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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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  ASTHMA AND COAGuLATION

Asthma is a chronic airway disease characterized by paroxysmal airflow ob struction evoked by 

irritative stimuli on a background of allergic lung inflamma tion. Currently, there is no cure for 

asthma, only symptomatic treatment. In recent years, our understanding of the involvement 

of coagulation and anti-coagulant pathways, the fibrinolytic sys tem, and platelets in the 

pathophysiology of asthma has increased considerably. Asthma is associated with a procoagu-

lant state in the bronchoalveolar space, further aggravated by impaired local activities of the 

anticoagulant protein C system and fibri nolysis. Protease-activated receptors have been impli-

cated as the molecular link be tween coagulation and allergic inflamma tion in asthma. This 

review summarizes current knowledge of the impact of the dis turbed hemostatic balance in 

the lungs on asthma severity and manifestations and identifies new possible targets for asthma 

treatment. 

 

Introduction 

Asthma is a disease of chronic airway inflammation causing symptoms of paroxysmal airflow 

obstruction, airway hyper responsiveness to irritative stimuli, wheezing, chest tightness, and 

coughing.1 These symptoms occur against a background of allergic inflammation, character-

ized by infiltration of mast cells, eosino phils, and T-helper 2 (Th2) lymphocytes into the airway 

wall and mucus hypersecretion. Many patients with chronic asthma show progressive decline 

of lung function that is thought to be the result of structural remodeling of the airway wall2 and 

have frequent exacerbations and steroid resistance,3 posing a major clinical challenge and 

health problem.4 New therapeutic approaches need to be developed targeting the inflammatory 

background that triggers asthma symptoms.5 

Historically, coagulation and fibrinolysis have been considered as processes that take place in 

the vascular compartment. It is now appreciated that the airways represent a body compart-

ment in which coagulation and anticoagulant mechanisms can be initiated and regulated lo-

cally.6 In addition to the activation of coagulation in lung inflammatory disorders that is 

probably induced by leakage of plasma proteins into the bronchoalveolar space, essential 

mediators of coagulation can be found locally in the lung, including tissue factor (TF) that ini-

tiates coagulation and thrombin, which transforms fibrinogen to fibrin.7 Several diseases as-

sociated with abundant lung inflammation, including acute respiratory distress syndrome, 

pneumonia, and lung fibrosis,6,8 have been shown to result in similar changes in bronchoalveo-

lar levels of proteins implicated in coagulation and fibrinolysis, tipping the physiologic equi-

librium of preventing fibrin clot formation toward a net procoagulant state. In particular, for 

asthma this disturbed hemo static balance in the airways is of importance for the perpetuation 

of allergic inflammation (Figure 1) in which cytokines and protease-activated receptors (PARs) 

play an important role. In addition, platelets have been found to actively participate in many 

manifestations of asthma. This review summarizes current knowl edge of the role of coagula-

tion and anticoagulant pathways in the pathophysiology of asthma. 

Activation of coagulation in patients with asthma 

Fibrin is the end product of coagulation and is generated after cleavage of fibrinogen by 

thrombin.7 Although fibrin is typically formed at sites of vascular injury, it can also be gener-

ated in the pulmonary compartment, wherein fibrin production is necessary for normal airway 

epithelial repair after epithelial damage.9 Severe asthma can be associated with exaggerated 

intra-alveolar fibrin production, as demonstrated by massive fibrin depositions in the alveoli 

and distal airways of an asthma patient who died from a severe asthma attack that did not re-

spond to treatment.10 Elevated concentrations of thrombin and thrombin–anti-thrombin 

com plexes have been detected in sputum of patients with asthma11,12 as well as in bronchoalveo-

lar lavage (BAL) fluid after allergen challenge,13,14 further supporting the existence of local co-

agulation activation in asthma. Thrombin activity in BAL fluid induced by segmental allergen 

provocation correlated with the degree of airway inflammation.14 Mast cells have been impli-

cated as regula tors of fibrin metabolism in asthma: on allergen challenge, mast cells release 

tryptase, which can cleave the α-and ß-chain of fibrinogen, thereby removing the thrombin 

cleavage site and inhibiting fibrin generation by thrombin.15 Mast cells are also essential for the 

release of cytokines, heparin, and histamine, which may induce plasma leakage. The relevance 

of mast cells for lung coagulation in vivo warrants further research. 

TF is considered the main initiator of coagulation. TF is a 47-kDa transmembrane glycoprotein 

that binds and activates clotting factor VII (FVII), generating FVIIa. Blood is not exposed to 

active TF under physiologic conditions. TF becomes exposed on the surface of mononuclear, 

epithelial, and endothelial cells on stimulation by bacterial and/or environmental products, 

such as lipopolysaccharide or proinflammatory cytokines or is activated from the circulating 

microvesicular form during inflammatory conditions. Alternatively, TF located at extravascu-

lar sites can become exposed to blood at sites of endothelial disruption. In the lung, alveolar 

epithelium exposes high TF levels, preventing bleeding of the fragile lung tissue.16 Patients 

with severe asthma demonstrated increased soluble TF levels in induced sputum compared 

with those with moderate asthma and healthy controls that was significantly and positively 

correlated with the amount of eosinophils.17 In addition, intrabronchial allergen challenge 

leads to increased soluble TF levels in BAL fluids of patients with mild asthma.14 The cellular 

source of this soluble TF and whether it is captured in microvesicles have not been studied thus 

far. Not only alveolar epithelium and macrophages may contribute to the pool of pulmonary 

TF, as eosinophils, the main inflammatory cells in asthma, may provide an additional source 

of intrapulmonary TF.18 Targeting the extracellular domain of TF with specific antibodies sup-

pressed the initial phase of the eosinophil passage across activated endothelium in vitro. This 

indicates a function for TF, either directly or indirectly via thrombin generation, in transendo-
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thelial migration of eosinophils to the site of allergic inflamma tion.18 Of note, the expression 

of TF by eosinophils is not undisputed: other investigators could not confirm the presence of 

TF in preparations of isolated eosinophils.19 Perhaps slight differ ences in eosinophil activation 

states could have caused these different results. Allergens derived from house dust mite, espe-

cially the major house dust mite allergen Der p1, are capable of degrading tight junctions re-

sulting in interruption of the airway epithelial cell lining and underlying endothelial cell 

lining, thereby facilitating contact between TF and plasma.20 The house dust mite allergen Der 

p2 functionally mimics MD-2, the direct lipopolysaccharide recep tor in the MD-2 TLR-4 li-

popolysaccharide signaling complex. This interaction may further contribute to inflammatory 

signals that might lead to increased TF expression and access to FVII and other plasma compo-

nents after exposure to house dust mite antigens.21 In summary, patients with asthma show evi-

dence of up-regulation of pulmonary coagulation via an increase in TF activity. Although 

limited activation of coagulation can assist in epithelial repair, pulmonary coagulation result-

ing from a crosstalk between epithe lial, endothelial, and inflammatory cells can have a major 

impact on asthma pathophysiology, as indicated by experimental models of allergic in flam-

ma tion discussed above. 

Experimental evidence that coagulation contributes  

to asthma pathophysiology 

The significance of increased coagulation activation in the lungs for the pathophysiology of 

asthma has been demonstrated in mouse studies. Exposure of mice to aerosolized fibrinogen 

followed by thrombin (which is expected to result in fibrin generation) caused increased air-

way hyper-responsiveness; thrombin or aerosolized fibrinogen alone was not sufficient to in-

crease airway hyper responsiveness to methacholine.10 Together, these data clearly indicate 

that elevated fibrin concentrations in the airways can produce a lung function disorder char-

acteristic for asthma. 

Interventions targeting specific components of the coagulation system have been studied in 

the classic mouse model of allergic lung inflammation induced by ovalbumin challenge via 

the airways after prior sensitization (Figure 2). This model induces a clinical syndrome that at 

least in part resembles allergic asthma, character ized by eosinophilic lung inflammation, air-
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Figure 1. Interaction between coagulation and aller gic inflammation in asthma. Coagulation is activated in the air-

ways of patients with asthma by leak of clotting factors and TF expressed on various cell types, including alveolar epithelium, 

macrophages, and eosinophils. Fibrin deposition is further facilitated by decreased activ ity of the anticoagulant protein C 

system and inhibition of fibrinolysis by enhanced production of PAI-1. Allergens are responsible for an inflammatory response 

in the lungs, which is aggravated by proinflammatory effects of platelets and decreased cytoprotective effects of the PC 

system. PARs play an important role as the molecular link between coagulation and inflammation; these receptors are acti-

vated by proteases expressed by either allergens or factors involved the regulation of coagulation. 

Figure 2. Activation of bronchoalveolar coagulation in asthma with interventions examined in the murine ovalbu-

min allergic lung inflammation model. Plasma (containing clotting factors, such as FVII and FX) leaks from lung capillaries 

as a consequence of the inflamma tory response. TF expression on epithelial cells, eosino phils, and macrophages initiates 

intra-alveolar coagula tion by activation of FVII (which can also be produced by epithelial cells). Interventions with the anti-

coagulants fondaparinux (FXa inhibitor) and hirudin (thrombin inhibi tor) and the plasminogen activators tPA and uPA im-

prove the disturbed pulmonary hemostatic balance and concur rently diminish allergic inflammation and asthma parame ters 

in experimental settings.
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way hyper-responsiv enss, increased immune globulin E (IgE) levels, mucus hypersecre tion, 

and eventually airway remodeling.22 Moreover, the similarity between the coagulation systems 

of mice and humans is consider able,23 making the mouse an attractive animal for studies on 

asthma and coagulation. Genetically modified FVIItTA/tTA mice with a very low expression of FVII 

demonstrated reduced coagulation activa tion in their lungs on ovalbumin challenge.24 

Normal wild-type mice exposed to allergen showed increased FVII mRNA levels in whole lung 

homogenates and increased expression of FVII protein in bronchial epithelial cells, which was 

virtually absent in FVIItTA/ tTA mice. Importantly, FVIItTA/tTA mice displayed a diminished influx of 

eosinophils into BAL fluid, together with lower levels of the chemoattractant eotaxin and the 

Th2 cytokines IL-4, IL-5, and IL-13. In addition, airway hyper-responsiveness and mucus layer 

thickness were reduced in allergen-challenged FVIItTA/tTA mice.24 FVIIa itself did not induce mucin 

production by human respiratory epithelial cells in vitro; however, addition of exogenous FX 

resulted in FXa production in these cell cultures, indicating the presence of functional TF/

FVIIa, as well as enhanced mucin production.24 Addition of FXa to respiratory epithelial cells 

also induced mucin production.25 Together, these data suggest that TF/FVIIa mediated its effect 

on allergic lung inflammation at least in part indirectly, via its role in the formation of FXa. In 

accordance with this hypothesis, FXa activity was found increased in BAL fluid of mice chal-

lenged with ovalbumin during 16 weeks (a model of chronic allergic lung inflammation asso-

ciated with airway remodeling), concurrent with elevated FX mRNA levels in whole lung 

homogenates and alveolar macrophages.25 Treatment of mice with the FXa inhibitor fonda-

parinux during the last 3 weeks of allergen challenges resulted in attenuation of airway 

hyper responsiveness without altering infiltration of inflammatory cells into the lung and de-

creased the thickness of the mucosal layer and lung collagen deposition.25 The results of these 

studies introduce a novel partici pant in the asthmatic response, indicating that coagula tion 

plays an important role in experimentally induced allergic lung inflammation and that FXa/

thrombin functions in airway remodel ing by stimulating mucin and collagen deposition. 

Thrombin has been implicated in asthma pathophysiology by both in vivo and in vitro stud-

ies. Administration of the thrombin inhibitor PEG-hirudin decreased airway hyper-respon-

siveness to methacholine of mice with acute allergic lung inflammation.10 Thrombin can 

mediate proinflammatory effects on a cellular level via cleavage of protease-activated receptor 

1 (PAR1).26 Thrombin stimulated mucin secretion by primary human bronchial epithelial cells; 

this effect could be mimicked by specific stimulation of PAR1.27 In accordance with these in 

vitro observations, intranasally instilled thrombin-induced secretion of mucosubstance in 

nasal epithelium of rats, mediated by PAR1.27 Relevant for asthma, thrombin-PAR1 stimulation 

causes smooth muscle cell prolifera tion in vitro by stimulating platelet-derived-growth factor 

produc tion28 and can induce connective tissue growth factor in fibro blasts,28 which is consid-

ered to contribute to development of fibrosis. In accordance, incubation of BAL fluid harvested 

from patients with atopic asthma challenged with allergen in a lung segment induced prolifera-

tion of fibroblasts in vitro, which could be inhibited by hirudin.29 In addition, thrombin can 

increase the bronchial tone in human bronchial rings.30 

In summary, coagulation proteins, predominantly FXa and thrombin, can contribute to al-

lergic inflammation by downstream production of fibrin or by effects outside their role in he-

mostasis. Good examples of the latter are the increase of mucin production caused by FXa and 

the activation of PAR1 on endothelial and epithelial cells by thrombin. Administration of co-

agulation factors can reproduce pathophysiologic alterations characteristic of asthma in ani-

mals in vivo and in relevant in vitro systems; conversely, inhibition of coagulation attenuates 

functional, immunologic, and morphologic features of allergic lung inflammation in mice 

elicited by ovalbumin sensitization and challenge.

Anticoagulant pathways: the PC system in asthma 

The protein C (PC) anticoagulant system has been implicated in asthma pathophysiology.31 

This pathway is initiated when thrombin binds to thrombomodulin on the cell surface, form-

ing the thrombo modulin/thrombin complex that converts PC to activated PC (APC). 

Thrombomodulin/thrombin-dependent activation of PC is augmented by the endothelial PC 

receptor (EPCR). The biologic effects of APC can be divided in anticoagulant and cytoprotec-

tive effects,31 which include alteration in gene expression, anti inflammatory and antiapoptotic 

effects, and protection of endothe lial and epithelial barrier functions; these latter effects are 

depen dent on EPCR and mediated by PAR1. The administration of recombinant APC has been 

found to exert beneficial effects in various preclinical models of inflammatory diseases, includ-

ing sepsis, acute lung injury, stroke, ischemia/reperfusion injury, and wound healing; both the 

anticoagulant and the cytoprotective pathways have been implicated herein.31 Patients with 

asthma show evidence of an impaired function of the PC system within their lungs. In patients 

with mild allergic asthma bronchoalveolar levels of APC decreased 4 hours after a bronchial 

allergen challenge and were significantly lower than healthy controls.14 In addition, APC/

thrombin and APC/PC ratios were decreased in induced sputum of patients with asthma, 

pointing to an imbalance between coagulation and the PC system.32 For the understanding of 

the involvement of the PC pathway in asthma pathophysiology, it is important to note that 

essential components of the PC pathway, in particular PC, thrombomodulin, EPCR, and PAR1 

are all expressed by the respiratory epithelium32-34 and that as a consequence thereof respiratory 

epithelial cells can produce APC in the presence of thrombin.32 Conceivably, the reduced 

function of the PC pathway in asthma in part is caused by down-regulation of PC and EPCR: 

bronchial epithelial cells exposed to eotaxin or RANTES (Regu lated on Activation, Normal 

T-cell Expressed, and Secreted; CCL5) in vitro displayed a reduced expression of PC and EPCR 

mRNA.32 Similar to patients with asthma, sensitized mice challenged with ovalbumin displayed 

reduced APC/thrombin ratios in BAL fluid.35 Importantly, inhalation of recombinant APC be-

fore exposure to aerosolized ovalbumin strongly attenuated allergic inflammation as reflected 

by a reduced influx of eosinophils and lower levels of the Th2 cytokines IL-4, IL-5, and IL-13 in 

BAL fluid; moreover, APC-treated mice had lower bronchoalveolar levels of IgE and diminished 
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airway hyper-responsiveness.35 The inhibitory effect of APC on eosinophil influx could be re-

versed by an anti-EPCR antibody, but not by a PAR1 antagonist, indicating that APC exerts this 

effect via an EPCR-dependent but PAR1-independent mechanism.35 These in vivo findings are 

corroborated by in vitro studies showing inhibitory effects of APC and PC on eosinophil36 and 

lymphocyte37 migration toward chemoattractants; the effects on both cell types could be pre-

vented by an EPCR antibody; these data suggest that cell migration may in part depend on the 

APC/ thrombin balance. 

