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 SUMMARY AND GENERAL DISCUSSION

Summary

Lung diseases are an increasing problem for healthcare systems worldwide. Asthma and 

pneumonia are two highly prevalent respiratory disorders responsible for considerable impact 

on the level of individual patients and on public society in general. In the Netherlands, more 

than half a million people have asthma (which is >3% of the total population) and 172.000 

people annually suffer from pneumonia (source: Lung Foundation Netherlands). Both asthma 

and pneumonia are characterized by a significant inflammatory response in the lung compart-

ment. Underlying molecular pathways of lung inflammation are complex and not fully under-

stood. Better understanding of the mechanisms that drive lung inflammation in asthma and 

pneumonia may help to develop better anti-inflammatory treatment strategies. In this thesis, 

we explored the role of the anticoagulant Protein C (PC) system in allergic and non-allergic 

lung inflammation and evaluated the PC system as a potential therapeutic target in the context 

of asthma and pneumonia.

Most asthma patients have atopic complaints and are sensitized to certain allergens. This im-

plicates that the pulmonary inflammatory response in asthma is typically allergic in nature 

and driven by the exposure to aeroallergens, such as mammal dander, pollen or house dust 

mite (HDM) allergens. Allergic lung inflammation in asthma fluctuates in severity, commonly 

is chronic and may lead to a permanent decline of lung function if inadequately suppressed. In 

contrast to allergic lung inflammation, pneumonia is especially of bacterial or viral origin and 

characterized by a more acute inflammatory response. Common pathogens that induce pneu-

monia and studied in this thesis are Streptococcus pneumoniae and the H1N1 influenza virus.

Inflammatory responses in the lung are complicated biochemical processes, in which different 

components of the immune system are orchestrated to provide an adequate defense for the 

host in response to danger signals such as an invading bacterium or inhaled allergens. In recent 

years, evidence has emerged revealing an imbalance in coagulation and anticoagulant proteins 

in the lungs of patients that suffer from asthma or pneumonia, resulting in a pulmonary pro-

coagulant environment. Experimental studies have provided proof that this procoagulant 

environment in the airways is not merely an epiphenomenon, but contributes to the severity 

of lung inflammation, lung tissue injury and recovery. However, the exact role of coagulation 

proteins in allergic or non- allergic lung inflammation has remained unclear.

Because coagulation is strictly regulated in a normal physiological state, the observed imbal-

ance of coagulation in the lung during episodes of asthma symptoms and pneumonia may be 

caused by decreased regulation of the coagulation system by anticoagulant systems. In this 

thesis, we investigated the influence of an important endogenous anticoagulant system, the 

PC system, on the host response in asthma and pneumonia.

In the first part of this thesis, the anticoagulant PC system was studied in a setting of allergic 

lung inflammation. In Chapter 2, we reviewed the current scientific knowledge on the role of 

the coagulation system in asthma. We described several potential therapeutic targets in the 

disturbed hemostatic balance in asthma, including the PC system, platelets and the group of 

protease-activated receptors (PARs).

A large part of this thesis consists of experiments in which we made use of mouse models. 

While traditional murine asthma models use chicken-egg derived allergen (ovalbumin, OVA) 

to evoke allergic lung inflammation, we have pursued the use of a source of allergens that is 

more clinically relevant (i.e., that evokes symptoms in asthma patients). To this end, we devel-

oped a new mouse asthma model using HDM allergens. The different inflammatory and patho-

logical characteristics of the HDM-based murine model for allergic lung inflammation are 

described in Chapter 3. Included in this chapter is an initial series of experiments in which we 

explored how lipopolysaccharide (LPS), a component of house dust suggested to be associated 

with asthma symptoms, can affect HDM-induced allergic lung inflammation. Indeed we 

found that co-exposure with LPS aggravates HDM-induced lung pathology, but also observed 

a decrease in the allergic nature of lung inflammation with increasing LPS exposure dosages. 

