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  GENERAL INTRODuCTION AND OuTLINE OF THE THESIS

The Protein C (PC) system is an endogenous anticoagulant system that is essential to inhibit 

coagulation activation. Thereby, the PC system helps to produce enough anticoagulant activ-

ity in the human body to maintain a physiological balance in hemostasis and to prevent un-

wanted thrombosis. The end product of the PC system is activated PC (APC). Lately, it has 

become evident that the PC system and APC - besides anticoagulant effects – may exert several 

cytoprotective effects. Additionally, studies have suggested that proper functioning of the PC 

system may be of importance for the course of inflammatory diseases and that low levels of 

APC may contribute to further deterioration of inflammation. The chapters presented in this 

thesis describe murine and human studies performed on the PC system in the biological con-

texts of asthma and pneumonia. The overall goal of this thesis was to explore how the PC sys-

tem impacts on allergic and non-allergic inflammation and ultimately, to determine whether 

the PC system is a potential therapeutic target in these clinically challenging conditions.

Before we discuss the main research question of this thesis – what is the role of the anticoagulant 

PC system in allergic and non-allergic lung inflammation? – one must understand the background 

and scientific developments that raised this question. For this purpose, we start by explaining 

the relevance of studying coagulation in relation to diseases with an inflammatory back-

ground.

Interactions between coagulation and inflammation

During the last few decades new insights in the functioning of hemostasis made investigators 

realize that mechanisms of coagulation and inflammation should not be seen as separate bio-

logical entities, but as highly integrated processes1. The main principle for this integrative view 

is based on the fact that inflammatory activity almost inevitably induces coagulation activity. 

Whereas an inflammatory reaction is initiated to protect the host to possible invading patho-

gens or other dangerous signals, it can also cause a certain amount of tissue injury. Tissue injury 

disrupts the endothelial lining of blood vessels and plasma leaks in the surrounding extravas-

cular tissue. As a consequence, subendothelially expressed tissue factor (TF), the initiating 

factor of coagulation, is exposed to plasma clotting factors and initiates the extrinsic coagula-

tion cascade via factor VII (Figure 1)3. Coagulation activity finally leads to the production of 

fibrin that, together with activated thrombocytes, generates a blood clot that prevents blood 

loss from the site of tissue injury4. Inflammation and tissue injury thereby provide all elements 

of the Virchow triad, which describes the physiological components that are needed for 

thrombosis: stasis of blood flow, hypercoagulability and endothelial injury. Besides prevent-

ing blood loss, increasing evidence has emerged showing that blood clots provide a molecular 

platform for the immune system to clear pathogens and prevent the spread of pathogens to 

distant body sites5. This implicates that coagulation activation is an essential component of 

the host defense system and that its importance reaches beyond the prevention of blood loss.

Coagulation activation must be regulated tightly to prevent excessive clotting. This balance is 

maintained by anticoagulant systems such as the anticoagulant PC system. In case of over-

whelming, chronic or exaggerated inflammation, the delicate balance between coagulation acti-

vation, anticoagulant activity, fibrin breakdown (fibrinolysis) and inflammation is altered 6, 7. 

This can result in a detrimental procoagulant and antifibrinolytic environment in the patient 

(Figure 2)8-10. A severely or chronically deregulated hemostatic balance may hamper normal 

Figure 1. Extrinsic coagulation cascade and fibrinolytic system (simplified). The PC system is one of the regulating 

anticoagulant systems of the coagulation cascade. APC inactivates fVa and FVIIIa. F = factor, a = activated, TF = tissue fac-

tor, PAI-1 = plasminogen activator-1, tPA = tissue plasminogen activator, TAFI = thrombin activatable fibrinolysis inhibitor. 

Figure adapted from [2].
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organ function and may drive aberrant inflammatory activity. In this way, a disturbed balance 

between coagulation and anticoagulant systems can contribute to severe and chronic inflam-

matory disorders. Considering the pivotal role of the PC system in the regulation of both coagu-

lation and inflammation, this pathway has received much attention with regard to its role in 

diseases associated with enhanced activation of procoagulant and inflammatory responses. 

The anticoagulant PC system

The PC system can exert multiple effects on coagulation and inflammation11, 12. PC was recog-

nized in plasma by Seegers et al. in 196013. Sixteen years later Dahlbäck and Stenflo purified PC 

from bovine plasma14. The name ‘Protein C’ was given, since this was the third peak (peak ‘C’) 

eluted in a chromatography assay. Genetic deficiency of PC is rare and leads in case of hetero-

zygous deficiency to a mild risk of thrombosis and in case of homozygous deficiency to a severe 

thrombotic disorder in neonates called ‘purpura fulminans’15, 16. PC is a serine protease, consist-

ing of a heavy chain (41 kD) and a light chain (21 kD), connected by a disulfide bond16, 17. PC can 

be activated to APC by the key enzyme of the coagulation cascade, thrombin (Figure 3)18. 