Overall, these data indicate that a reduced function of the PC system may contribute to the 

perpetuation of inflammation in allergic asthma and that restoration of this function, for  

example by the administration of recombinant APC, may be of benefit to patients with asthma. 

Knowledge on how APC acts on inflamma tion has dramatically increased over the past few 

years, in particular in the field of systemic inflammatory syndromes, such as sepsis and endo-

toxemia. In systemic inflammation models, recom binant APC protects against mortality by 

effects that can be mediated by either EPCR-PAR1–dependent (endothelial cells, dendritic 

cells) or CD11b/CD18-PAR1–dependent (macrophages) mechanisms.38,39 Importantly, these 

protective APC effects do not rely on the anticoagulant properties of this protein: APC mutants 

lacking anticoagulant properties but with retained capacity to activate PAR1 are still able to 

protect mice from endotoxin or sepsis-induced death.40 As such, these non-anticoagulant APC 

mutants are promising new anti-inflammatory drugs, especially because they do not carry the 

risk of bleeding complications. At present, however, no data are available on the activity of 

these APC mutants in asthma models. In addition, for asthma it remains to be established via 

which cell type APC may exert anti-inflammatory effects. Of note, a very recent study has indi-

cated that indeed a cytoprotective-selective APC mutant that lacks most of APC’s anticoagulant 

activity has a similar capacity as wild-type APC to attenuate the development of pulmonary 

edema and to decrease mortality in mice with Pseudomonas pneumonia, suggesting that non-

anticoagulant APC mutants are active in the lungs.41 Of note, recombinant human APC 

(Xigris), which was registered for the use in patients with severe sepsis, was recently withdrawn 

from the market after the “PROWESS-SHOCK” trial in patients with septic shock showed no 

clinical benefit (or harm) in subjects who had received APC (European Medicines Agency, 

press release October 25, 2011). 

Recent investigations have implicated thrombomodulin in the pathogenesis of asthma 

(Figure 3). Although extensively character ized as the receptor expressed by the vascular en-

dothelium that is essential for APC generation after binding thrombin, it has now become 

clear that thrombomodulin expressed by dendritic cells is involved in allergic asthma. 

Thrombomodulin-positive dendritic cells were more prevalent in peripheral blood of patients 

with allergy and asthma than in subjects without asthma42,43; the percentage of thrombomod-

ulin-positive dendritic cells correlated with the extent of airflow limitation as determined by 

the percent forced expiratory volume in 1 second.44 Exposure of peripheral blood dendritic 

cells to house dust mite resulted in higher thrombomodulin expression in atopic than in 

nonatopic subjects.43 In addition, segmental allergen challenge in patients with mild allergic 

asthma increased soluble thombomodulin levels and throm bomodulin expression on den-

dritic cells in BAL fluid.14,45 More over, patients with asthma showed increased soluble 

thrombomodu lin levels in induced sputum.32 The presence of soluble thrombomodulin in the 

airways, of which the cellular source remains to be established, may serve to inhibit local 

inflammation during asthma: although these observational data suggest a detri mental role for 

thrombomodulin in asthma, mouse studies indicate that thrombomodulin probably plays a 

protective role in the allergic inflammation accompanying ovalbumin sensitization and 

challenge.44 Indeed, inhalation of recombinant soluble thrombomodu lin reduced the levels of 

IgE and Th2 cytokines as well as eosinophil numbers in BAL fluid of challenged mice. 

Thrombo modulin appeared to impact on dendritic cell function; adoptive transfer of throm-

bomodulin-treated dendritic cells reduced the severity of experimental asthma as measured by 

lung function and the extent of allergic inflammation. In addition, mice that were adoptively 

transferred with thrombomodulin-negative dendritic cells had more disease than those 

transferred with unsorted dendritic cells; conversely, animals adoptively transferred with 

thrombomodulin-positive dendritic cells were less responsive to ovalbumin. The lectin do-

main of thrombomodulin was responsible for the interaction with dendritic cells: wild-type 

mice treated with ovalbumin-pulsed dendritic cells deficient for the lectin domain of throm-

bomodulin showed more disease than wild-type mice treated with ovalbumin-pulsed dendritic 

cells from wild-type mice.44 Together, these mouse investigations identify thrombomodulin as 

a potential protective receptor in asthma by an effect that is unrelated to its anticoagulant 

properties; if these data can be confirmed in humans, the reported increases in the number of 

thrombomodulin positive dendritic cells in patients with asthma would imply a compensa-

tory rather than an asthma triggering response.42-44
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Figure 3. Association between thrombomodulin (TM) expression on dendritic cells (DC) and soluble TM,  

and human and experimental asthma.
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PARs: the role of PAR2 in asthma 

PARs belong to a family of G protein–coupled receptors that can be activated by serine proteases 

via proteolytic cleavage.46 PARs carry their own ligand, which remains hidden until unmasked 

by proteolytic cleavage. The PAR family consists of 4 members (PAR1-PAR4); each subtype 

displays a unique activation site that is recognized by specific proteases. All PARs have been 

detected in lungs, in particular in epithelium and airway smooth muscle.46 PAR1 and PAR2 

have also been found on endothelium, macro phages, and migratory cells, such as mast cells 

and neutrophils. PAR1 can be activated by thrombin and APC and thereby play a role in 

asthma (see above). PAR2 has been implicated more directly in the pathophysiology of asthma 

(Figure 4). PAR2 can be activated by coagulation factors FVIIa and FXa, thereby providing a 

direct link between coagulation and inflammation. Notably, also other proteases can cleave 

and activate PAR2, both derived from the host (mast cell tryptase, trypsin, proteinase 3, 

elastase, and granzyme A) and from allergens (Der p1, p3, and p9 from house dust mite,47 

Alternaria alternata,48 and cockroach extract49). 

Increased expression of PAR2 is reported in bronchial epithe lium of patients with asthma.50 

Sensitized PAR2-deficient mice demonstrated a markedly diminished influx of eosinophils in 

BAL fluid after ovalbumin challenge; conversely, in transgenic mice overexpressing PAR2, 

eosinophil recruitment was higher.51 The effects in both PAR2-deficient and PAR2-overexpres-

sing mice were apparent at 24 hours after ovalbumin challenge but not at later time points or 

after multiple ovalbumin challenges, indicating an involvement of PAR2, especially in the 

acute response to allergen exposure. In addition, deletion of PAR2 tended to diminish ovalbu-

min-induced airway hyper-responsiveness, whereas overex pression of PAR2 exacerbated this 

response.51 In accordance, PAR2 activation in the airways led to allergic sensitization to concur-

rently inhaled antigens52 and to exaggerated allergen -induced airway inflammation and airway 

hyper-responsiveness in sensitized mice.53 The concept that proteases expressed by allergens 

can activate PAR2 and thereby facilitate inflammation was recently supported by studies in 

which cockroach extract (which does express PAR2-activating protease activity) was used as 

challenging antigen; these investigations indeed revealed that allergic sensitization to cock-

roach extract, and the resultant allergic airway inflammation depended on the ability of the 

extract to activate PAR2.54 Notably, most reports on PAR2 function focused on epithelial cells; 

relevant for allergic asthma, however, mast cells and eosinophils also express PAR2 and activa-

tion thereof results in histamine release, and degranulation and cytokine release, respectively.46 

The contribution of different cell types in PAR2-mediated allergic inflammation in vivo war-

rants further research. 

Together, these data indicate that activation of PAR2 may facilitate airway inflammation and 

airway hyper-responsiveness in allergic asthma. Different proteases implicated in asthma are 

able to cleave PAR2, including mast cell tryptase and proteases expressed by allergens (house 

dust mite, cockroach, and A alternata). Asthma is associated with generation of the coagulation 

proteases FVIIa and FXa see text above, but it is currently unknown what their contribution is 

to PAR2-mediated responses during allergic inflammation.

2

Figure 4. The role of PAR2 in allergic lung inflamma tion. Different sources of PAR2-activating proteases (both host-

derived and allergen-derived) in allergic lung inflammation cause PAR2 activation on eosinophils, airway epithelial cells, 

and airway smooth muscle. PAR2 has been implicated as the molecular link between these proteases (including FXa and 

FVIIa) and allergic lung inflammation.
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Platelets and asthma 

Platelets are anucleated fragments of their megakaryocyte  precursors and form the cellular 

components of a blood clot. Clinical evidence for a role of platelets in asthma is derived from 

studies demonstrating increased activation of platelets in patients with atopic asthma.55,56 In 

addition, increased circulating platelet- leukocyte aggregates have been detected in patients 

with asthma attacks and after allergen challenge.57,58 Similarly, allergen challenged mice 

showed platelet-leukocyte complexes in their circulation.59 Importantly, platelets expressing 

P-selectin on their surface are required for the influx of eosinophils into the lungs of mice with 

allergic inflammation, as indicated by experiments with platelet-depleted mice transfused 

with either wild-type platelets (which restored eosinophil recruitment) or P-selectin–deficient 

platelets (which failed to do so).60 In accordance, P-selectin– deficient mice exhibited dimin-

ished leukocyte infiltration on chal lenge with cockroach allergen.61 Furthermore, in an in vitro 

flow model, more eosinophils from patients with asthma adhered to activated endothelium 

than eosinophils from healthy controls, a process that was dependent on platelets and 

P-selectin.62 Platelets have also been shown to contribute to chronic consequences of asthma: 

airway wall remodeling failed to occur in allergen -sensitized mice depleted of platelets.63 

Platelets have been detected in BAL fluid of allergen-challenged mice63 and extravascularly in 

bronchial tissue and in the intra-alveolar space in patients with asthma,64 indicating diapedesis 

of platelets in areas of allergic inflammation and suggesting that platelets can contribute to 

lung inflammation via mechanisms that are independent of leukocytes. This latter hypothesis 

is supported by recent studies revealing that platelets of allergen-sensitized mice can undergo 

chemotaxis in response to the sensitizing allergen in vivo and in vitro.65 Notably, in ovalbumin-

sensitized and challenged mice, platelets migrated out of blood vessels into lung tissue directly 

underneath the airways; platelet influx preceded the influx of leukocytes, and many platelets 

were not adjacent to leukocytes.65 Direct activation of platelets via IgE receptors was required 

for allergen-induced platelet migration, considering that platelets deficient in the FcRy chain 

(and thus deficient for IgE receptors) transfused into wild type mice were unable to migrate 

into lung parenchyma. Murine platelets indeed possess the high affinity receptor for IgE 

(FcERI), which was up-regulated on allergen sensitization and challenge.66 These findings are 

further corroborated by the expression of both high-and low-affinity receptors for IgE on hu-

man platelets66,67 and the observation that a larger proportion of platelets from patients with 

allergic asthma express IgE binding sites on their surface compared with healthy controls.66 In 

vitro, platelets isolated from allergen-sensitized mice migrated toward either sensitizing anti-

gen or an anti-IgE antibody, a chemotactic response that required FcERI expression.65 Similarly, 

platelets harvested from patients with asthma (but not from non-allergic control subjects) 

migrated toward the specific sensitizing antigen and toward an anti-IgE antibody in vitro.65 

Platelets possess preformed granules filled with proinflamma tory and procoagulant mediators, 

some of which have been linked to bronchoconstriction, including thromboxanes, histamine, 

sero tonin, and platelet activating factor (PAF). PAF is a lipid derivative of phosphorylcholine 

released from platelets, mast cells, and IgE-sensitized basophils that bridges inflammatory and 

coagulation processes. Several reports point to a role for PAF in bronchoconstric tion: injection 

of PAF into guinea pigs produced bronchoconstric tion68; inhalation of PAF caused a dose-related 

bronchoconstriction and a prolonged increase in airway hyper-responsiveness in healthy 

subjects69; and antigen-induced airway hyper-responsiveness could be inhibited by an antago-

nist of PAF in guinea pigs.70 Approxi mately 5% of the Japanese population has a loss of function 

mutation in PAF acetylhydrolase that results in excess PAF and prolonged generation of PAF. 

The homozygous genotype was found more frequently in children with atopic asthma than in 

their parents or controls.71 The prevalence of PAF acetylhydrolase deficiency is higher in asth-

matics compared with healthy sub jects.72 These reports suggest a functional relationship of PAF 

in the pathophysiology of asthma. The potential role of platelets in lung function disorders 

accompanying asthma is further supported by findings that bronchoconstriction induced by 

either intratracheal instillation of lipopolysaccharide73 or intravenous injection of thrombin74 

required the presence of functionally intact platelets in the circulation. In accordance, platelet 

depletion resulted in a significant inhibition of allergen-induced airway hyper-responsiveness 

to inhaled histamine in rabbits,75 and P-selectin-deficient mice demon strated lower levels of 

airway hyper-responsiveness than wild-type mice61 with cockroach allergen-induced lung 

inflammation. More over, intravenous administration of platelet agonists induced bron-

chospasms and an accumulation of platelets in the lungs of experimental animals.76,77 

Together, these data identify platelets as important players in the development of allergic 

inflammation and in the recruitment of eosinophils. Modulation of platelet function seems 

an attractive new approach in asthma that warrants further investigation. 

Fibrinolysis in asthma 

Fibrinolysis is the process of fibrin cleavage by plasmin into fibrin degradation products, which 

is essential for the resolution of blood clots. Plasmin is formed from plasminogen by tissue-type 

plasmin ogen activator (tPA) or urokinase-type plasminogen activator (uPA). Plasminogen acti-

vator inhibitor type I (PAI-1) is the main inhibitor of both tPA and uPA. Many different cell types 

present in the lung can produce tPA, uPA, and PAI-1, including endothelial cells, macrophages, 

fibroblasts, mast cells, and bronchial epithelial cells.6,8 Asthma is associated with inhibition of 

fibrinolysis in the airways, primarily because of enhanced production of PAI-1.78 PAI-1 levels 

were increased in sputum of patients with asthma17,79 and in BAL fluid of rodents sensitized and 

challenged with ovalbumin,10,80,81 which was accompanied by decreased plasmino gen activator 

activity.10 Administration of uPA improved various features characteristic for asthma, including 

airway hyper responsiveness and subepithelial fibrosis in the lungs of mice exposed to ovalbu-

min82; similarly, inhalation of aerosolized tPA reduced airway hyper-responisveness in this 

model.10 Mast cells are probably an important source for PAI-1 in the asthmatic lung: lung tissue 

of patients with asthma and rats challenged with ovalbumin showed high numbers of PAI-1–
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positive mast cells.81,83 In addition, transcription of PAI-1 was highly up-regulated in human 

mast cells stimulated with IgE in vitro84 and mast cell deficient mice had approximately 50% less 

PAI-1 in their airways compared with normal mice after ovalbumin challenge in vivo.78 

PAI-1 has been implicated as a mediator of the allergic immune response: in a murine allergic 

rhinitis model, PAI-1–deficient mice showed a suppressed Th2 response and fewer symptoms.85 

In addition, PAI-1–deficient mice displayed a reduced airway hyper-responsiveness in the 

ovalbumin-induced allergic lung inflammation model.82 In a model of chronic asthma pro-

duced by exposure to aerosolized ovalbu min during 4 weeks, PAI-1 deficiency did not influence 

peribronchial eosinophilic infiltration, goblet cell hyperplasia, or ovalbumin-specific IgE lev-

els.80 PAI-1-deficient mice did show reduced collagen and fibrin deposition and enhanced matrix 

metalloproteinase-9 activity, indicating that the plasmin system regulates extracellular matrix 

deposition in the airways independently of the effect of PAI-1 on inflammatory cell recruit-

ment.80,82 Epidemiologic studies support the importance of PAI-1 for the pathophysiology of 

asthma: a 4G/5G polymorphism in the promoter region of PAI-1 has been linked to the risk and 

severity of asthma.86 The 4G/5G polymorphism regulates the extent of PAI-1 release on exposure 

to allergen: a challenge with house dust mite caused an increase in plasma PAI-1 levels in all 

patients with asthma with the 4G allele and in only one-third of 5G homozygotes,87 a clinical 

finding further corroborated by in vitro studies showing that in stimulated human mast cells 

the transcriptional activity of the 4G-PAI-1 promoter is higher than that of the 5G-PAI-1 

promoter.88 

Remarkably, plasminogen-deficient mice demonstrated attenu ated leukocyte recruitment into 

the lungs and reduced early histologic changes, including collagen deposition in the peribron-

chial areas and mucus metaplasia in allergic pulmonary inflamma tion induced by ovalbumin 

sensitization and challenge.89 In accordance, administration of the plasminogen inhibitor 

tranexamic acid reduced eosinophil and lymphocyte numbers, mucus produc tion, and colla-

gen deposition in the lungs of ovalbumin-treated wild-type mice.89 These results are unexpected 

in light of the impact of PAI-1 deficiency described above because plasminogen deficiency or 

inhibition, opposite to PAI-1 deficiency, will result in reduced fibrinolysis. It is therefore con-

ceivable that PAI-1 contrib utes to asthma pathophysiology by a mechanism that is not directly 

related to its role in fibrinolysis; indeed, PAI-1 has been implicated in processes and diseases 

that are not or only partially related to its capacity to inhibit plasminogen generation, includ-

ing wound healing, atherosclerosis, metabolic diseases, and tumor angiogen esis, processes that 

may depend on its interference in cellular migration and cellular matrix binding.90 

Thrombin activatable fibrinolysis inhibitor (TAFI) is known to be an important regulator of 

fibrinolysis after thrombin-induced activation by inhibiting binding sites on fibrin for plas-

minogen and tPA. TAFI can also inactivate complement proteins C3a and C5a. TAFI-deficient 

mice showed enhanced airway hyper-responsiveness and lung injury in the ovalbumin asthma 

model, which was partly the result of diminished inhibition of complement.91 The role of TAFI 

in human asthma warrants further investigation. 