We wanted to ensure that the allergic lung inflammation in the HDM mouse model was com-

parable with allergic lung inflammation in asthma patients. Different components of the im-

mune system are involved in asthma and were explored in the HDM model, including mast 

cells. Mast cells are resident tissue cells in the lung compartment that contribute to the inflam-

matory response to allergens. In Chapter 4 we studied the role of mast-cells in HDM-induced 

allergic lung inflammation and found that certain responses, such as eosinophil chemotaxis 

and an IgE response, were significantly reduced in mast-cell deficient mice. In contrast to pre-

vious studies examining mast-cell deficient mice in OVA-based models, mast-cell deficiency 

had no effect on HDM evoked lung pathology and mucus production.

Major differences between the HDM and OVA models are presumably caused by allergen-spe-

cific effects. Besides the high amount of antigenic motifs, the group of HDM-derived allergens 

includes allergenic enzymes that exert strong proteolytic activity, which are not contained in 

OVA. PARs are a group of receptors in mammals that can be activated by specific proteases and 

are therefore considered sensors for extracellular proteolytic activity. In Chapter 5 we de-

scribed that PAR2 deficient mice have attenuated HDM-induced lung inflammation. These 

results underline that the proteolytic capacity of HDM allergen contributes to inflammatory 

responses in the airways by an effect that at least in part is mediated by PAR2 deficient mice 

have attenuated HDM-induced lung inflammation. These results underline that the proteo-

lytic capacity of HDM allergen contributes to inflammatory responses in the airways by an ef-

fect that at least in part is mediated by PAR2.
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After the first studies exploring the HDM mouse model, we studied whether modulation of 

coagulation and the PC system altered end-parameters of allergic lung inflammation. An im-

portant serine protease of the coagulation cascade is thrombin, since it converts fibrinogen to 

fibrin. In Chapter 6, we treated mice with the new oral thrombin inhibitor Dabigatran. 

Treatment with Dabigatran did not have a major effect on HDM-induced allergic lung inflam-

mation. We then shifted focus to the PC system; the endothelial cell PC receptor (EPCR) is im-

portant to convert PC into activated PC (APC). In Chapter 7, we examined mice with a 

genetic overexpression of EPCR in the HDM model and found that EPCR overexpression in-

hibited eosinophil chemotaxis and levels of the chemoattractant eotaxin. 

Chapter 8 and 9 describe investigations that studied whether APC has a positive or negative 

influence on the inflammatory response as observed in a LPS bronchoscopy study in healthy 

volunteers, as well as during the mouse asthma model, respectively. In both studies we ob-

served proinflammatory responses of pulmonary treatment with APC. This strongly argues 

against the use of local pulmonary APC treatment in patients with asthma or other lung 

diseases.

In a bronchoscopy study in asthma patients in Chapter 10 we further characterized the in-

flammatory responses to LPS and HDM. This study revealed that LPS promoted HDM-induced 

eosinophilic airway inflammation in patients with asthma despite being on maintenance 

treatment with inhaled corticosteroids. This was in line with results obtained in mice exposed 

to HDM and LPS described in Chapter 3.

Chapter 11 describes a bronchoscopy study in allergic asthma patients, where a controlled. 

HDM and LPS lung inflammatory response was induced during intravenous APC or placebo 

treatment, in order to explore potential anti-inflammatory and anticoagulant effects of APC. 

Intravenous APC attenuated HDM and LPS-induced neutrophil migration and protein release; 

surprisingly, this effect did not rely on coagulation inhibition since APC did not impact activa-

tion of the coagulation system in the airways. 

In the second part of the thesis, we examined the role of the PC system in non-allergic lung 

inflammation. As an introduction for this part we described current evidence of links between 

the coagulation system and the immune system in Chapter 12. In Chapter 13 we show data 

from a pneumococcal pneumonia and sepsis model using mice with different expressions of 

EPCR. Transgenic overexpression of EPCR impaired antibacterial defense in both pneumococ-

cal pneumonia and sepsis. Next in Chapter 14, we describe investigations using mice with 

genetically increased overexpression of APC. Here, overexpression of APC improved outcome 

of pneumococcal pneumonia. 

The lectin-like domain of the thrombomodulin (TM) receptor, the activating co-receptor of 

the PC system together with EPCR, is suggested to have effects on the immune response inde-

pendent of its contribution to PC activation. In Chapter 15, we examined the impact of a 

mutation in the lectin-like domain of TM during pneumococcal pneumonia in mice and 

showed that mice deficient for the lectin-like domain of TM had an improved outcome of 

pneumococcal pneumonia. 