Hence, coagulation activation provides autoregulation by thrombin-dependent PC activa-

tion. APC inactivates the important coagulation factors (f) Va and VIIIa19. Protein S is an impor-

tant co-factor for this inactivation of fVa and fVIIIa by APC20. The activation by PC is greatly 

augmented when thrombin is bound to thrombomodulin (TM) and by the endothelial PC re-

ceptor (EPCR) (thrombin-TM-EPCR-complex)21. After activation, APC remains attached or be-

comes detached from EPCR; the preference for its zymogen state and binding to EPCR is 

similar22. 

In the last two decades, it has become apparent that APC can have non-anticoagulant cytopro-

tective effects when it remains attached to EPCR23. Protease-activated Receptor 1 (PAR1) impor-

tantly directs these cytoprotective effects24, which include chemotaxis inhibition25-27, 

anti-inflammatory gene expression alteration, anti-apoptotic signaling effects and preserva-

tion of the endothelial barrier22, 28. The recognition of non-anticoagulant cytoprotective effects 

of APC increased the motivation to explore functioning of the PC system in inflammatory 

disorders. It was noticed that patients with sepsis had decreased PC levels29-31, pointing towards 

an association between a deregulated PC system and exaggerated inflammation. In animal 

models of severe infection treatment with APC inhibited coagulation and inflammation, and 

improved survival32, 33. Subsequently, the hallmark PROWESS trial reported a reduction in 30-

day mortality in adult patients with sepsis and multiple organ failure treated with recombinant 

human (rh)APC (Xigris)34. After this study, the rhAPC was approved for clinical use in human 

adult sepsis patients with multiple organ failure. However, human trials performed after the 

PROWESS trial were not able to produce enough evidence in favor of the use of rhAPC in this 

clinical setting35-37, which resulted in controversy and scientific debate on rhAPC as a therapeu-

Figure 3. The anticoagulant PC system. 1. PC is activated into APC by the thrombin(fIIa)-TM-EPCR complex. 2. APC, 

with co-factor PS, detached from EPCR inactivates fVa and fVIIIa. 3. APC attached to EPCR activates PAR-1 and has 

downstream cellular effects that are described to be cytoprotective. (A)PC = (activated) protein c, EPCR = endothelial PC 

receptor, PAR1 = protease-activated receptor 1, PS = protein S.

Figure 2.
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tic. After the PROWESS-SHOCK trial failed to reproduce the beneficial effect on survival of the 

PROWESS study [38], the manufacturer Eli-Lilly decided to retract Xigris from the market39. 

Nonetheless, the pleiotropic effects of APC give more insight in the complex interactions be-

tween the coagulation system and inflammation. The development of PC mutants without 

anticoagulant properties but intact cytoprotective effects40, 41, could open a new field of possi-

bilities for the use of APC, since these mutants do not carry risks for bleeding complications. 

In summary, the PC system represents a remarkable pathway with broad anticoagulant and 

anti-inflammatory properties.

Role of the PC system in asthma 

Asthma is a chronic obstructive bronchopulmonary disease characterized by recurrent attacks 

of dyspnea, wheezing and chest tightness42. In most Western countries asthma has reached 

prevalence rates as high as 5-15% of the population43, 44. Bronchial hyperresponsiveness is an 

important feature of asthma. Most asthma patients have atopic complaints and are sensitized 

for allergens such as mammal dander, pollen and house dust mite (HDM)45, 46. In this group, the 

exposure of allergens to the airways evokes allergic lung inflammation. A chronic state of al-

lergic lung inflammation contributes to bronchial hyperresponsiveness and asthma symptoms 

and increases the risk of developing airway remodeling47. Airway remodeling encompasses 

structural alterations of lung tissue that negatively impact on lung function, resulting in loss 

of the reversible character of asthma symptoms47. 

Currently, there is no cure for asthma. Bronchodilatating therapy and corticosteroid anti-in-

flammatory treatment are mainstay of therapy48. Nonetheless, an important group of asthma 

patients suffers from frequent exacerbations of asthma symptoms49 and corticosteroid unre-

sponsiveness50. This creates an urgent need for new anti-inflammatory treatment strategies. 