Clinical experience with anticoagulant treatment of asthma: inhaled heparin 

Heparin is a glycosaminoglycan widely used as anticoagulant in clinical practice. Heparin 

binds to anti-thrombin causing a confor mational change that results in its activation, and in-

activation of thrombin and other proteases involved in blood clotting, most notably FXa. 

Besides its anticoagulant properties, heparin pos sesses a wide range of anti-inflammatory ac-

tivities, including inhibition of inflammatory mediators, such as eosinophilic cation protein, 

peroxidase, neutrophil elastase, and cathepsin G, inhibition of lymphocyte activation, neu-

trophil chemotaxis, smooth muscle growth, vascular tone, and complement activation.92 

Early studies described subjective improvement of asthma symptoms using intravenous 

heparin.93,94 Patients with mild to severe asthma exposed to inhaled heparin experienced sub-

jective, but no objec tive, improvement.95 Subsequent studies with inhaled heparin demon-

strated reduced bronchoconstrictive responses in patients with exercise-induced asthma96,97; 

inhaled enoxaparin (a low molecular weight heparin) demonstrated similar protective ef-

fects.98 In accordance, in subjects with asthma and house dust mite allergy, nebulized heparin 

administered 10 minutes before chal lenge inhibited bronchospasms99 and 5 treatments with 

nebulized heparin between 90 minutes before until 6 hours after allergen exposure attenuated 

the early and reduced the late allergic re sponse.100 Of note, however, trials of inhaled heparin 

on the bronchoconstrictive response to methacholine have yielded mixed results.101,102 

Bleeding complications have not been reported after inhalation of heparin. At present, inhaled 

heparin is not used in clinical practice as adjunctive therapy for asthma attacks. 

In conclusion, mediators and cells classically involved in procoagulant and anticoagulant 

pathways play a role in asthma pathophysiology. Patients with asthma display signs of en-

hanced activation of coagulation in their airways, impaired function of the anticoagulant PC 

system, and attenuated fibrinolysis. Inhibition of coagulation in mouse models of allergic 

asthma reduces eosinophil recruitment, lung inflammation, and airway remodeling and im-

proves lung function. Platelets can contribute to many features of asthma, at least in part by 

their capacity to directly respond to IgE, release inflammatory mediators, and form aggregates 

with leuko cytes. Administration of inhaled APC exerts strong anti inflammatory effects in 

ovalbumin-challenged mice. Considering the wide range of cytoprotective properties of this 

protein, these effects may be unrelated to APC induced inhibition of coagulation. PARs have 

been identified as the link between coagulation and inflammation; in experimental asthma, 

PAR2 activation, either by clotting proteases or proteases expressed by common allergens, 

contributes to disease severity. Clearly, this abundance of preclini cal data provides ample op-

portunities for identification of new therapeutic targets for patients with asthma, in particular 

for those with severe, refractory disease. As such, this relatively new area of asthma research 

holds promise for the future and the development of novel drugs with new mechanisms of 

action for asthma treatment. 
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  LIPOPOLySACCHARIDE INHIbITS TH2 LuNG INFLAMMATION

 INDuCED by HOuSE DuST MITE ALLERGENS IN MICE

Abstract

The complex biology of asthma compels the use of more relevant human allergens, such as 

house dust mite (HDM), to improve the translation of animal models into human asthma. LPS 

exposure is associated with aggravations of asthma, but the mechanisms remain unclear. Here, 

we studied the effects of increasing LPS doses on HDM-evoked allergic lung inflammation. To 

this end, mice were intranasally sensitized and challenged with HDM with or without increas-

ing doses of LPS (0.001–10 μg). LPS dose-dependently inhibited HDM-induced eosinophil re-

cruitment into the lungs and muc us production in the airways. LPS attenuated the production 

of Th2 cytokines (IL-4, IL-5, IL-10, and IL-13) in HDM-challenged lungs, while enhancing the 

HDM-induced release of IL-17, IL-33, IFN-γ, and TNF-α. The shift toward a Th1 inflammatory 

response was further illustrated by predominant neutrophilic lung inflammation after LPS 

administration at higher doses. LPS did not influence HDM induced plasma IgE concentra-

tions. Although LPS did not significantly affect the activation of coagulationor complement in 

HDM-challenged lungs, it reduced HDM-initiated endothelial cell activation. This study is the 

first to provide insights into the effects of LPS in an allergic lung inflammation model making 

use of a clinically relevant allergen without a systemic adjuvant, revealing that LPS dose-de-

pendently inhibits HDM-induced pulmonary Th2 responses.

 

Introduction

Asthma is a chronic lung disease, characterized by episodes of reversible airflow obstruction, 

with a high prevalence of 5 to 10% in most Western countries1. Asthma symptoms are associ-

ated with allergic lung inflammation and include complaints of recurrent dyspnea, intermit-

tent wheezing, coughing, and chest tightness. New asthma drug targets may be discovered 

when the biological mechanisms underlying the pathogenesis of asthma are further clarified2. 

Instead of the often used but less relevant allergen in asthma pathology ovalbumin (OVA), 

current animal asthma models tend to study allergic lung inflammation using allergens that are 

more important in human asthma3.

House dust mite (HDM) allergens are an important cause of allergic lung inflammation in pa-

tients with asthma4, 5. The prevalence of specific antibodies against HDM allergens is high, and 

can reach up to 40–85% in populations of patients with asthma5, 6. The allergic potential of HDM 

allergens involves the result of multiple mechanisms that (besides the highly immunogenic 

epitopes of HDM allergens and fecal pellets) include the ability to activate the innate immune 

system, as reviewed by Gregory and Lloyd6. Furthermore, among HDM allergens, cysteine and 

serine proteases may destroy epithelial tight junctions and activate proinflammatory protease-

activated receptors7, 8. Epithelial damage by HDM allergens leaves the tissue more vulnerable 

during subsequent exposure to allergens9 and air toxins (biotoxins) such as endotoxin (LPS).

LPS is a component of the outer membrane of Gram-negative bacteria and an environmental 

pollutant associated with asthma severity and the occurrence of asthma exacerbations(10, 11). 

Although the effects of LPS have been extensively investigated in different human pulmonary 

settings12, 13, the exact role of LPS in asthma is still not well understood, and reports provide 

contradictory results12, 14–16, with differences in LPS responses that are possibly related to the 

timing of exposure in life and genetic factors17. Moreover, the LPS response is positively linked 

to atopy17–19. LPS and allergen coexposure has been investigated in OVA models, but seldom in 

combination with other allergens. The skewing of eosinophilic Th2 to neutrophilic Th1 in-

flammation by using a combination of allergens and LPS in a murine asthma model has been 

shown for OVA16, 20–22 and cockroach allergens23, but to the best of our knowledge, no data in this 

respect have involved the effects of LPS on HDMdriven asthmatic responses in mice. Here we 

studied the effects of increasing LPS doses on lung inflammation induced by HDM in a murine 

model wherein all challenges were administered via the airways, without systemic adjuvants.

Materials and methods

Animals

C57Bl/6 mice, aged 8–9 weeks (sex-matched and age-matched), were purchased from Charles 

River, Inc. (Maastricht, The Netherlands), and housed in standardized specific pathogen–free 

conditions. The Animal Care and Use Committee of the University of Amsterdam approved all 

experiments.

HDM and LPS 

A crushed whole-body HDM allergen extract was used (Greer Laboratories, Lenoir, NC), as  

derived from the common European HDM species Dermatophagoides pteronyssinus (Der p), 

containing all major Der p allergens. LPS contamination of the HDM extract entailed approxi-

mately 3.4 Х 10
_

6 μg LPS (0.0034–0.034 endotoxin units)/μg HDM. For LPS treatment, we used 

ultrapure Escherichia coli 0111:B4 LPS (Invivogen, San Diego, CA). 

Murine Asthma Model

Lung inflammation was provoked in mice by an intranasal inoculation of HDM and/or LPS 

(dissolved in 20 μl saline) during isoflurane anesthesia. Nine experimental groups were studied 

(please see Figure E1 in the online supplement). One group received saline only, one group re-

ceived HDM (25 μg) only, and one group received LPS (10 μg) only. Six additional groups re-

ceived HDM (25 μg) with increasing amounts of LPS (0.001–10 μg). On Days 0, 1, and 2, mice 
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received 100% of the HDM and/or LPS dose indicated (sensitization phase). On Days 14, 15, 

18, and 19, mice received 25% of the HDM and/or LPS dose indicated (challenge phase). All 

mice were killed on Day 21 for the analyses that will be described. The protocol was deduced 

from existing OVA and HDM protocols (20, 24). Experiments were performed twice in which 

samples of bronchoalveolar lavage fluid (BALF) were obtained in the first experiment, and 

samples for lung pathology and lung homogenate were obtained in the second experiment. 

Sampling methods are described in the online supplement. In each experiment, five mice per 

group were used, except for the saline control group (n ₌ 8).

Immunohistochemistry

Lungs were fixed in 10% formalin and embedded in paraffin, and 4-μm thick sections were 

stained with hematoxylin and eosin or periodic acid Schiff (PAS)–D to quantify mucus and 

major basic protein (MBP; kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic 

Arizona, Scottsdale, AZ) in lung eosinophils. Quantification by an experienced histopatholo-

gist, blinded to the treatment group and methods of imaging analysis, is detailed in the online 

supplement.

Assays

Please see the online supplement for details.

Statistical Analysis

All values are expressed as means ± SEMs. Differences between the saline control group and the 

groups challenged with either HDM or LPS only were tested according to the Mann-Whitney 

U test. The effect of increasing doses of LPS on HDM-induced responses was serially tested us-

ing the Kruskal-Wallis test. P values in RESULTS and in the figures represent the overall LPS ef-

fect (0.001–10 μg) obtained from this assessment, unless otherwise indicated. Correlations 

were determined according to the Spearman r test. All analyses were performed using GraphPad 

Prism, version 5.0 (GraphPad Software, San Diego, CA). P < 0.05 was considered statistically 

significant.

Results

LPS Dose-Dependently Inhibits HDM-Induced Eosinophil Recruitment into  

the Lungs

The intranasal administration of HDM elicited an increase in total leukocyte numbers in BALF 

(Figure 1A; P < 0.01 versus saline control group), which was predominantly caused by a marked 

influx of eosinophils (Figure 1B; P < 0.01 versus saline control group). The instillation of HDM 

via the airways also induced an increase in neutrophils (Figure 1C; P < 0.01 versus saline control 

group), whereas macrophage numbers decreased upon HDM exposure (Figure 1D; P < 0.01 ver-

sus saline control group). The concurrent administration of LPS at increasing doses did not in-

fluence total leukocyte numbers in BALF. However, LPS caused a dose-dependent inhibition of 

eosinophil recruitment into BALF (Figure 1B; P < 0.001), with a concurrent increase in neu-

trophil influx (Figure 1C; P < 0.0005), effects that especially were observed after instillation of 

LPS doses between 1 and 10 μg. The intranasal instillation of 10 μg LPS alone (without HDM) 

resulted in a modest rise in BALF neutrophil counts (P < 0.01 versus saline control group). A 

concurrent LPS instillation reversed the HDM-induced decrease in BALF macrophage numbers 

(Figure 1D; P < 0.05).HDM exposure resulted in an increase in lymphocyte numbers in BALF 

(Figure 1E, P < 0.01), and this increase was not influenced by a concomitant administration of 

LPS.

The impact of LPS on HDM-induced eosinophil influx was further investigated in lung tissue 

by immunostaining, using an eosinophil-specific anti-MBP antibody (Figure 2). These analyses 

showed that LPS significantly influenced HDM-induced eosinophil accumulation in lung tis-

sue (P < 0.05 for the overall LPS effect). Whereas low LPS doses exerted a minor effect on eosi-

nophil numbers in the lung, 5 and 10 μg LPS clearly reduced HDM-elicited pulmonary 

eosinophil recruitment. Of note, the overall lung pathology score, as determined by the semi-

quantitative scoring system described in MATERIALS AND METHODS, increased in HDM-

challenged mice exposed to increasing LPS doses (P < 0.005; Figure 3), indicating that LPS 

influences both the extent and the type of lung inflammation induced by HDM. Together 

Figure 1. Influx of cells in bronchoalveolar lavage fluid. (A) Total cell count. (B) Eosinophils. (C) Neutrophils. (D) Alveolar 

macrophages. (E) Lymphocytes. Data are expressed as means ± SEs of cells/ml. *P < 0.05 and **P < 0.01 for the difference 

with the saline control group. P values in the figure relate to the effects of LPS on the house dust mite (HDM) response.
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these data clearly show that exposure of the airways to HDM causes an eosinophilic inflamma-

tion in the lungs that is inhibited and shifted to a neutrophil-dominated inflammatory re-

sponse by concurrent exposure to increasing doses of LPS.

LPS Inhibits HDM-Induced Mucus Production in the Airways

An intranasal instillation of HDM resulted in mucus production in the airways, as visualized 

by the PAS-D staining of lung tissue (Figure 4). The concurrent administration of LPS exerted a 

significant impact on this HDM effect (P < 0.05 for the overall LPS effect). Whereas low LPS 

doses exerted a minor or even slightly aggravating influence on HDM-induced mucus produc-

tion, high LPS doses clearly inhibited this HDM effect. LPS administered without HDM did not 

induce the production of mucus. Hence, these results show that HDMelicits mucus production 

in the lungs, a response that is dose-dependently inhibited by LPS. 

Effects of LPS on HDM-Induced Cytokine Production in Lungs 

An intranasal administration of HDM caused an increase in concentrations of IL-4, IL-5, IL-6, 

IL-10, IL-13, IL-17, IL-33, IFN-γ, TNF-α, and keratinocyte chemoattractant (KC) in whole-lung 

homogenates (Figure 5; all P < 0.05 versus saline control group). LPS given at increasing doses 

significantly altered these HDM-induced cytokine responses (all P < 0.05 for the overall LPS 

response). The effects of LPS were primarily evident at high doses, which diminished the release 

of the Th2 cytokines IL-4, IL-5, IL-10, and IL-13 elicited by HDM, while enhancing TNF-α, IL-

17, and KC production. High-dose LPS also attenuated the HDM-induced production of IL-6, 

IL-33, and IFN-γ. The instillation of 10 μg LPS only (without HDM) induced elevated lung 

concentrations of all cytokines measured (P < 0.05 versus saline control group), except for IL-4 

and TNF-α. Hence, these data suggest that LPS preferentially inhibits the production of Th2 

cytokines induced by HDM.