Influenza is responsible for 5-10% of community-acquired pneumonia cases. In Chapter 16 

we studied lethal H1N1 viral infection in mice and observed that anti-PC treated mice had 

improved resolution of H1N1 pneumonia.

General discussion

In this thesis we report our investigations on the effects of the PC system in allergic and non-

allergic lung inflammation. Our aim was to determine whether the PC system is a valuable 

anti-inflammatory therapeutic target in context of asthma and pneumonia.

The HDM mouse model

The use of animal models to mimic human disease puts high demands on the quality of the 

specific animal model1. Especially for asthma, a disease with high inter-patient variability re-

garding symptoms and severity, translation from animal studies to human disease can be 

challenging2. We showed that intranasal administration of HDM evokes a clear allergic lung 

inflammation with increased eosinophil influx, enhanced mucus production, elevated plasma 

IgE production and allergic lung pathology (Chapter 3). Via intranasal inoculation of HDM we 

made sure that allergic lung inflammation was established via a natural route of exposure and 

without the use of systemic adjuvant. We used HDM extract since OVA is less relevant for hu-

man pathophysiology, while most asthma patients are sensitized to HDM allergens3, 4. 

In our experiments using HDM we found some similarities as well as some differences with the 

OVA model. The OVA model especially focuses on Th2-dependent eosinophilic lung inflam-

mation5, while in asthma patients also non-eosinophilic neutrophilic phenotypes can be dis-

tuinguished6, 7. Besides recruitment of eosinophils into the airways, HDM provocation did 

evoke the concurrent influx of neutrophils. Mast cell deficiency decreased influx of eosinophils 

in BALF and lung tissue, and the increase in plasma IgE, which is in compliance with previous 

OVA studies (Chapter 4)8, 9. Still, HDM-evoked mucus production and lung pathology were 

not attained in mast cell-deficient mice, contrasting with a report on the role of mast cells in an 

OVA-based asthma model8. This difference is explained in part by the nature of the allergen 

used. HDM extract is a mixture of allergens and able to provoke a broad symphony of local and 

systemic effects upon inhalation4, 10, 11. On the contrary, OVA induces a pure allergic reaction 

that is more specifically dependent on recognition of allergen in previously sensitized animals 

and the subsequent response of IgE-dependent pathways involving mast cells5. In our study, 

the difference in eosinophil influx in mast cell deficient mice was paralleled by lower levels of 

BALF eotaxin levels. In line with this observation, another group showed that allergen-chal-

lenge and histamine-injection of skin evoked eosinophil influx by the induction of eotaxin 

mRNA and protein production by endothelial cells12. Additionally, it is shown that eotaxin 

levels in sputum were associated with more severe asthma13. For future investigations, it might 
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be interesting to further investigate whether eotaxin-targeted therapy is able to decrease eosi-

nophil influx and would yield clinical merit in asthma. 

Part of the effect of HDM allergens is protease-dependent as HDM contains proteases, includ-

ing PAR2 agonists4, 14. As expected, we noted reductions of end-parameters of HDM-induced 

allergic lung inflammation in PAR2 deficient (KO) mice (Chapter 5). This is in agreement with 

OVA models studying PAR2 in a setting of allergic lung inflammation15-17. Since OVA does not 

exert significant protease activity18, the similar phenotype of PAR2 KO mice in OVA- and HDM-

induced lung inflammation suggests that endogenous PAR2 might be important for the 

translation of indirect proinflammatory signals mediated by endogenous proteases induced 

by OVA and HDM. PAR2 is broadly expressed in the lung compartment19; our study is limited 

in that it does not provide insight whether epithelial cells or other cell types were responsible 

for the differences observed. Another issue that could bias the interpretation of our experi-

ments are genetic differences between different mouse strains. Indeed, mouse strain variability 

can be a significant confounder for the comparisons between the OVA and HDM models: most 

OVA models are performed in T-helper(h)2-skewed BALB/c mice, while the HDM model is 

characterized in C57BL/6 mice, that are more prone to Th1 inflammation20. Furthermore, we 

especially used biochemical and histological end-parameters for allergic lung inflammation in 

our experiments, while the explorations of lung function were limited. It would be interesting 

to further explore lung physiology and resident tissue cells (smooth muscle cells, fibroblasts) 

in our model in the future. 

