien causal entre l’excrétion d’EPCR médiée par ADAM17 et le développement de 
DN. EPCR apparaissant ici comme un acteur important protégeant activement 
l’intégrité de l’endothélium glomérulaire, un facteur essentiel dans le développement 
de DN.

Enfin dans le chapitre 8, nous avons mesuré l’expression des récepteurs Tyro 3, Axl 
et Mer (TAM) et de leur ligand, la protéine S (PS). PS est un cofacteur d’APC dans 
l’inactivation des facteurs de coagulation Va et VIIIa. Comme les autres facteurs 
étudiés dans cette thèse, PS a à la fois des propriétés modulatrices de la coagulation 
et de l’inflammation. PS est l’un des ligands des récepteurs TAM. Le rôle des ces 
récepteurs a été largement étudié dans l’inflammation. Ils sont, entre autres, impliqués 
dans la diapédèse des leucocytes et dans la phagocytose des matières apoptotiques par 
les macrophages. Les formes solubles des récepteurs TAM (sTAMR) ont des propriétés 
anti-inflammatoires, notamment par inhibition des voies de signalisation des TLR, et 
par l’inhibition de cytokines telles que le TNF-α, IL-6 et IL-12.
Notre étude montre que le diabète de type 2 est associé à des niveaux circulants 
élevés de sTyro3 et sAxl. De plus, des niveaux élevés de sMER circulant ainsi que 
des taux d’excrétion élevés de sTyro3 et sMER dans les urines sont observés chez les 
patients atteint de DN. Ceci était accompagné de la perte d’expression de Tyro3 et 
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Mer sur l’épithélium tubulaire dans les biopsies rénales de patients atteint de DN. 
En outre, l’étude de ces mêmes biopsies a montré une augmentation significative du 
nombre de macrophages Mer-, Tyro3- et Axl-positifs. La DN est également associée à 
d’importants dépôts glomérulaires de PS. 
L’origine de récepteurs TAM solubles urinaires est encore inconnue, étant de poids 
moléculaire relativement élevé (environ 150 kDa), il est peu susceptible qu’ils soient 
issus de la filtration du sang. Notre hypothèse est que l’excrétion des récepteurs TAM 
par les cellules épithéliales tubulaires conduit à l’augmentation de l’abondance de leurs 
formes solubles dans les urines. L’analyse ROC montre que les concentrations urinaires 
élevées de sMer et de sTyro3 pourraient être utilisées afin de distinguer les patients 
atteints de DN des diabétiques sans DN.
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