LPS Does Not Influence HDM-Induced Plasma IgE Concentrations

The intrapulmonary delivery of HDM resulted in elevated plasma IgE concentrations (P < 0.01 

versus saline; Figure 6). LPS did not influence this response (P ₌ 0.08 for the overall LPS effect). 

LPS Does Not Influence HDM-Induced Complement Activation

Several lines of evidence have implicated the complement system in asthma25. To obtain in-

sights into the effects of HDM on the local activation of complement and the influence of 

concurrent LPS hereon, we measured C3a and C5a in BALF (Figure E2). HDM clearly activated 

the complement system, as reflected by elevated concentrations of C3a and C5a (both P < 0.05 

versus saline control group). The concurrent instillation of LPS did not alter these HDM-

induced responses.

Figure 2. Eosinophil influx in lung tissue. (A) Mean (± SE) pathology scores were determined by major basic protein 

staining and digital imaging, as described in Materials and Methods. *P < 0.05 and **P< 0.01 for the difference with the 

saline control group. P value in the figure relates to the effects of LPS on the HDMresponse. Lung-tissue slides are representa-

tive of mice exposed to saline (B), HDM (C), HDM1 10 μg LPS (D), or 10 μg LPS (E). Original magnification, Х200.

Figure 3. Lung pathology. (A) Mean (± SE) pathology scores were determined by the semiquantitative scoring system de-

scribed in Materials and Methods. **P< 0.01 for the difference with the saline control group. P value in the figure relates to 

the effects of LPS on the HDM response. Lungtissue slides are representative of mice exposed to saline (B), HDM (C), HDM 1 

10 μg LPS (D), or 10 μg LPS (E). Hematoxylin and eosin staining. Original magnification, Х200.
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Effects of HDM and LPS on Coagulation and Endothelial Cell

Activation in the Lungs

Asthma is associated with local activation of the coagulation system in the lungs26. We meas-

ured thrombin–antithrombin complex (TATc) concentrations in whole-lung homogenates as 

an index for local coagulation activation27. Both HDM and LPS (10 μg) induced a modest rise in 

lung TATc concentrations, but the difference with saline control mice did not reach statistical 

significance (Figure 7A). The combined administration of HDM and LPS resulted in increased 

lung TATc concentrations when compared with the saline control groups, but the overall effect 

of LPS on the HDM response was not statistically significant (P ₌ 0.18). Of interest, pulmonary 

TATc concentrations strongly and positively correlated with the extent of lung pathology, as 

determined by the semiquantitative scoring system described in MATERIALS AND METHODS 

(r ₌ 0.5022, P < 0.001; Figure 7B). HDM administration resulted in an activation of endothelial 

cells, as reflected by an increase in E-selectin concentrations in whole-lung homogenates 

(Figure 7C). In addition, total protein concentrations increased in BALF (Figure E3) as a marker 

of combined epithelial and endothelial damage. The coadministration of LPS diminished en-

dothelial cell activation (P < 0.005 for the overall LPS effect), and E-selectin concentrations did 

not correlate with lung pathology (Figure 7D). LPS given without HDM did not increase 

whole-lung E-selectin concentrations. Finally, LPS did not exert any impact on the HDM-

induced protein leak (Figure E3).

Discussion

Until recently, most animal asthma models made use of OVA as allergen, usually combined 

with the systemic administration of an adjuvant such as alum to promote the development of a 

Th2 response28. OVA, however, is rarely implicated in human asthma, and recent animal models 

have used more relevant allergens and a natural route of allergen deliverance, without concur-

rent adjuvant administration29, 30. Although OVA asthma models and most asthma immuno-

therapies are focused on pure Th2 eosinophilic inflammation, multiple clinical phenotypes 

with different inflammatory forms can be distinguished in patients with asthma, including 

noneosinophilic neutrophilic asthma31, 32. Besides exposure to allergen, the presence of viral or 

bacterial infection and/or pollutants may affect the manifestations of asthma. LPS is ubiquitous 

in the environment, and LPS exposure has been linked to reduced atopy on the one hand, and 

an increased risk of asthma and asthma severity on the other10, 11, 33. Here, we studied the effects of 

increasing LPS doses on lung inflammation induced by the clinically relevant allergen HDM in 

a model using airway exposure only. We showed that the repeated administration of HDM 

causes clear allergic inflammation, characterized by an influx of eosinophils, enhanced mucus 

production in the lungs, and elevated plasma IgE concentrations. The concurrent administra-

tion of LPS at doses greater than 1 μg reduced these effects of HDM in the lungs without influ-

encing plasma IgE concentrations, suggesting similar sensitization. Increasing LPS doses 

shifted the predominant eosinophilic lung inflammation induced by HDM to a neutrophil-

dominated inflammation, reproducing conditions of mixed eosinophilic and neutrophilic in-

filtrations within the airways of some patients with asthma. Our study is the first to report on 

the effects of increasing LPS doses on HDM-induced pulmonary inflam mation.

In our model, we adhered to intranasal challenges with LPS, mimicking the natural route  

of exposure. LPS is ubiquitous in the environment, making combined HDM–LPS exposure a 

Figure 4. Mucus production in lung tissue. (A) Mean (± SE) mucus production scores were determined by the semiquanti-

tative scoring system described in Materials and Methods. *P < 0.05 for the difference with the saline control group. P 

value in the figure relates to the effects of LPS on the HDM response. Lung-tissue slides are representative of mice exposed to 

saline (B), HDM (C), HDM + 10 μg LPS (D), or 10 μg LPS (E). Arrows indicate mucus-filled vesicles. Periodic acid Schiff–D 

staining. Original magnification, x200.

Figure 5. Cytokine concentrations in whole-lung homogenates and complement proteins in bronchoalveolar lav-

age fluid. Data are expressed as means (6 SEs). *P < 0.05 and **P< 0.01 for the difference with the saline control group. P 

values in the figure relate to the effects of LPS on the HDM response. KC, keratinocyte chemoattractant.
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realistic event. Furthermore, colonization of the hypopharyngeal region with Gram-negative 

bacteria can constitute an additional source of pulmonary LPS exposure. A large study in ne-

onates found associations between bacterial colonization of the hypopharynx and increased 

wheezing and asthma at 5 years of age, which included colonization with the Gram-negative, 

LPS-containing bacteria Haemophilus influenzae and Moraxella catarrhalis34. Patients with 

asthma have increased concentrations of soluble and membranebound CD14 (the LPS core-

ceptor) in induced sputum, further implicating the importance of LPS in allergic lung inflam-

mation35, 36. Finally, epithelial damage by HDM allergens can cause subepithelial exposure to 

LPS 7, which is likely to be more proinflammatory than LPS contact with intact lung epithelium. 

Our focus on the effects of LPS on HDM-evoked lung inflammation is at variance with experi-

mental setups that explore the possible role of LPS in the development of asthma in early life. 

We did not seek to address how decreased environmental LPS exposure can be associated with 

an increased prevalence of asthma (the “hygiene hypothesis,” reviewed in Renz and col-

leagues37), and therefore we applied the combination of HDMand LPS during the full length of 

the model.

Previous studies using OVA as allergen have established that LPS can produce different inflam-

matory phenotypes, depending on the route of administration, timing, and dosing, as reviewed 

by Zhu and colleagues16. In our model, increasing amounts of LPS shifted the cellular composi-

tion of HDM-evoked lung inflammation from a predominantly eosinophilic to a neutrophilic 

phenotype. In accordance, in studies using OVA-based allergen models, pulmonary exposure 

to LPS decreased the OVA phenotype21, 38, 39. LPS also suppressed the OVA-induced Th2 response22, 

which is in line with our current data showing that LPS dose-dependently attenuated HDM-

induced Th2 cytokine production in the lungs. In addition, we demonstrated that the HDM-

evoked increase of bronchial mucus production is decreased by LPS in a dose-dependent 

manner. We expect predominantly Th2 cells to be the source of cytokines, but other cell types, 

such as mast cells and alveolar macrophages, cannot be excluded as additional sources. Of 

note, whereas LPS exposure at 5 to 10 μg inhibited the HDM-elicited Th2 response (i.e., the 

decrease in eosinophil influx, Th2 cytokines, and mucus production), these LPS doses aggra-

vated HDM-induced lung pathology (with enhanced neutrophil influx). In our model of 

HDM-induced lung inflammation, low-dose LPS (up to 0.1 μg) did not exert a consistent effect. 

In a model of sensitization and challenge with LPS-depleted OVA, LPS at a dose of 0.1 μg was 

required for the induction of eosinophilic inflammation and Th2 cytokine production, 

whereas LPS at 10 μg elicited Th1 inflammation with neutrophil influx. Thus, although the 

effects of high LPS doses are similar in both models, the instillation of HDM (with very limited 

LPS contamination, i.e., < 0.0001 μg per HDM dose) is sufficient to reproduce the effects of 

OVA plus low-dose LPS. These findings are in line with investigations reporting that signaling 

via Toll-like receptor–4, which can be triggered by HDM in addition to LPS40, is required for the 

induction of optimal Th2 responses during allergic lung inflammation20, 41. Together, these re-

sults correlate with clinical observations that asthma can be associated with both eosinophilic 

and neutrophilic inflammation, especially in patients with severe disease31, 32. The role of neu-

trophils in human asthma is at least partly orchestrated by Th17 cells producing IL-17. IL-17 

concentrations are increased in the lungs of patients with asthma42. The main effects of IL-17 

include an increase in IL-6 and IL-8, the production of prostaglandin E2, and increased pro-

Figure 6. IgE concentrations in plasma, presented as means (± SEs). *P < 0.05 and **P < 0.01 for the difference with 

the saline control group. P value in the figure relates to the effects of LPS on the HDM response.

Figure 7. Activation of coagulation and endothelial activation in lung tissue. (A) Mean (± SE) thrombin–antithrombin 

complex (TATc) concentrations. (B) Correlation between TATc in lung tissue (ng/μl) and semiquantitative lung pathology 

scores. (C) Mean (±SE) E-selectin concentrations. (D) Correlation between E-selectin in lung (pg/ml) and semiquantitative 

lung pathology scores. *P < 0.05 for the difference with the saline control group. P values in A and C relate to the effects of 

LPS on the HDM response. 
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duction of chemokines that attract neutrophils, such as chemokine (C-X-C motif) ligand 1 and 

2 (CXCL1 and CXCL2), as reviewed by Park and Lee43. In murine asthma models, LPS44 or 

HDM45 administration via the airways increased the Th17 response and the production of IL-

17. In accordance, in our model, HDM and LPS increased IL-17 concentrations in the lungs, 

with the strongest effect after a combined administration of HDM with high-dose LPS. These 

data suggest that IL-17 may be involved in the initiation of neutrophilic inflammation upon 

concurrent HDM and LPS inhalation. In addition, the LPS-induced enhancement of the neu-

trophil attracting chemokine KC release may have contributed to this response.

The activation of coagulation within the lungs may be implicated in the pathogenesis of 

asthma26. Therefore, we investigated the effects of combined HDM and LPS exposure on pul-

monary coagulation, using TATc concentrations in whole-lung homogenates as readouts27. In 

human volunteers, increased coagulation was detected after an intrabronchial instillation of 

LPS46. Of interest, in our model, lung TATc concentrations strongly correlated with the extent 

of lung pathology, suggesting that pulmonary coagulation in this model is primarily driven by 

Th1 inflammation (enhanced in high-dose LPS groups), and not by Th2 inflammation (re-

duced in high-dose LPS groups). In contrast, the activation of endothelial cells in the lungs, 

measured as total lung concentrations of the selective endothelial cell marker E-selectin47, was 

especially enhanced in mice treated with HDM only, whereas LPS dose-dependently reduced 

this response.Hence, these data indicate that the activations of coagulation and of endothelial 

cells are independent phenomena during allergic lung inflammation.

Aeroallergens and LPS are ubiquitous in the living environment, and combined exposure to 

both products via the airways is likely a common event. This is the first study to examine the 

effects of inhaled LPS on allergic lung inflammation, using a model with a clinically relevant 

allergen without the systemic administration of an adjuvant. The concurrent administration 

of LPS resulted in a clear inhibition of HDM-induced Th2 lung inflammation, as reflected by a 

dose-dependent reduction in eosinophil influx,mucus production, and Th2 cytokine release, 

while increasing neutrophil recruitment. These results further implicate the involvement of 

LPS in asthma phenotypes characterized by mixed eosinophilic and neutrophilic 

inflammation.

Author disclosures are available with the text of this article at www.atsjournals.org.
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  MAST CELL-DEFICIENT KITW-SH MICE DEVELOP HOuSE DuST MITE-  

 INDuCED LuNG INFLAMMATION DESPITE IMPAIRED EOSINOPHIL 

 RECRuITMENT

Abstract 

Background Mast cells are implicated in allergic and innate immune responses in asthma, 

although their role in models using an allergen relevant for human disease is incompletely 

understood. House dust mite (HDM) allergy is common in asthma patients. Our aim was to 

investigate the role of mast cells in HDM-induced allergic lung inflammation. 

Methods Wild-type (Wt) and mast cell-deficient Kitw-sh mice on a C57BL/6 background were 

repetitively exposed to HDM via the airways. 

Results HDM challenge resulted in a rise in tryptase activity in bronchoalveolar lavage fluid 

(BALF) of Wt mice, indicative of mast cell activation. Kitw-sh mice showed a strongly attenuated 

HDM-induced recruitment of eosinophils in BALF and lung tissue, accompanied by reduced 

pulmonary levels of the eosinophil chemoattractant eotaxin. Remarkably, Kitw-sh mice demon-

strated an unaltered capacity to develop lung pathology and increased mucus production in 

response to HDM. The increased plasma IgE in response to HDM in Wt mice was absent in Kitw-sh 

mice. 

Conclusion These data contrast with previous reports on the role of mast cells in models us-

ing ovalbumin as allergen in that C57BL/6 Kitw-sh mice display a selective impairment of eosi-

nophil recruitment without differences in other features of allergic inflammation. 

Introduction 

Asthma is a disease characterized by episodes of reversible airway obstruction, dyspnea and 

wheezing. In Western countries asthma prevalence has reached 10% on average and remains 

to increase towards epidemic proportions1. The pathophysiology of asthma frequently in-

volves a varying degree of allergen-induced lung inflammation that can be difficult to manage 

clinically and can lead to airway remodeling2. House dust mite (HDM) allergy – and subsequent 

HDM-induced allergic lung inflammation – is common in asthma patients: in most popula-

tions the majority of asthma patients are allergic for HDM3–5. Better understanding of the role 

of different cellular subsets contributing to HDM-induced allergic lung inflammation could 

lead to new anti-inflammatory treatment approaches. 

Mast cells are resident tissue cells that are described to have important immunoregulatory 

functions in allergic lung inflammation and asthma6, 7, but their precise involvement in HDM-

induced allergic lung inflammation is not fully clarified8. Upon activation mast cells are able to 

release proinflammatory mediators such as histamine, tryptase, serotonin, heparin sulfates, 

lipid mediators, such as PGE2 and LTB4, and a vast range of interleukins9, 10. Mast cells can be 

ac ti vated by both IgE-dependent and IgE-independent pathways8, 11. A simplistic view of mast 

cells as ‘merely’ secretory proinflammatory and secretory cells has changed due to new insights 

in the involvement of mast cells in wound healing, UV irradiation protection, tumor biologyre-

viewed in 10 and pulmonary fibrin and fibrinolysis homeostasis in asthmareviewed in 12. Mast cell-deficient 

mice are a well-known tool for studying the role of mast cells in mouse asthma, but have not 

been investigated in a C57BL/6 strain-based model of HDM-induced allergic lung in flam-

mation. 