Overall, we provide evidence that the use of the clinically relevant allergen HDM evokes a 

pulmonary state in mice that is an acceptable representation of the allergic lung inflammation 

in human asthma. Increasing the quality of translation to human asthma will – and should - 

remain a continuing topic of scientific debate as long as animal models are used to study the 

mechanisms of allergic lung inflammation.

The effect of LPS on HDM-evoked allergic lung inflammation

LPS is a component of the outer membrane of gram-negative bacteria and ubiquitous in house 

dust and the environment21. Combined pulmonary exposure to HDM and LPS therefore is a 

likely event. Both HDM and LPS are able to activate the innate immune system by activating 

Toll-like receptor-422. It is postulated that HDM allergens function as carriers for intrapulmo-

nary LPS exposure14, since the HDM allergen Der p2 is molecularly and functionally similar to 

MD-2 (the LPS binding domain of TLR4)23. There are also epidemiologic arguments that sup-

port the relevance of combined HDM and LPS exposure for asthma patients. The exposure to 

LPS is associated with the frequency and severity of asthma exacerbations21. Additionally, colo-

nization in the hypopharynx with gram-negative bacteria Haemophilus influenzae and 

Moraxella catarrhalis was associated with the development of asthma in neonates, possibly by 

increasing the risk of LPS exposure to the airways24. Supporting this association was the finding 

that soluble CD14 was increased in sputum of asthma patients25, 26. Mechanistically, HDM pro-

tease and serine activity may destroy the epithelial barrier11, leaving tissue more vulnerable for 

subsequent LPS exposure. 

To gain more insight in the additive effect of LPS on HDM-evoked allergic lung inflammation 

we investigated increased dosages of LPS in the HDM mouse model (Chapter 3). We showed 

that increasing dosages of LPS enhanced pulmonary levels of IL-17, IL-33, IFNγ and TNFα . 

High dose LPS (> 1μg) inhibited Th2 inflammation, but increased lung pathology. The skewing 

effect of LPS in allergic lung inflammation was already shown for OVA27-30 and a cockroach-

based asthma model31, but not yet for HDM induced inflammation. The predominantly 

HDM-evoked eosinophilic inflammation altered into a mixed eosinophilic/neutrophilic in-

flammation with medium concurrent LPS dosages, and into neutrophilic allergic lung inflam-

mation in high concurrent LPS dose exposure. This phenomenon may be in line with human 

asthma, as neutrophilic asthma is associated with more severe asthma phenotypes6, 32. 

Combined HDM and LPS exposure in mild-to-moderate asthma patients (Chapter 10) in-

creased levels of eosinophil cationic protein, a marker of eosinophil degranulation33. 

Furthermore, there was a trend towards increased eosinophil influx in BALF. These results are 

in accordance with data from a previous trial, that provided insight in the potentiating effects 

of LPS in an allergen provocation bronchoscopy model by showing that LPS enhanced the in-

flux of monocytes and functionally active antigen-presenting dendritic cells34. In our human 

trial no inflammation skewing effects of concurrent LPS were observed. Differences in LPS 

sensitivity and dose may explain why we did not observe LPS induced inhibition of Th2 in-

flammation in asthma patients such as detected in the murine experiments. 

In conclusion, our studies focusing on the role of LPS in asthma underline the role of concurrent 

LPS exposure in the extent and characteristics of HDM-induced allergic lung inflammation.

Thrombin inhibition in allergic lung inflammation

Thrombin is the key protease in the coagulation cascade and converts fibrinogen in fibrin. 