The fact that an important subgroup suffers from exacerbations of asthma despite corticoster-

oid therapy suggest a non-cellular component contributing to allergic lung inflammation and 

asthma51. Multiple studies have shown that asthma patients have increased coagulation acti-

vation in the airways52. PC/thrombin ratios are decreased in asthma patients compared to 

healthy volunteers53, especially after allergen provocation54. In this thesis, we aimed to unravel 

the role of deregulated coagulation as a possible contributor of allergic lung inflammation, 

and the PC system in particular. We wanted to examine the impact of decreased pulmonary 

PC/thrombin levels in asthma patients and ultimately, evaluate whether treatment with APC 

has therapeutic potential in attenuating the extent of allergic lung inflammation.

Role of the PC system in non-allergic lung inflammation

Pneumonia is a frequent cause of hospitalization and encompasses a high mortality risk55. The 

lung inflammation that accompanies pneumonia is associated with increased coagulation 

activation at the site of infection56. In an acute setting, coagulation activation may be protec-

tive, by inhibiting invasion of pathogens in an area of tissue damage. In a chronic state of pul-

monary coagulation activation, thrombin generation is suggested to be associated with 

fibroblast and macrophage activation and airway remodeling57. In addition to our focus on 

asthma, we examined how the PC system and components thereof function in a setting of 

non-allergic lung inflammation, and whether attempts in restoring the normal function of the 

PC system can be of benefit to the host. For this, we used models of pneumonia caused by two 

of the most common causative agents in humans: Streptococcus (S.) pneumoniae58 and influenza 

A59. S. pneumonia, a Gram-positive diplococcus, is the leading causative pathogen in communi-

ty-acquired pneumonia, which frequently progresses into sepsis and is held responsible for an 

estimated 10 million deaths worldwide annually58. Influenza A is an RNA virus that spreads 

around the world in a yearly outbreak, causing three to five million cases of servere illness and 

about 250,000 to 500,000 deaths. Influenza A H1N1 is a subtype of influenza A virus, which 

responsible for the human flu pandemic in 2009 (“swine flu”). 

Outline of the thesis

The first part of this thesis focuses on the role of PC system in allergic lung inflammation. In 

chapter 2 we review current evidence for a role of the coagulation system in asthma and 

summarize previous investigations of anticoagulant treatment in asthma. We developed a 

new mouse model for allergic lung inflammation using HDM allergens, and describe this 

model and the influence of a common adjuvant in house dust – lipopolysaccharide (LPS) - in 

chapter 3. Mast cells are implicated in allergic lung inflammation. Therefore, in chapter 4 

we investigated the role of mast cells in the new HDM-based asthma model using mice deficient 

in mast cells. PARs are a family of G-protein coupled receptors that are sensors for proteolytic 

activity and can initiate cellular proinflammatory responses when activated by specific pro-

teases. In chapter 5 we investigated the role of PAR2 in allergic lung inflammation in the 

HDM asthma model. Generation of thrombin is an event that starts immediately after tissue 

injury. Besides being a major procoagulant protease, thrombin can exert proinflammatory ef-

fects; we investigated the role of thrombin effects using a new oral thrombin inhibitor in HDM 

evoked allergic lung inflammation in mice in chapter 6. EPCR greatly augments activation of 

PC. In chapter 7 we therefore analyzed the effect of EPCR overexpression in mice on coagula-

tion and inflammation in the mouse HDM model. We applied local rAPC treatment in human 

volunteers in a model of LPS-induced pulmonary responses and describe its effects in chapter 

8, and additionally local rAPC in the mouse asthma model in chapter 9. LPS and HDM effects 
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are further investigated in chapter 10, in allergic asthma patients. Chapter 11 describes the 

randomized, double blind, placebo-controlled trial that was performed to investigate the ef-

fect of systemic rhAPC treatment on lung inflammation induced by bronchial instillation of 

HDM and LPS in patients with allergic asthma.

In the second part of this thesis we investigated the PC system in non-allergic lung inflamma-

tion in pneumococcal pneumonia and influenza. In chapter 12, we review current knowledge 

on the integration of coagulation proteins in inflammatory responses. The role of EPCR in the 

host response to pneumococcal pneumonia and sepsis in mice is described in chapter 13. In 

chapter 14 we examined how overexpression of endogenous APC influences bacterial dis-

semination during murine pneumococcal pneumonia. The role of the lectin domain of TM in 

pneumococcal pneumonia is explored in chapter 15. Finally, the role of the PC system in the 

inflammatory response to influenza H1N1 is described in chapter 16. 
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