The hematopoietic system develops progenitor mast cells that further mature into mast cells 

at the target resident peripheral tissue. Mast cells especially reside around blood vessels, nerves 

and in epithelial organs such as the skin, gastrointestinal tract and lung8, 10. The expression of 

c-Kit tyrosine kinase receptor (CD117) on mast cells is essential for the appropriate develop-

ment and proliferation of progenitor mast cells from the hematopoietic system13. Two genetic 

c-Kit mutant mouse strains have been investigated most frequently in asthma models: c-KitW/W-v 

and c-KitW-sh/W-sh (Kitw-sh) mice14. In contrast to Kitw-sh mice, which have an inversion mutation on 

chromosome 5 at the transcriptional site of c-Kit15, 16, c-KitW/W-v mice have significant comorbid-

ity (e.g. anemia, infertility, dermatitis, skin ulceration), which makes the latter mouse strain 

less suitable for asthma studies examining the role of mast cells. 

Here, we investigated the impact of mast cell deficiency using mast cell-deficient Kitw-sh mice 

with a C57Bl/6 background in a recently developed HDM-evoked mouse asthma model17. We 

show that mast cell deficiency attenuated the recruitment of eosinophils and was associated 

with lower pulmonary levels of eotaxin. Remarkably, in this HDM-induced model C57Bl/6 

mice that lack mast cells were able to develop increased mucus production and allergic lung 

pathology equivalent to Wt mice.

Materials and Methods 

Mice 

C57Bl/6 wild-type (Wt) mice were purchased from Charles River Inc. (Maastricht, The 

Netherlands). Mast cell-deficient Kitw-sh on a C57Bl/6 background were obtained from 

Jackson Laboratories (Bar Harbor, Me., USA), housed in standardized specific pathogen-free 

conditions, and sex and age matched. Experiments started when animals were 8–9 weeks old. 

Each group consisted of 8 mice (except for one of the Wt saline groups, n = 5; see figure legends). 

The Animal Care and Use Committee of the University of Amsterdam approved all ex peri-

ments.

HDM Asthma Model 

HDM allergen whole body extract (Greer Laboratories, Lenoir, N.C., USA), derived from the 

common European HDM species Dermatophagoides pteronyssinus, Der p, was used to induce 
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allergic lung inflammation as previously described17. Briefly, mice were inoculated intranasally 

on day 0, 1 and 2 with 25 μg HDM (sensitization phase) and on day 14, 15, 18 and 19 with 6.25 

μg HDM (challenge phase). Controls received isotonic sterile saline intranasally on each occa-

sion. Inoculum volume was 20 μl for every HDM and saline exposure and inoculation proce-

dures were performed during isoflurane inhalation anesthesia. The experiment was ended at 

day 21 by euthanizing the mice and the subsequent collection and processing of samples: in 

one experiment bronchoalveolar lavage fluid (BALF) and citrated blood was collected, in a sepa-

rate experiment one lung was obtained for pathology and one lung for homogenization. 

bronchoalveolar Lavage and Tissue Handling 

BALF was harvested after exposing the trachea through a midline incision and instilling and 

retrieving 1 ml of sterile saline 0.9% (in 500-μl aliquots)17. Cell counts were determined for 

each BALF sample in a hemocytometer (Beckman Coulter, Fullerton, Calif., USA) and differen-

tial cell counts by Cytospin preparations stained with Giemsa stain (Diff-Quick; Dade Behring 

AG, Düdingen, Switzerland). In independent experiments nonlavaged lungs were homoge-

nized in 5 volumes of sterile 0.9% saline using a tissue homogenizer (Biospec Products, 

Bartlesville, Okla., USA) or fixed in 10% formalin.

Histology 

Lungs were embedded in paraffin after fixation in 10% formalin; 4-μm-thick sections were 

stained with hematoxylin and eosin (HE). Parameters of allergic lung inflammation were 

scored by an experienced histopathologist who was blinded for treatment and strain of mice. 

The following parameters were scored: interstitial inflammation, peribronchial inflammation, 

edema, endothelialitis and pleuritis, each graded on a scale of 0–4 (0: absent, 1: mild, 2: moder-

ate, 3: severe, 4: very severe). The total pathology score was expressed as the sum of the score 

for all parameters. Periodic acid Schiff (PAS)-D staining for carbohydrates in mucus was per-

formed to quantify the amount of mucus. The amount of mucus per lung section was scored by 

a histopathologist in a semiquantitative fashion on a scale of 0–8 (0–4 for plug formation, 0–4 

for mucus extent). 

Immunohistochemistry and Digital Image Analysis 

Eosinophil staining was performed using a monoclonal antibody against granule major basic 

protein (GMBP; kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic Arizona, 

Scottsdale, Ariz., USA)17. Entire sections were digitized with a slide scanner using the 10x objec-

tive (Olympus dotSlide, Tokyo, Japan). Images were exported in the TIFF format for quantifica-

tion. Influx of eosinophils was determined by measuring the GMBP immunopositive area by 

digital image analysis (ImageJ 1.46, National Institute of Health, Bethesda, Md., USA), and 

subsequently expressed as a percentage of the total lung area. The average of ten pictures was 

used for analysis of eosinophilic pulmonary influx.

Assays 

Plasma total IgE was measured as described using rat antimouse IgE as capture antibody, puri-

fied mouse IgE as standard and biotinylated rat-anti-mouse IgE as detection (all reagents from 

BD Biosciences Pharmingen, Breda, the Netherlands)17. Concentrations of lung eotaxin, IL-4, 

IL-5 and IL-13 were measured using Elisa (R&D Systems, Abingdon, UK). Tryptase enzyme ac-

tivity was determined as described18 using an amidolytic assay with chromogenic substrate 

s-2288. Shortly, 10 μl 6-mM chromogenic tryptase substrate S-2288 (Chromogenix Instru-

mentation Laboratory, Milan, Italy) was added to 70 μl 57-mM Tris-HCl with pH 8.3 in a 96-well 

microtiter plate. After initiating the reaction by adding 40 μl of BALF sample the ΔA405 nM 

was developed in 1 h with subtraction of the baseline measurement and monitored in a plate 

reader at 37 ° C (Biotek Instruments, Winooski, Vt., USA). Differences were calculated relative 

to optical density at the zero time point.

Statistical Analysis 

Values are expressed as mean ± SEM. Differences between groups were tested by Mann-Whitney 

U test. GraphPad Prism version 5.0 (GraphPad Software, San Diego, Calif., USA) was used for all 

analyses. Values of P < 0.05 were considered statistically significant.

Results 

HDM Airway Exposure Results in Enhanced Tryptase Activity in bALF of Wt Mice 

First, we established whether repeated HDM exposure resulted in enhanced mast cell degranu-

lation. For this we measured tryptase activity in BALF at day 21, 2 days after the last challenge 

(fig. 1 )18, 19. Tryptase activity was very low in saline-treated mice. HDM treatment increased 

tryptase activity in Wt mice (P < 0.01 vs. saline controls), but not in Kitw-sh mice (P < 0.05 vs. 

HDM-treated Wt mice). These data indicate that our HDM asthma model is associated with 

mast cell activation in the bronchoalveolar compartment.

Kitw-sh Mice Have Reduced Influx of Cells in bALF after HDM Exposure due to 

Decreased Recruitment of Eosinophils 

Upon HDM exposure of the airways, both Wt and Kitw-sh mice show increased total cell influx in 

BALF (fig. 2 a; P < 0.001 and P < 0.01 vs. their respective saline controls). Total cell influx in BALF 

was significantly reduced in Kitw-sh mice after HDM instillation compared to Wt mice  

(fig. 2a; P < 0.05). The reduction in total cell influx was explained by a decrease in HDM-evoked 

eosinophil recruitment in Kitw-sh mice compared to Wt mice (fig. 2 b; P < 0.05). Relative to saline 

controls, Wt and Kitw-sh mice showed similar increases in HDM-induced influx of neutrophils 

(both P < 0.01) and lymphocytes (P < 0.01 and P < 0.05, respectively). Together, these data indi-

cate that Kitw-sh mice have decreased cell numbers in BALF in the HDM asthma model caused by 

a decreased migration of eosinophils to the bronchoalveolar compartment. 
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Reduced Eosinophil Accumulation in Lung Tissue in Kitw-sh Mice upon HDM 

Administration 

Lung tissue eosinophils were detected by GMBP staining, analyzed by digital imaging and ex-

pressed as the percentage of lung surface occupied by eosinophils (fig. 3 ). HDM instillation 

caused an increase in pulmonary eosinophils in both Wt and Kitw-sh mice compared to saline 

(fig. 3 a; P < 0.01 and P < 0.05, respectively). The number of eosinophils in lung tissue of Kitw-sh 

mice was decreased by 74% compared to Wt mice (P < 0.05), corroborating the findings in 

BALF shown in figure 2 and indicating decreased HDM-induced pulmonary recruitment of 

eosinophils in Kitw-sh mice.

Kitw-sh Mice Develop HDM-Evoked Lung Pathology to a Similar Extent as Wt Mice

HE-stained slides of lung tissue were scored for parameters of allergic lung inflammation in a 

semiquantitative fashion as described in Materials and Methods (fig. 4 ). Repeated HDM expo-

sure resulted in lung pathology in both Wt and Kitw-sh mice (P < 0.01 and P < 0.001 vs. their  

respective saline controls). Surprisingly, there was no difference in the extent of lung pathol-

ogy between Wt HDM- and Kitw-sh HDM-challenged groups. Moreover, the scores of distinct 

pathology features (i.e. perivascular inflammation, interstitial inflammation, endothelialitis, 

peribronchitis and edema) were not different between HDM-exposed groups (data not shown).

HDM-Induced Pulmonary Mucus Production Is Similar in Wt and Kitw-sh Mice 

Lung tissue slides were PAS-D stained and subsequently scored for mucus production by proce-

dures described in Materials and Methods (fig. 5 ). HDM challenge led to increased mucus 

Figure 1. Tryptase activity levels (ΔOD vs. OD at baseline): HDM airway exposure induces tryptase activity in BALF of Wt 

but not of Kitw-sh mice. Data are means ± SEM of 8 mice per group. **P< 0.01 versus saline; † P < 0.05 versus HDM-exposed Wt 

mice. OD = Optical density.

Figure 2. Kitw-sh mice have decreased total cell counts in BALF after HDM challenge due to lower eosinophil influx: total cell 

counts a and differential cell counts (alveolar macrophages, eosinophils, neutrophils and lymphocytes; b Data are means ± 

SEM (106 cells/ ml) of 8 mice per group. *P < 0.05, **P< 0.01 and ***P < 0.001 versus saline-challenged mice of the same 

genotype; † P < 0.05 versus Wt mice challenged with HDM.

Figure 3. Kitw-sh mice demonstrate a reduced influx of eosi-

nophils in lung tissue after HDM challenge. a Per centage of 

lung surface stained positive for eosinophils quantified by 

digital imaging of GMBP staining (see Materials and 

Methods). Data are means ± SEM of 8 mice per group except 

for Wt saline (n = 5). *P < 0.05 and **P < 0.01 versus saline-

challenged mice of the same genotype; † p < 0.05 versus Wt 

mice challenged with HDM. b Representative GMBP stain-

ing of lung tissue slides of Wt mice exposed to saline, Kitw-sh 

mice exposed to saline, Wt mice exposed to HDM and Kitw-

shmice exposed to HDM. Original magnification x40. 

Figure 4. Kitw-sh and Wt mice demonstrate similar lung 

patho logy after HDM challenge. a Semiquantitative  

pathology scores (described in Materials and Methods). Data 

are means ± SEM of 8 mice per group except for Wt saline  

(n = 5).** P < 0.01 and ***P < 0.001 versus saline-challenged 

mice of the same genotype. b Representative HE-stained 

lung tissue slides of Wt mice exposed to saline, Kitw-sh mice ex-

posed to saline, Wt mice exposed to HDM and Kitw-sh mice ex-

posedto HDM. Original magnification x40. 
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scores in both Wt and Kitw-sh mice compared to saline controls (P< 0.01 and P < 0.001, respec-

tively). However, HDM-induced mucus production did not differ between Wt and Kitw-sh mice. 

Lung Levels of Eotaxin Are Reduced in Kitw-sh Mice after HDM Airway Challenge 

Since Kitw-sh mice showed a specific defect in eosinophil recruitment to the lung, but not lung 

pathology or mucus production, upon HDM exposure, we determined whether mast cell  

deficiency in these mice was associated with reduced pulmonary production of cytokines im-

plicated in eosinophil recruitment: IL-4, IL-5, IL-1320 and eotaxin21. Lung IL-4, IL-5 and IL-13 

concentrations were low in all groups and not significantly different between saline-and 

HDM-challenged mice (data not shown). In contrast, HDM induced a significant increase in 

lung eotaxin levels in Wt mice, but not in Kitw-sh mice (fig. 6 ; P < 0.05).

Kitw-sh Mice Fail to Produce IgE upon HDM Exposure 

Plasma IgE was below detection limit in saline control mice. HDM airway exposure resulted in 

a strong increase in plasma IgE in Wt, but not in Kitw-sh mice (fig. 7 ; P < 0.05).

Discussion 

Mast cells have been implicated as important players in the pathophysiology of allergic lung 

inflammation and asthma. Notably, however, the role of mast cells in allergic responses in the 

airways has been investigated predominantly in Th2-dependent ovalbumin (OVA)-based 

mouse models21–23. Important differences between OVA and HDM exist. In asthma patients al-

lergy for HDM is highly prevalent4, while OVA is not a relevant human allergen. Furthermore, 

whereas HDM can influence mast cell activity, OVA does not24. Moreover, relative to OVA-

induced lung inflammation, the HDM-based model is characterized by epithelial involvement 

and mucosal defense, which is likely to be of influence on locally residing mast cells25, 26. Taken 

together, mouse models using HDM as allergen relate better to human asthma, yet are sparsely 

investigated in mast cell-deficient settings. Here we investigated mast cell-deficient Kitw-sh mice 

in a recently developed HDM asthma model17. We showed that HDM administration via the 

airways resulted in a local increase in tryptase activity, indicative of mast cell activation. 

Kitw-sh mice demonstrated decreased eosinophil numbers in BALF and lung tissue after HDM 

exposure, which was associated with lower eotaxin levels in the bronchoalveolar compart-

ment. Remarkably, lung pathology and mucus production after instillation of HDM were simi-

lar in Kitw-sh and Wt mice. Together, these data point to a crucial role of mast cells in HDMinduced 

recruitment of eosinophils to the lungs, potentially in part via an eotaxin-dependent mecha-

nism. Our results show that mast cells do not contribute to HDMinduced lung pathology or 

mucus production, suggesting that these responses occur via pathways that do not rely on re-

cruited eosinophils. 

The phenotype of the Kitw-sh mice in the current model of HDM-induced lung inflammation was 

mainly defined by a decreased pulmonary recruitment of eosinophils. This finding is in accord-

ance with previous studies that investigated Kitw-sh mice in allergic lung inflammation elicited 

Figure 5. Kitw-sh mice show unaltered mucus production in their airways upon HDM challenge. a Semiquantitative mucus 

scores (described in Materials and Methods). Data are means ± SEM of 8 mice per group except for Wt saline (n = 5).  

**P < 0.01 and ***P < 0.001 versus saline-challenged mice of the same genotype. b Representative PAS-D-stained lung  

tissue slides of Wt mice exposed to saline, Kitw-sh mice exposed to saline, Wt mice exposed to HDM and Kitw-sh mice exposed to 

HDM. Original magnification x40. 

Figure 6. Lung concentrations of eotaxin: pulmonary eo-

taxin levels are decreased in Kitw-sh mice after HDM exposure. 

Data are means ± SEM of 8 mice per group except for Wt sa-

line (n = 5). *P < 0.05 versus saline-challenged Wt mice; † P < 

0.05 versus HDM-challenged Wt mice.