Since there is considerable evidence for a role of coagulation proteins in asthma (Chapter 2), 

we wanted to test the effect of thrombin inhibition in the HDM asthma model. Dabigatran is a 

new oral thrombin inhibiting agent35. We synthesized Dabigatran chow that resulted in 

Dabigatran plasma levels and plasma thrombin inhibition comparable with human Dabigatran 

treatment effectiveness (Chapter 6). Our aim was to explore thrombin inhibition as a poten-

tial anti-inflammatory treatment option in the HDM mouse asthma model. Although we ob-

served systemic thrombin inhibition in Dabigatran treated mice, we did not see alterations of 

coagulation in the pulmonary compartment. Of note, low molecular weight heparin attenu-

ated airway hyperresponsiveness and reduced collagen and mucus production in an OVA-

based mouse asthma model36. Yet, both studies show no alteration of inflammatory cell influx, 

the primary end-point of the HDM asthma model. Our study has several limitations. We were 

not able to further explore the role of PAR1, the thrombin receptor, in the setting of allergic 

lung inflammation, while there is evidence that thrombin impacts on eosinophil migration 
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via PAR137. Moreover, thrombin production may also be involved in chronic lung inflamma-

tion and consequent aberrant lung tissue remodeling via lung fibroblasts38, 39. It was shown that 

Dabigatran could restrain this profibrotic effect in an in vitro fibroblast model40. Our model is 

too short of duration to establish these long term detrimental effects on lung tissue in which 

thrombin may be a contributing factor. Further studies are warranted to make a final conclu-

sion on the potential of thrombin inhibition as an anti-inflammatory therapeutic target in 

asthma.

APC treatment and modulation in allergic and non-allergic lung inflammation

Central in this thesis are studies that were performed to investigate the effect of APC in allergic 

and non-allergic lung inflammation. Preclinical animal studies have shown anti-inflammatory 

and anticoagulant effects of APC in the pulmonary compartment during respiratory disor-

ders41-44. Additional investigations suggested that a reduced function of the PC system may 

contribute to the perpetuation of inflammation in allergic asthma. Allergic asthma patients 

have lower BALF APC levels after a bronchial allergen challenge when compared with healthy 

controls43, and APC/PC ratios are decreased in induced sputum of patients with asthma42.

Intriguingly, in the majority of our experiments enhancement of APC levels did not result in 

inhibition of the pulmonary coagulant response that was induced by the inflammatory reac-

tion or pathogen studied. In our HDM and LPS bronchoprovocation trial in human asthma 

patients we observed a strong procoagulant response in BALF that was not inhibited in the in-

travenously APC-treated group (Chapter 11). Yet, systemically, APC prolonged activated 

partial thromboplastin time as expected. In regard of pulmonary hemostasis, also in APChigh 

mice, that are characterized by genetic overexpression of hyperactivatable APC, the activation 

of coagulation was unaltered in the pulmonary compartment in a pneumococcal pneumonia 

model (Chapter 14). This is in contrast to previous investigations that used bolus administra-

tion of relatively high doses of recombinant APC45, 46. Furthermore, APC in APChigh mice is char-

acterized by a 35% reduction in anticoagulant activity, which may in part explain the 

differences observed47. The inflammation-induced procoagulant environment may not be in-

hibited by APC when clotting factors Va and VIIIa (targets of the proteolytic activity of APC) 

are not the limiting steps in the particular settings investigated; our study was limited in that it 

could not exclude or prove this theory. In case of lethal H1N1 influenza in mice (Chapter 16) 

we did observe that anti-PC treatment resulted in significantly more coagulation in the lungs. 

In light of previously discussed studies this may indicate that, in the airways, it is less difficult 

to inhibit anticoagulant activity than to reduce procoagulant activity. Anti-PC treatment fur-

ther resulted in less protein leakage from blood vessels and aggravation of lung pathology, but 

had a beneficial effect on mortality in the H1N1 model. 

In regard of non-anticoagulant cytoprotective APC effects, the parameter that most frequently 

was affected in our APC experiments was neutrophil influx. In the combined HDM and LPS 

exposure study in asthma patients (Chapter 11) there was a reduction in BALF leukocytes of 