Figure 7. Plasma concentrations of IgE: Kitw-sh mice do not 

show a plasma IgE response after HDM challenge. Data are 

means ± SEM of 8 mice per group. * P < 0.05 versus saline-

challenged mice.
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by OVA19, 20, 27. While the levels of IL-4, IL-5 and IL-13 remained low in all mice after HDM chal-

lenge, pulmonary concentrations of eotaxin, a key chemoattractant for eosinophils21, were 

significantly reduced in Kitw-sh mice. The role of mast cells and eotaxin in eosinophil attraction 

was previously studied in allergen-challenged skin, identifying a role for histamine released 

from mast cells in inducing eotaxin expression by endothelial cells and subsequently the re-

cruitment of eosinophils. It would be interesting for future research to investigate interactions 

of mast cells and endothelium in HDM-induced lung inflammation. 

Mast cell deficiency had no effect on HDM-evoked lung pathology in our study, which contrasts 

with data from earlier studies using OVA as allergen showing attenuated pulmonary inflamma-

tion in Kitw-sh mice19, 20, 27. This illustrates differences between OVA and HDM effects in the airways: 

while OVA-induced responses are almost completely dependent on mast cells, the heterogene-

ity of the HDM extract probably induces a broader symphony of allergenic effects that also in-

volve activation of innate immunityreviewed in 16, initiating both mast cell-dependent and 

independent effectsreviewed in 3. It is also important to recognize differences in mouse strains in this 

respect. While BALB/c mice are skewed for Th-2 dependent inflammatory reactions, C57Bl/6 

mice (the genetic background of the Kitw-sh mice used here), are more prone to Th1 inflamma-

tionreviewed in 28. A potential ‘Th2 bias’ may occur when using BALB/c mice and/or OVA which may 

result in underestimation of the effect of Th1-dependent inflammatory reactions. The mouse 

strain used has been shown to be of importance for asthma models in a series of experiments29, 

but only in an OVA Th2-dependent model. Importantly, the effects of HDM are not exclusively 

Th2 dependent: effects of HDM extract includes activating toll-like receptor 2-and 4-depend-

ent pathways30 and proteolytic activity targeted at airway epithelial tight junctions26, 31, 32. 

Additionally, HDM preparations contain protease-activated receptor agonists, which have di-

verse proinflammatory effects33. This extensive activation of multiple inflammatory pathways 

involves distinct cellular, epithelial and humoral components besides mast cells and they are 

hypothetically underestimated in OVA-based protocols. Comparable with the unaffected lung 

pathology between Wt and Kitw-sh mice, HDM-evoked mucus production was not dependent 

on mast cells in our C57Bl/6based HDM model. Lower tryptase activity observed in Kitw-sh 

mice did not significantly impact lung pathology, indicating that tryptase-independent 

mechanisms were more important for the outcome of HDM-induced allergic lung inflamma-

tion. Of note, it is known that Kitw-sh mice have been described to develop lung pathology 

resembling emphysema beyond the age of 14 weeks34. We used mice at a younger age and lung 

pathology of saline-challenged Kitw-sh mice was unremarkable and not different from Wt mice. 

The levels of total IgE were absent in Kitw-sh mice after HDM challenge compared to Wt mice, 

indicating as expected that the mast-cell-dependent recruitment of eosinophils is partly IgE 

dependent. However, since mast cells are essential for the initiation of immunoglobulin pro-

duction, it could well be that the differences in IgE are due to lack of mast cell-induced sensiti-

zation capacities of Kitw-sh mice compared to Wt mice. Strongly attenuated IgE production in 

response to HDM was previously also shown in mast cell-deficient BALB/c mice; other param-

eters of allergic lung inflammation were not investigated in this study35. 

In conclusion, we have shown that mast cells play a key role in the recruitment of eosinophils 

to the lungs after airway exposure to HDM. Unexpectedly, mast cells did not impact on HDM-

induced lung pathology or mucus production, contrasting with earlier findings in experimen-

tal allergic pulmonary inflammation elicited by OVA and adding important new information 

on the function of mast cells in the airway response to a clinically relevant human allergen.
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  PROTEASE-ACTIVATED RECEPTOR-2 DEFICIENT MICE HAVE REDuCED  

   HOuSE DuST MITE-EVOKED ALLERGIC LuNG INFLAMMATION 

Abstract 

Protease-activated receptor-2 (PAR2) is abundantly expressed in the pulmonary compartment. 

House dust mite (HDM) is a common cause of allergic asthma and contains multiple PAR2 ago-

nistic proteases. The aim of this study was to determine the role of PAR2 in HDM-induced al-

lergic lung inflammation. For this, the extent of allergic lung inflammation was studied in wild 

type (Wt) and PAR2 knockout (KO) mice after repeated airway exposure to HDM. HDM expo-

sure of Wt mice resulted in a profound influx of eosinophils in bronchoalveolar lavage fluid 

(BALF) and accumulation of eosinophils in lung tissue, which both were strongly reduced in 

PAR2 KO mice. PAR2 KO mice demonstrated attenuated lung pathology and protein leak in 

the bronchoalveolar space, accompanied by lower BALF levels of the anaphylatoxins C3a and 

C5a. This study reveals, for the first time, an important role for PAR2 in allergic lung inflamma-

tion induced by the clinically relevant allergens contained in HDM. 

Introduction 

Asthma is associated with chronic inflammation of the airways commonly triggered by aller-

gens and characterized by infiltration of eosinophils in the lungs, mucus hypersecretion and 

airway remodeling.1 House dust mite (HDM) allergens are an important cause for allergic lung 

inflammation in asthma patients.2 The prevalence for HDM IgE Abs varies between 40 and 

85% in different asthma populations.2,3 HDM allergens can induce lung inflammation by dis-

tinct protease-dependent and protease-independent mechanisms.4 The allergenic capacity of 

HDM resides in the mites themselves and in their fecal pellets;5 in this respect LPS is an impor-

tant player that can be detected routinely in HDM extracts.6 

Protease-activated receptors (PARs) are 7-transmembrane G-protein coupled receptors that 

carry their own ligand hidden in the extracellular amino terminus.7 Upon proteolytic cleavage 

by a receptorspecific protease the tethered ligand becomes exposed, triggering downstream 

activation. PARs are therefore considered as cellular sensors for extracellular proteases.8 To 

date, four PARs have been described (1–4). PAR2 is abundantly expressed in the pulmonary 

compartment and previous research has implicated this receptor in airway responses to aller-

gens.9,10 In the model of ovalbumin-induced lung inflammation PAR2 knockout (KO) mice 

developed less airway inflammation than wild type (Wt) mice,11–13 whereas mice with trans-

genic overexpression of PAR2 exhibited an exaggerated response.11 In addition, PAR2 activa-

tion resulted in allergic sensitization to simultaneously inhaled allergens13 and to enhanced 

allergen-induced airway inflammation in sensitized mice.14 Of note, however, ovalbumin has 

little, if any, relevance for human asthma and more recent investigations have used allergens 

implicated in human disease.15–17 Moreover, whereas ovalbumin does not express endogenous 

protease activity, three important human allergen sources contain PAR2-activating proteases: 

cockroach,15 the fungus species Alternaria alternata18 and HDM.19 Indeed, at least four HDM al-

lergens from the common European HDM Dermatophagoides pteronyssinus (Der p) are known 

to function as PAR2 activating proteases: Der p 1,19 Der p 3, Der p 6 and Der p 9.20 The concept 

that allergens with protease activity can induce PAR2-dependent inflammation in the lungs 

was recently supported by studies using cockroach extract.16

Considering the relevance of HDM allergens for human asthma and their documented capac-

ity to activate PAR2,3,5,19,20 we here sought to study the role of PAR2 in HDM-induced allergic 

lung inflammation. For this we compared responses of PAR2 KO and WT mice in our recently 

established model of HDM-evoked asthma.17 

Materials and methods 

Animals 

Sex-and age-matched 8–9-wk-old C57Bl/6 mice were purchased from Charles River (Maastricht, 

the Netherlands) and used as Wt controls. PAR2 KO C57Bl/6 mice (Jackson Laboratories, Bar 

Harbor, ME, USA) were bred in the animal facility of the Academic Medical Center. Each experi-

mental group consisted of eight mice. Animals were housed in standardized specific pathogen-

free conditions and all experiments were approved by the Animal Care and Use Committee of 

the University of Amsterdam. 

HDM-induced mouse asthma model 

HDM allergen whole body extract (Greer Laboratories, Lenoir, NC, USA), derived from the 

common European HDM species D. pteronyssinus, was used to induce allergic lung inflammation 

as described.17 Briefly, mice were inoculated intranasally on d 0, 1 and 2 with 25 μg HDM (sen-

sitization phase) and on d 14, 15, 18 and 19 with 6.25 μg HDM (challenge phase). Controls 

received isotonic sterile saline intranasally on each occasion. Inoculum volume was 20 μl for 

every HDM and saline exposure and inoculation procedures were performed during isoflurane 

inhalation anesthesia. 

The experiment was ended at d 21 by euthanizing the mice and the subsequent collection and 

processing of samples: in one experiment bronchoalveolar lavage fluid (BALF) and citrated 

blood was collected; in a separate experiment one lung was obtained for pathology and one 

lung for homogenization using procedures as described in de Boer et al.17 and in the online 

supplementary material. 
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Immunohistochemistry 

After fixation in 10% formalin and paraffin-embedding we stained 4-μm-thick sections with 

hematoxylin-eosin (H&E) for gross pathology analysis and with periodic acid-Schif (PAS)-D 

for detection of mucus. A pathologist blinded for treatment group quantified H&E and PAS-D 

staining. Additionally, we digitally quantified eosinophils in lung tissue stained by an Ab 

against major basic protein (MBP; kindly provided by Dr Nancy Lee and Professor James Lee, 

Mayo Clinic Arizona, Scottsdale, AZ, USA).17 Imaging analysis is further explained in the online 

supplementary material. 

Assays 

Immuno-assays are described in the online supplementary material. 

Statistical analysis 

Values are expressed as mean ±SE. Differences between groups were tested by Mann–Whitney 

U-test. GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA) was used for all 

analyses. Values of P < 0.05 were considered statistically significant. 

 

Results 

PAR2 KO mice have a decreased cell influx in bALF after HDM administration 

due to reduced eosinophil recruitment 

Instillation of HDM elicited cell influx into BALF of both Wt (Figure 1A, P < 0.001 versus saline) 

and PAR2 KO mice (Figure 1A, P < 0.001 versus saline). The impact of HDM exposure on cell 

influx in BALF was significantly smaller in PAR2 KO mice compared with Wt mice (Figure 1A, 

P < 0.01). This difference was predominantly caused by a reduction of 80% in eosinophil 

numbers in PAR2 KO mice (Figure 1B, P < 0.01 versus Wt HDM). Additionally, differences be-

tween Wt and HDM-challenged PAR2 KO mice were observed in the absolute numbers of 

neutrophils (Figure 1C, P < 0.01) and lymphocytes (Figure 1D, P < 0.01). Although HDM caused 

a modest rise in the numbers of alveolar macrophages in BALF of both Wt and HDMchallenged 

PAR2 KO mice (Figure 1E, P < 0.001 versus saline), no significant differences were seen between 

the two mouse strains. Together, these data show PAR2 deficiency is associated with a reduced 

cell influx into BALF after HDM exposure, which is predominantly caused by a reduced eosi-

nophil recruitment. 

PAR2 KO mice show diminished eosinophil accumulation in lung tissue after 

HDM exposure 

The impact of PAR2 on HDM-induced eosinophil influx was further investigated in lung tissue 

by immunostainings with an eosinophil-specific anti-MBP Ab (Figure 2). HDM caused a 

significantly increased accumulation of eosinophils in lung tissue in both Wt (Figure 2A,  

Figure 1. PAR2 KO mice demonstrate reduced cell influx in BALF after HDM exposure due to attenuated eosinophil recruit-

ment. Total cell count (A), eosinophils (B), neutrophils (C), lymphocytes (D) and alveolar macrophages (E). Data are means 

±SE (105 cells/ ml) of eight mice per group. **P < 0.01, ***P < 0.001.

Figure 2. PAR2 KO mice demonstrate a reduced influx of eosinophils in lung tissue after HDM challenge. (A) Percentage of 

lung surface stained positive for eosinophils quantified by digitally imaging of MBP staining (see the online supplementary 

material). Data are means + SE of eight mice per group. *P < 0.05, ***P < 0.001. Representative MBP staining of lung tissue 

slides of Wt mice exposed to saline (B, F, 100x and 40x magnification, respectively), PAR2 KO mice exposed to saline (C, G, 

100x and 40x magnification respectively), Wt mice exposed to HDM (D, H, 100x and 40xmagnification respectively) and 

PAR2 KO mice exposed to HDM (E, I, 100x and 40x magnification, respectively). 
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P <0.001 versus saline) and PAR2 KO mice (Figure 2A, P < 0.05 versus saline). Eosinophil num-

bers in lung tissue of HDM-challenged PAR2 KO mice were significantly lower than in lungs of 

HDM-administered Wt mice (P < 0.05). 

PAR2 KO mice demonstrate attenuated lung pathology after HDM exposure 

The impact of HDM exposure on lung pathology and the role of PAR2 herein were determined 

using the semi-quantitative scoring system described in the online supplementary material. 

Relative to saline controls, HDM elicited marked lung inflammation in both Wt and PAR2 KO 

mice (Figure 3A, P < 0.001 and P < 0.01 versus saline for Wt and PAR2 KO mice, respectively); 

the extent of HDM-induced lung inflammation was significantly lower in PAR2 KO mice 

(Figure 3A, P < 0.05 versus Wt mice). Remarkably, PAR2 KO, but not Wt, mice showed a modest 

inflammatory response in lung tissue upon repeated saline challenge (P < 0.05 Wt saline versus 

PAR2 KO saline). Together, these data show that PAR2 contributes to the general inflammatory 

response in the lungs after HDM challenge. In contrast, PAR2 deficiency did not impact on the 

extent of mucus formation in the bronchial tree after HDM exposure, as determined by PAS-D 

staining of lung tissue (Figure 4). 

PAR2 KO mice show attenuated IgE and IgG1 responses after HDM challenge 

Wt mice had elevated plasma levels of total IgE (Figure 5A, P < 0.01) and anti-HDM IgG1 (Figure 

5B, P < 0.01) upon HDM exposure. Plasma IgE remained unchanged in PAR2 KO mice after 

HDM challenge (P<0.001 Wt HDM versus PAR2 KO HDM), while plasma anti-HDM IgG1 

showed a modest increase (P<0.05 versus PAR2 KO saline).

PAR2 KO mice have decreased protein leakage in bALF after HDM challenge 

As an end-parameter of intrapulmonary leakage we measured BALF protein levels (Figure 6). 

Exposure of HDM in the airways caused increased BALF protein levels in Wt and PAR2 KO mice 

compared with saline (P < 0.001 and P < 0.05, respectively). Interestingl y, the increase in BALF 

protein levels upon HDM challenge was less in PAR2 KO mice (P < 0.01 versus Wt HDM). 

PAR2 KO mice have an attenuated release of complement anaphylatoxins C3a 

and C5a in bALF after HDM administration 

We recently showed that HDM-induced allergic lung inflammation is associated with local 

activation of the complement system.17 Therefore, we considered it of interest to determine the 

Figure 4. PAR2 KO mice show an unaltered mucus production in their airways upon HDM challenge. (A) Semi-quantitative 

mucus score (described in the online supplementary material). Data are means + SE of eight mice per group. *P < 0.05, ***P < 

0.001. Representative PAS-D stained lung tissue slides of Wt mice exposed to saline (B, F, 100x and 40x magnification, re-

spectively), PAR2 KO mice exposed to saline (C, G, 100x and 40x magnification, respectively), Wt mice exposed to HDM (D, H, 

100x and 40x magnification, respectively) and PAR2 KO mice exposed to HDM (E, I, 100x and 40x magnification 

respectively).