43% in intravenously APC treated asthma patients, caused by a specific inhibition of neu-

trophil influx, without an effect on eosinophil recruitment. Additionally, intravenous APC 

caused a reduction in neutrophil-derived proinflammatory secretory products, such as elastase 

and myeloperoxidase. This finding is in accordance with a human study investigating APC 

effects on LPS responses48, which showed that APC reduces in vivo and in vitro neutrophil 

chemotaxis, without altering gene expression, kinase activation, cytokine release, cell survival 

or apoptosis of neutrophils. Other groups showed that APC inhibited IL-8 directed49 and in-

tegrin-mediated neutrophil migration50. Our study may have implications for the develop-

ment of new anti-inflammatory treatment strategies in severe refractory asthma and acute 

exacerbations wherein neutrophils play an important role in inflammation. In line with the 

human asthma trial, inhibition of neutrophil influx in both BALF and lung tissue was apparent 

in APChigh mice in pneumococcal pneumonia (Chapter 14). APC seems indeed able to desen-

sitize neutrophils for chemotaxis, without altering neutrophil function50. The difference in 

neutrophil influx did not result in a difference in lung pathology during S. pneumoniae pneu-

monia. Mice treated with anti-PC antibodies had decreased neutrophil numbers compared to 

mice with a control antibody during H1N1 pneumonia. An explanation for these unexpected 

differences might be found in the different pathobiology of viral pneumonia compared to 

bacterial pneumonia or allergic lung inflammation51. Still, there are reports that provide data 

indicating enhanced neutrophil influx upon enhanced APC levels: it was shown that when 

the bacterium Pseudomonas aeruginosa is applied to the airways the number of BALF neutrophils 

was significantly increased in mice treated with APC52. Since we did not find differences in cy-

tokine or neutrophil chemoattractant levels in our APC-focused studies, we can exclude cy-

tokine-mediated effects as a reason for the several observed APC induced alterations in 

neutrophil recruitment. Possibly, an altered interaction of neutrophils with the endothelium 

by APC might explain altered neutrophil recruitment. One group nicely showed that effects of 

APC on neutrophil chemotaxis might be integrin-mediated50. Further studies on neutrophil 

biology and APC might be interesting to increase our understanding of the effect of APC on 

neutrophils. Even more, such studies could help understand in general how coagulation acti-

vation is translated by the immune system as potential ‘danger signal’ that triggers proinflam-

matory processes such as chemotaxis53.

Since intravenous treatment with APC yields an important bleeding risk54, intrapulmonary 

treatment with APC might be an interesting option to circumvent this problem. It was shown 

that local treatment with nebulized APC inhibited bronchial hyperresponsiveness and Th2 

cytokine production in a murine asthma model55. Remarkably, we found that intrapulmonary 

treatment with APC enhanced, rather than decreased, proinflammatory and procoagulant ef-

fects of LPS in human volunteers (Chapter 8). Subsequently, we also found in the HDM 

mouse model that APC exposure to the airways enhanced eosinophil recruitment and in-

creased plasma IgE and HDM-IgG1 antibody responses (Chapter 9). The effects of APC are 

highly dependent on the tissue- and cell-type that is exposed to APC. This might explain the 

highly contrasting effects of APC treatment administered intravenously and mediated 

through endothelial cells versus APC applied to the airways and mediated via the respiratory 
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epithelium. Although our study consists of a small sample size, our results strongly argue 

against the use of APC in the human airways. 

In summary, most observed effects of APC treatment in our studies likely were caused by non-

anticoagulant cytoprotective effects. This might be of importance for the current development 

of APC-mutants that exert cytoprotective effects without anticoagulant properties56, 57. Overall, 

our studies do not support a therapeutic advantage of APC treatment in allergic lung inflam-

mation. While APC may benefit patients with bacterial pneumonia58, findings in part corrobo-

rated by mouse studies45, 46, recombinant human APC was recently retracted from the market 

due to lack of efficacy in a controlled trial in patients with septic shock59. 

The role of EPCR in the HDM asthma model and S. pneumoniae induced 

inflammation

Several mouse strains with an altered expression of EPCR were investigated in this thesis, both 

in the HDM model as well as the pneumococcal pneumonia and sepsis model. 

First, we investigated mice with an increased capacity to generate APC due to transgenic over-

expression of EPCR (EPCRhigh) and mice with an impaired capacity to generate APC by either 

EPCR deficiency (EPCR KO) or a loss-of-function mutation in the tm gene (TMpro/pro) in HDM 

evoked lung inflammation (Chapter 7). We observed that EPCRhigh mice had a decreased 

eosinophil influx into BALF, accompanied by lower BALF levels of the chemoattractant eo-

taxin, and a lower IgE antibody response in plasma upon repetitive exposure of HDM to the 

airways. The phenotypes of EPCR KO and TMpro/pro mice were indistinguishable from wild-type 

mice. These data are in line with a previous report demonstrating reduced OVA-evoked allergic 

lung inflammation in mice treated with nebulized APC, which could be reversed by anti-EPCR 

antibodies55. We did not detect effects on coagulation in EPCRhigh mice, which may indicate that 

cytoprotective effects of APC are more important than anticoagulant effects; additionally, this 

finding may indicate that the PC system is more important in a setting with a more severely 

dysregulated procoagulant environment.

Secondly, we investigated EPCR in S. pneumoniae evoked pneumonia and sepsis (Chapter 13). 

In this model of severe gram-positive disease we identified an unexpected detrimental role for 

EPCR. EPCRhigh mice had increased bacterial outgrowth in distal organs while EPCR KO mice 

showed improved end-parameters of inflammation. The role of EPCR in inflammation in vivo 

likely depends on the inciting stimulus. Our laboratory showed that EPCRhigh mice have an 

impaired outcome during pneumonia derived sepsis caused by Burkholderia pseudomallei, the 

causative agent of melioidosis60, while other groups reported that EPCR overexpression pro-

tected mice from a lethal dose of ventilator-induced-injury61 and a lethal dose of endotoxin62. 

It is noteworthy that the detrimental role of EPCR seems especially apparent in models with 

live bacteria. Better containment of bacteria due to increased pulmonary coagulation in EPCR 

KO mice was a less likely explanation for the observed phenotype in our S. pneumoniae pneu-

monia model, since intravenous inoculation of pneumococci provided similar results. 

Immunomodulation of TM in pneumococcal pneumonia and sepsis

The TM receptor is a nice example of the multifunctional roles of the PC system and its co-re-

ceptors, considering the immunomodulatory properties of TM besides its part in assisting in 

PC activation63-65. The lectin-like domain of TM is a region of the receptor that may impact on 

inflammatory reactions by interfering with neutrophil adhesion, complement activation and 

cytokine generation66-68. We investigated the immunomodulatory capacities of TM in mice 

with a deletion of the lectin-like domain (TMled/led) in pneumococcal pneumonia (Chapter 

15). TMled/led mice showed an improved outcome in this model, as reflected by lower loads in 

blood and liver, decreased lung histopathology, decreased cytokine and chemokine levels, re-

duced secondary activation of coagulation and relative resistance to lethal doses of bacteria. 

Since the difference in bacterial loads in distal organs was most obvious at the 48-hour time 

point, when bacterial burdens in the lung were similar, we hypothesized that this might be 

caused by improved complement-mediated bacterial clearance at the blood-lung barrier by 

lack of the lectin domain in TMled/led mice. This is supported by data showing that naïve TMled/led 

mice have decreased C3 plasma levels and a diminished CH50 (amount of serum needed to 

cause 50% hemolysis of antibody-sensitized sheep erythrocytes), both indicating complement 

activation68. Our data seem counterintuitive in respect of previous studies66-68, which may be 

related to the fact that these earlier investigations did not use live bacterial infection models. 

Moreover, the lectin-like domain of TM is known to bind the Lewis Y antigen of gram-negative 

bacteria and was nicely shown to suppress the inflammatory response interfering with LPS and 

CD1469. Since LPS is not involved in our pneumococcal model, this might explain some of the 

differences observed. More studies are needed to provide further insight whether the lectin-

like domain of the TM receptor is an attractive target for anti-inflammatory treatment, and if 

so, in which particular bacterial setting. 

Conclusion

The investigations contained in this thesis provide insight into the function of different com-

ponents of the PC system and the effect of manipulation of this pathway during allergic and 

infectious lung inflammation. By using a translational approach, encompassing studies in 

mice, healthy humans and patients, we demonstrate that the PC system contributes to the 

inflammatory response in the lungs in settings of allergy and infection. In addition, intrave-

nous administration of APC, but not APC administered via the airways, was demonstrated to 

exert anti-inflammatory effects in the lungs of humans. Our investigations exemplify the 

complex function of a pathway that was originally discovered as an important anticoagulant 

mechanism, but now has been established as an important gatekeeper of inflammation. 
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