Figure 3. PAR2 KO mice have reduced lung pathology after HDM exposure. (A) Semi-quantitative pathology score (de-

scribed in the online supplementary material). Data are means + SE of eight mice per group. *P < 0.05, **P < 0.01, ***P < 

0.001. Representative H&Estained lung tissue slides of Wt mice exposed to saline (B, F, 100x and 40x magnification, respec-

tively), PAR2 KO mice exposed to saline (C, G, 100xand 40x magnification, respectively), Wt mice exposed to HDM (D, H, 

100xand 40xmagnification, respectively) and PAR2 KO mice exposed to HDM (E, I, 100x and 40x magnification, 

respectively). 
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influence of PAR2 herein. Administration of HDM caused increased BALF levels of C3a (Figure 

7A, P < 0.01 Wt saline versus Wt HDM and P < 0.05 PAR2 KO saline versus PAR2 KO HDM) and 

C5a (Figure 7B, P < 0.01 Wt saline versus Wt HDM and P < 0.05 PAR2 KO saline versus PAR2 KO 

HDM). Relative to Wt mice, PAR2 KO mice displayed reduced BALF C3a and C5a concentra-

tions upon HDM exposure (Figure 7, both P < 0.05). 

Discussion 

Protease activity of allergens is suggested to contribute to allergic lung inflammation by exert-

ing local proinflammatory effects. HDM is an important source of allergen for human disease 

and contains allergens with significant protease activity, including proteases capable of acti-

vating PAR2. Here we studied the role of PAR2 in a HDM-induced mouse asthma model using 

Wt and PAR2 KO mice. We showed that PAR2 KO mice demonstrate strongly attenuated aller-

gic lung inflammation upon airway exposure to HDM, as indicated by a strongly decreased 

influx of eosinophils in BALF and lung tissue and attenuated lung pathology, accompanied by 

reduced plasma IgE and HDM-IgG1 responses. These data document a pivotal role for PAR2 in 

allergic lung inflammation induced by an allergen relevant for human asthma. 

PAR2 is widely expressed in the pulmonary compartment of mice and men on resident cell 

populations (airway epithelium, smooth muscle cells, fibroblasts, endothelium, glands, alveo-

lar macrophages21), as well as cells that migrate to the lungs in allergic inflammation (eosi-

nophils22 and neutrophils23). While PAR2 expression in alveolar macrophages was shown to be 

similar in asthma patients compared with healthy volunteers,21 the expression of PAR2 in hu-

man nasal epithelial cells increased after Der p 1 stimulation.24 Interestingly, PAR2 could be 

detected mainly intracellularly in human eosinophils and PAR2 agonist treatment with 

trypsin was suggested to alter eosinophil function by affecting shape change, release of 

cysteinyl leukotrienes and reactive oxygen species.22 In our study, PAR2 KO mice showed re-

duced eosinophil influx in BALF and lung tissue upon HDM administration.

 

Ovalbumin asthma models using PAR2 KO mice have shown similar reductions in eosinophil 

influx,11,12 further underlining the function of PAR2 in translating (allergen) pro-inflammatory 

signals from the environment into an inflammatory response. As ovalbumin does not contain 

Figure 5. PAR2 KO mice have attenuated IgE and IgG1 responses after HDM exposure. Plasma concentrations of IgE (A) 

and anti-HDM IgG1 (B). Data are means + SE of eight mice per group. *P < 0.05, **P < 0.01, ***P < 0.001. AU: arbitrary 

units.

Figure 7. PAR2 KO mice have attenuated complement activation after HDM exposure. Mean (±SE) levels of C3a (A) and C5a 

(B) in BALF (n = 8 per group). C3a and C5a concentrations remained undetectable in saline control Wt and PAR2 KO mice. *P 

< 0.05, **P < 0.01.

Figure 6. PAR2 KO mice have less protein leakage in BALF after HDM challenge. Mean (± SE) levels of protein in BALF  

(n = 8 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Lower limit of detection (dotted line).
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PAR2 agonists itself, the protection of PAR2 KO mice in ovalbumin asthma models could be 

caused by decreased effects of PAR2 activating proteases of endogenous source. For the HDM 

model, it would be interesting for future experiments to investigate whether loss of PAR2 on 

airway epithelium decreases eosinophil influx and/or whether loss of PAR2 on eosinophils 

decreases eosinophil sensitivity to chemotaxis, for example by using cell-specific PAR2 KO 

mice (using the Cre-lox system) and/or PAR2 bone marrow chimeras. 

PAR2 can have a broad variety of effects that may have relevance for asthma pathogenesis: it 

can activate epithelial cells,19 smooth muscle cells and fibroblasts25 to release pro-inflammatory 

cytokines, trigger pulmonary sensory neuron activation,26 activate eosinophils22 and induce 

fluid hyper secretion by airway submucosal glands.27 Our current study strongly suggests a role 

for PAR2 in complement system activation as well. The levels of the anaphylatoxins C3a and 

C5a are elevated in the airways of asthma patients 24 h after allergen compared with volun-

teers,28 and can contribute to bronchoconstriction, vascular permeability, chemotaxis and re-

lease of histamine from mast cells. Although C3a and C5a have been shown to be of importance 

for eosinophil chemotaxis,29 it remains to be established whether the difference in C3a and 

C5a BALF levels contributed to the differences in pulmonary eosinophil influx between Wt 

mice and PAR2 KO mice. 

Although PAR2 KO mice displayed less lung pathology after HDM exposure, PAR2 KO mice 

showed modest lung inflammation upon repeated saline challenge. As Wt mice did not dem-

onstrate such a response, this finding pointed to a possible antiinflammatory role of PAR2 in 

the relatively quiescent bronchoalveolar space. Indeed, PAR2 activation can mediate anti-

inflammatory effects by triggering the production of cyclooxygenase and prostangladin E2 

from airway epithelium, thereby inducing airway relaxation. A recent study reported that the 

pro-inflammatory effects of PAR2 in the airways are ß-arrestin-2 dependent, whereas the pro-

tective anti-constrictor functions of PAR2 are not.30 Possibly, these distinct PAR2-mediated 

pathways are differentially activated depending on the nature and extent of the inciting 

stimulus. 

Mucus hypersecretion is an important feature of asthma. Stimulation of human tracheal  

mucosa with PAR2-activating peptide resulted in mucus secretion by a Ca2+ dependent 

mechanism.31,32 In accordance, PAR2-activating peptide induced glandular secretion by nasal 

turbinates harvested from allergic rhinitis, an effect that was mimicked by exposure to HDM.27 

Yet, another study, using human bronchial epithelial cell lines, found only a weak effect of 

PAR2 stimulation on mucin secretion.33 Our current results, showing unaltered PAS-D staining 

in PAR2 KO mice after HDM exposure, argue against an important role for PAR2 in mucus hy-

persecretion in the airways during HDM-induced allergic lung inflammation. 

In conclusion, we have shown that PAR2-deficient mice are largely protected from allergic 

lung inflammation in a HDM extract asthma model. As HDM allergy is very prevalent in 

asthma patients and HDM effects are partly protease-dependent, this study further reveals 

PAR2 as an interesting target for anti-inflammatory treatment in allergic conditions. 
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6

  EFFECT OF THE ORAL THROMbIN INHIbITOR DAbIGATRAN ON ALLERGIC  

 LuNG INFLAMMATION INDuCED by REPEATED HOuSE DuST MITE  

 ADMINISTRATION IN MICE

Abstract

Asthma is a chronic disease of the airways; asthma patients are hampered by recurrent symp-

toms of dyspnoea and wheezing caused by bronchial obstruction. Most asthma patients suffer 

from chronic allergic lung inflammation triggered by allergens such as house dust mite (HDM). 

Coagulation activation in the pulmonary compartment is currently recognized as a feature of 

allergic lung inflammation and data suggests that coagulation proteases further drive inflam-

matory mechanisms. Here, we tested whether treatment with the oral thrombin inhibitor 

Dabigatran would attenuate allergic lung inflammation in a recently developed HDM-based 

murine asthma model. Mice were fed Dabigatran (10mg/g) or placebo chow during a three-

week HDM airway exposure model. Dabigatran treatment caused systemic thrombin inhibi-

tory activity corresponding with Dabigatran levels reported in human trials. Surprisingly, 

Dabigatran did not lead to inhibition of HDM-evoked coagulation activation in the lung as 

measured by levels of thrombin-antithrombin complexes and D-dimer. Repeated HDM ad-

ministration caused an influx of eosinophils and neutrophils into the lungs, mucus production 

in the airways, and a T helper 2 response, as reflected by a rise in bronchoalveolar IL-4 and IL-5 

levels and a systemic rise in IgE and HDM-IgG1. Dabigatran modestly improved HDM-induced 

lung pathology (P < 0.05) and decreased IL-4 levels (P < 0.01), without influencing other HDM-

induced responses. Considering the limited effects of Dabigatran in spite of adequate plasma 

levels, these results argue against clinical evaluation of dabigatran in patients with asthma.

Introduction

Asthma is a chronic airway disease characterized by symptoms of reversible airway obstruc-

tion, wheezing and dyspnoea1. The prevalence of asthma is high, with 5-10% of the population 

affected in most Western countries2. The majority of asthma patients has an allergic pheno-

type3, characterized by a variable state of allergen evoked lung inflammation. Common aller-

gens triggering asthma symptoms in sensitized patients are pollen, cockroaches and house 

dust mite (HDM) allergens4. When allergic lung inflammation is severe or chronic, lung func-

tion may further decline and the reversible character of asthma may be lost by structural altera-

tions of the lung tissue by a process called airway remodeling5. Although corticosteroids are the 

cornerstone of anti-inflammatory treatment in asthma, an important subgroup of patients is 

unresponsive to corticosteroids and suffers from frequent asthma exacerbations6. New anti-

inflammatory treatment strategies need to be developed that may improve outcome of allergic 

lung inflammation, especially for those patients that are difficult to control clinically and are 

at high risk to proceed to airway remodeling despite corticosteroid therapy. In this study, we 

explored thrombin inhibition by Dabigatran as a potential anti-inflammatory treatment op-

tion in a mouse asthma model.

In the last two decades, the coagulation system has been recognized as an inseparable compo-

nent of inflammatory responses7, 8. While coagulation activation can be beneficial to promote 

protective inflammatory reactions directed at invading pathogens9, coagulation activation 

may be detrimental for the host in chronic and/or exaggerated inflammatory reactions, such 

as in the case of allergic lung inflammation in asthma patients7, 8, 10. Tissue injury exposes and 

induces tissue factor expression and activates the coagulation cascade. As a result, thrombin is 

generated which converts fibrinogen to the end-product of the coagulation system fibrin. 

Besides mediating the production of fibrin, thrombin has been described to have a variety of 

cellular effects. These effects may be of importance for allergic lung inflammation as well, and 

include activation of human bronchial rings11, fibroblast proliferation12 and smooth muscle 

cell activation13. We recently developed a HDM-based mouse model for allergic lung inflam-

mation14. We here used this model to investigate whether treatment with the new oral 

thrombin-inhibitor Dabigatran influences the extent and/or characteristics of HDM-induced 

allergic lung inflammation in mice. 

Material and Methods

Animals

Sex and age-matched 8-9 weeks old wild-type C57Bl/6 mice were purchased from Charles River 

Inc. (Maastricht, the Netherlands). Experiments seeking to document the thrombin-inhibitory 

capacity of Dabigatran were done in 5 mice per group, all other experiments with 10 mice per 

group. Animals were housed in standardized specific pathogen free conditions and experiments 

were approved by the Animal Care and Use Committee of the University of Amsterdam. 

HDM-induced mouse asthma model

HDM allergen whole body extract (Greer Laboratories, Lenoir, NC), derived from the common 

European HDM species Dermatophagoides pteronyssinus, was used to induce allergic lung in-

flammation as described previously14. Briefly, mice were inoculated intranasally on day 0, 1 

and 2 with 25 μg HDM and on day 14, 15, 18 and 19 with 6.25 μg HDM. Controls received in-

tranasally isotonic sterile saline. Inoculum volume was 20 μl for every HDM and saline expo-

sure and inoculation procedures were performed during isoflurane inhalation anesthesia. The 

experiment was ended at day 21 by euthanizing the mice and the subsequent collection and 

processing of samples: in one experiment bronchoalveolar lavage fluid (BALF) and citrated 
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Figure 1 Dabigatran plasma levels are increased in Dabigatran-treated mice after 48 hour and 12 days Data are 

means + SE of 10 mice per group. *P<0.05, **P<0.01.

6

blood was collected, in a separate experiment one lung was obtained for pathology and one 

lung for homogenization using procedures as described before14. 

Dabigatran treatment

Dabigatran (Dabigatran etexilate, Boehringer Ingelheim, Ingelheim am Rhein, Germany) was 

mixed with normal flour for mouse chow (AM-II, code 2141, Arie Blok Diervoeder, Woerden, 

the Netherlands) in a 10 mg/g concentration as used by others15, 16. This was mixed with water 

to make a paste and dried for 7 days in a flow cabinet. Normal mouse chow served as placebo. 

In a study to measure the thrombin-inhibitory effect of Dabigatran, mice were fed Dabigatran 

or placebo chow ad libitum, and sacrificed at t=48 hours or t=12 days to obtain citrated plasma. 

Dabigatran levels were measured in citrated plasma with the Hemoclot Thrombin inhibitor 

test (Hyphen BioMed, Neuville-sur-Oise, France)17. Dabigatran or placebo chow was provided 

ad libitum to mice challenged with HDM or sterile saline i.n. starting at day 0.

Immunohistochemistry

Immunohistochemistry was performed as described before14. Shortly, after fixation in 10% 

formalin, paraffin-embedding 4 μm thick sections were stained with hematoxylin-eosin 

(H&E) for gross pathology analysis and with Periodic Acid Schif (PAS)-D for mucus detection. 

A pathologist blinded for treatment group quantified H&E and PAS-D stainings. The H&E 

semi-quantitative score was based on the features of peribronchitis, endothelialitis, epitheli-

alitis, edema and pleuritic; each element was scored 0-4 (in which a score of 4 is the most severe). 

Additionally, we digitally quantified eosinophils in lung tissue stained by an antibody against 

major basic protein (MBP, kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic 

Arizona, Scottsdale, USA). 

Assays

Elisa was used to measure concentrations of lung IL-4, IL-5 (both R&D Systems, Abingdon, 

United Kingdom) and thrombin-antithrombin complexes (TATc, Siemens Healthcare Diag-

nostics, Marburg, Germany). D-dimer was measured using Western blotting as described pre-

viously (18) with slight modifications, using rabbit anti-mouse fibrinogen (MyBioSource, San 

Diego, CA) and goat anti-rabbit IgG-HRP linked antibody as second antibody (Bioké, Leiden, 

the Netherlands). BALF total protein was determined by using a Bio-Rad Protein Assay (Bio-

Rad laboratories, Hercules, CA). Total IgE in plasma was measured using rat anti-mouse IgE as 

a capture antibody and biotin rat-anti-mouse IgE as a detection antibody; purified mouse IgE 

was used as standard (all from BD Biosciences Pharmingen, Breda, the Netherlands). HDM-

specific IgG1 antibodies were measured using HDM (1 μg Der p1/ml) as capture, biotinylated 

anti-mouse IgG1 (2 μg/ml) as detection antibody and purified mouse IgG1 as standard (both 

from BD Biosciences Pharmingen, Breda, the Netherlands).

Statistical analysis

Values are expressed as mean + SE. Comparison between two variables was done by Student’s 

T-test or Mann Whitney where appropriate; D’Agostino and Pearson omnibus test was used to 

asses for normality. GraphPad Prism version 5.0, GraphPad Software (San Diego, CA) was used 

for all analyses. Values of P <0.05 were considered statistically significant.

Results

Dabigatran does not influence local activation of coagu lation during 

HDM-induced lung inflammation

Mice were fed Dabigatran or placebo chow ad libitum and sacrificed at 48 hours or 12 days after 

the start of the experiment. Mice on Dabigatran chow reach plasma concentrations of 0.3-0.36 

μg/ml Dabigatran as measured with a thrombin inhibition assay (Figure1) and were similar to 

those reported by others16 and relate well to human therapeutic concentrations (~0.18 μg/

ml)17. Repeated administration of HDM induced local activation of the coagulation system in 

the lungs, as reflected by increases in the concentrations of TATc (Figure 2A, P <0.001 vs. saline) 

and D-dimer (Figure 2B-D, at least P <0.01 vs. saline) in whole lung homogenates. Remarkably, 

Dabigatran did not influence this pulmonary procoagulant response. Total protein in BALF 

was determined as a marker of extravascular plasma leakage. HDM increased BALF total protein 

levels (Fig 2E, P <0.001 vs. saline); this effect was not influenced by Dabigatran treatment.
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Figure 2 Dabigatran does not influence local activation of coagulation during HDM-induced lung inflammation 

Concentrations of BALF (A) TATc and (B) D-dimer. Representative Western blots showing D-dimer bands at ~195kD (C-D). (E) 

Saline and Dabigatran treated mice have similar protein leakage in BALF. Data are means + SE of 10 mice.

Figure 3 Dabigatran does not impact cell recruitment into the lungs induced by HDM (A) Total cell count, (B) eosi-

nophils, (C) neutrophils, (D) macrophages and (E) lymphocytes in BALF. Data are means + SE of 10 mice per group. *P<0.05, 

***P<0.001. 

Figure 4 Dabigatran does not influence HDM-induced lung eosinophil influx (A) Lung tissue eosinophils expressed as 

percentage of surface area as analysed by MBP staining (Methods). (B-E) Representative slides of MBP-stained lung tissue 

(100x magnification). Data are means + SE of 10 mice per group. *P<0.05. 

6

Dabigatran does not impact cell recruitment into the lungs induced by HDM 

Repeated HDM exposure via the airways induced an increase in leukocytes in BALF (Figure 3A, 

P <0.001 vs. saline). As expected, this increase was mainly due to the influx of eosinophils 

(Figure 3B, P <0.001 vs. saline), and to a lesser extent of neutrophils (Figure 3C, P <0.001 vs. 

saline). HDM also caused increases in BALF numbers of macrophages (Figure 3D, P <0.05 vs. 

saline) and lymphocytes (Figure 3E, P <0.001 vs. saline). Dabigatran had no impact on leuko-
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Figure 5 Dabigatran reduces HDM-evoked lung pathology (A) Overall score for HDM-induced lung pathology as de-

scribed in Methods section, (B-E) representative H&E-stained slights of lung tissue (100x magnification). Data are means + 

SE of 10 mice per group. *P<0.05, ***P<0.001.

Figure 6 Unaltered mucus production in Dabigatran-treated mice (A) Semi-quantitative score of HDM-induced mu-

cus production, (B-E) representative PAS-D stained lung tissue slides (100x magnification). Data are means + SE of 10 mice 

per group. ***P<0.001.

Figure 7 Dabigatran reduces IL-4 BALF concentrations, while not affecting HDM-evoked IL-5 and plasma IgE and 

HDM-IgG1 BALF concentrations of (A) IL-4, (B) IL-5, (C) plasma total IgE and (D) HDM-IgG1. Data are means + SE of 10 mice 

per group. *P<0.05, **P<0.01, ***P<0.001. 

6

cyte numbers or leukocyte subsets in BALF. As eosinophils are the predominant cell type of al-

lergic lung inflammation, we also investigated if Dabigatran affected eosinophil accumulation 

in lung tissue by staining with an eosinophil-specific MBP-antibody (Figure 4). While HDM 

instillation clearly induced accumulation of eosinophils in the lungs, Dabigatran did not 

modify this response. Together, these results show that Dabigatran does not influence HDM 

induced leukocyte influx into the lungs.

Dabigatran reduces HDM evoked lung pathology

To assess the potential impact of Dabigatran on HDM evoked lung pathology we analyzed 

H&E-stained lung slides using a semi-quantitative score described in the Methods section and 

before14. Consecutive airway challenges with HDM resulted in increased lung pathology 

(Figure 5, P <0.001 vs. saline). Treatment with Dabigatran improved a general lung pathology 

(P <0.05 vs. saline), but only to a small extent. The formation of mucus in smaller and larger 

bronchioles is an important aspect of allergic lung inflammation19. HDM exposure increased 

mucus production in the airways, as visualized by PAS-D staining (Figure 6, P <0.001 vs. saline). 

Dabigatran treatment had no effect on the amount of mucus in the airways.

 

Impact of Dabigatran on T helper 2 responses

We further explored markers of a T helper 2 response. HDM exposure to the airways elicited 

increased pulmonary levels of the Th2 cytokines IL-4 (Figure 7A, P <0.001 vs. saline) and IL-5 

(Figure 7B, P <0.001 vs. saline). Dabigatran strongly reduced pulmonary concentrations of IL-4 

(P <0.01 vs. saline), while not affecting IL-5 levels. HDM elicited strong increases in the plasma 

concentrations of total IgE (Figure 7C, P <0.001 vs. saline) and HDM-IgG1 (Figure 7D, P <0.05 

vs. saline); Dabigatran did not alter these responses. 

A B

C D
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Discussion

Although steroids and bronchodilatating medication often suffice as primary therapy of 

asthma, a subgroup of patients is refractory to currently available treatments1. As there is no 

definite cure for asthma and since inadequately controlled allergic lung inflammation may 

lead to irreversible loss of normal lung function5, new anti-inflammatory treatment options 

are urgently needed. Here, we explored the effects of Dabigatran, an oral direct thrombin in-

hibitor20, in allergic lung inflammation induced by the clinically relevant allergen HDM in 

mice. Repeated HDM exposure via the airways reproduced major features of asthma, including 

an influx of eosinophils and neutrophils into the lungs, mucus production in the airways and 

local and systemic T helper 2 responses. In addition, HDM elicited local activation of the coagu-

lation system in the lungs, as reflected by elevated lung levels of TATc and D-dimer. While 

Dabigatran clearly induced a strong thrombin inhibitory effect in the circulation, it had only 

a modest effect on HDM-induced lung inflammation. Considering that Dabigatran plasma 

levels were within the range reported in humans treated with this compound17, and consider-

ing that high doses increase the risk for bleeding complications21, our results suggest that 

Dabigatran is less likely to be useful as adjunctive therapy in refractory asthma.

Recently, attention has been drawn towards pulmonary coagulopathy as an active contributor 

to allergic lung inflammation accompanying asthma7, 8, 22-25. Thrombin is the key enzyme of the 

coagulation cascade converting fibrinogen to the coagulation end-product fibrin. Thrombin is 

a known constituent of sputum of asthma patients23 and multiple studies have shown increased 

thrombin activity after antigen provocation in asthma patients26, 27. Thrombin is a protease 

with differential effects: besides its procoagulant function, thrombin can exert proinflamma-

tory effects via the G-protein coupled protease-activated receptor (PAR)128, 29. Proinflammatory 

effects of thrombin include chemotactic properties30, activation of fibroblast proliferation 

(12), contraction of human bronchial rings11 and induction of lung fibrosis29. Dabigatran is a 

new oral anticoagulant that directly inhibits thrombin with the clinical advantage that its 

pharmacological profile does not require monitoring of blood coagulation20. Dabigatran has 

been shown to prevent activation of PAR1 by thrombin15, potentially inhibiting both its proco-

agulant and proinflammatory effects. A previous investigation studied the effect of Dabigatran 

in a bleomycin mouse model for interstitial lung disease; both lung inflammation as well as 

lung fibrosis were significantly reduced by Dabigatran15. In the present study we found a mod-

est reduction of lung pathology in Dabigatran treated mice. The much stronger effects of 

Dabigatran in bleomycin-induced lung pathology may in part be explained by differences in 

the severity and type of lung injury caused by bleomycin and HDM. Although thrombin in-

duced PAR-1 dependent chemotaxis of eosinophils in vitro30, we did not detect an in vivo effect 

of Dabigatran on eosinophil recruitment. Inhibition of coagulation factor Xa resulted in at-

tenuation of airway hyperresponsiveness and reduced collagen and mucus production in mice 

with allergic lung inflammation induced by ovalbumin; this intervention did not modify cell 

influx into the lungs31. Direct comparison with our findings in HDM-induced inflammation is 

hampered by the considerable differences with the ovalbumin model32. 

The mechanism by which Dabigatran attenuated pulmonary IL-4 release remains to be deter-

mined. Dabigatran did not have a general inhibitory effect on T helper 2 responses, considering 

the unaltered local IL-5 and systemic IgE and IgG1 responses. Lung tissue stromal cells, such as 

fibroblasts and macrophages, are reported to be very sensitive for IL-4; IL-4 significantly stimu-

lated the production of procollagen I by bronchial fibroblasts of healthy volunteers and 

asthma patients33. Additionally, IL-4 can drive macrophages to undergo functional skewing to 

the M2 subtype, and aberrant activation of M2 macrophages has been associated with airway 

remodeling and fibrosis34. Dabigatran has been demonstrated to reduce the fibrotic effects of 

thrombin on fibroblasts15. The HDM model is not characterized by, and too short for the devel-

opment of fibrosis; therefore the effect of Dabigatran on airway remodeling and lung fibrosis 

cannot be adequately studied herein. 

Remarkably, Dabigatran did not influence the activation of the coagulation system in the 

lungs of HDM challenged mice. In part, this can be explained by functioning of Dabigatran: it 

prolongs the time needed to generate fibrin but this does not implicate that Dabigatran de-

creases the total amount of fibrin produced. HDM-induced protein content in BALF was similar 

in both placebo- and Dabigatran-treated mice; this indicates that Dabigatran did not impact 

on extravascular plasma leakage.

In conclusion, we explored the oral thrombin inhibitor Dabigatran as a potential new therapy 

for asthma using a HDM based mouse model for allergic lung inflammation. While repeated 

HDM instillation into the airways reproduced many features of asthma, Dabigatran had a very 

limited effect hereon. Our results argue against the clinical evaluation of Dabigatran in patients 

with asthma. 
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 TRANSGENIC OVERExPRESSION OF THE ENDOTHELIAL PROTEIN C  

 RECEPTOR ATTENuATES EOSINOPHIL RECRuITMENT DuRING HOuSE 

 DuST MITE-EVOKED ALLERGIC LuNG INFLAMMATION IN MICE

Abstract

Background Asthma is associated with chronic inflammation of the airways frequently 

caused by repeated exposure to allergens. The endothelial protein C receptor (EPCR) and 

thrombomodulin (TM) are important for the conversion of protein C (PC) into activated PC 

(APC), and mediate anti-inflammatory actions of APC. We hypothesized that impaired func-

tion of the PC system contributes to lung inflammation provoked by allergen challenge. 

Objectives To study the role of the PC system in allergic lung inflammation elicited by the 

common human allergen house dust mite (HDM). 

Methods Mice with an increased capacity to generate APC due to transgenic overexpression 

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

ciency (EPCR knockout; EPCR KO) or a loss-of-function mutation in the thrombomodulin/thbd 

gene (TMpro/pro) were repeatedly exposed to HDM via the airways. 

Results HDM induced in a strong influx of eosinophils into the bronchoalveolar space, 

which was significantly attenuated in EPCRhigh mice. EPCRhigh mice also displayed lower lung 

concentrations of the eosinophil chemoattractant eotaxin and a reduced systemic IgE re-

sponse. Lung pathology, mucus formation and cytokine induction were not influenced by 

EPCR overexpression. The response of EPCR KO and TMpro/pro mice to HDM exposure was indis-

tinguishable from the response in wild-type mice. 

Conclusions Overexpression of EPCR attenuates eosinophil influx in allergic lung inflam-

mation elicited by a clinically relevant human allergen, suggesting that strategies enhancing 

the function of the PC system may be of therapeutic value in asthma. 

Introduction

Asthma is a chronic disease in which recurrent bronchial hyperresponsiveness and airway 

obstruction cause attacks of dyspnoea, chest tightness and wheezing1. Asthma impacts on 

quality of life and puts tremendous pressure on public health resources2 with a population 

prevalence that has reached epidemic proportions of 5-10% on average in Western countries3. 

There is no cure for asthma, exemplifying the urgent need to increase knowledge of patho-

physiologic mechanisms that contribute to the airway inflammation that accompanies 

asthma1. 

More than half of all asthma patients has atopic complaints and are sensitized to allergens such 

as house dust mite (HDM), other animal-borne allergens, grass, trees or pollen3, 4. The allergic 

asthma phenotype is characterized by a pathobiology of a chronic and variable grade of lung 

inflammation induced by repeated exposure to aeroallergens4. The mechanisms underlying 

this allergic lung inflammation are complex. Lately, it has become evident that the protein C 

(PC) system may be involved in the regulation of allergic lung inflammation5, 6. The PC system 

effector molecule activated protein C (APC) exerts anticoagulant effects through proteolytic 

cleavage of coagulation factors Va and VIIIa7. Additionally, APC has so-called cytoprotective 

properties that include inhibition of leukocyte attraction, anti-apoptotic effects, endothelial 

stabilisation and alterations of inflammatory gene expression profiles8. Our laboratory recently 

reported reduced APC levels in the bronchoalveolar compartment of asthma patients com-

pared to healthy volunteers after bronchial allergen challenge9, suggesting that the capacity of 

the PC system to sustain adequate APC levels is diminished during allergic lung inflammation. 

In accordance, airway delivery of recombinant APC attenuated allergic lung inflammation in 

mice sensitized and challenged with ovalbumin10. 

APC is generated from PC by thrombin complexed with thrombomodulin (TM), a receptor 

expressed primarily on endothelial cells. APC formation by the thrombin-TM complex is ac-

celerated when PC binds to the endothelial PC receptor (EPCR)11. In accordance, mice with 

transgenic overexpression of EPCR on the vascular endothelium (EPCRhigh mice) show an in-

creased capacity to generate APC12. We here hypothesized that enhanced expression of EPCR 

would partially sustain the normal function of the PC system and thereby attenuate lung al-

lergic inflammation. To test this hypothesis, we studied EPCRhigh mice in a recently developed 

mouse model for allergic lung inflammation using HDM exposure as a human clinically rele-

vant allergen source13. In an opposite approach, we studied mice with an impaired function of 

the PC system through either EPCR deficiency (EPCR knockout or KO mice)14 or a point muta-

tion in the gene encoding TM (TMpro/pro mice) that diminishes PC activation by the TM-thrombin 

complex15. 

Methods

Animals 

EPCRhigh mice were generated as described12. Overexpression of EPCR was achieved by means of 

an inserted Tie2 enhancer controlled epcr transgene; EPCR overexpression especially is present 

in the lungs (44-fold increased) of these animals and enhances PC activation on endothelial 

cells eight-fold12. EPCR KO mice were generated as described; in brief, the epcr gene was deleted 

in embryos via a conditional cre-lox mediated knockout system with Cre-recombinase under 

the control of the embryo-specific mesenchyme homeobox 2 (Meox2) promoter that leaves 

EPCR expression on placental giant trophoblasts intact, thereby enabling KO embryos to be 

carried to term14. TMpro/pro mice have a genetic mutation in the TM PC binding site, which 

strongly impairs the capacity to generate APC15, 16. EPCRhigh, EPCR KO and TMpro/pro mice were 
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backcrossed > 8 times on a C57BL/6 genetic background and bred in the animal facility of the 

Academic Medical Center. Sex and age-matched wild-type (Wt) C57Bl/6 mice were purchased 

from Charles River Inc. (Maastricht, the Netherlands). Each experimental group consisted of 

6-8 mice. Animals were housed in standardized specific pathogen free conditions. All experi-

ments were approved by the Animal Care and Use Committee of the University of Amsterdam. 

HDM-induced allergic lung inflammation 

Whole body HDM allergen extract (Greer Laboratories, Lenoir, NC), derived from the common 

European HDM species Dermatophagoides pteronyssinus (Der p), was used to induce allergic 

lung inflammation as described13, 17. Briefly, mice were inoculated intranasally on days 0, 1 and 

2 with 25 μg HDM (sensitization phase) and on days 14, 15, 18 and 19 with 6.25 μg HDM 

(challenge phase). Controls received isotonic sterile saline intranasally on each occasion. 

Inoculum volume was 20 μl for every HDM and saline exposure and inoculation procedures 

were performed during isoflurane inhalation anesthesia. The experiment was ended at day 21 

by euthanizing the mice and the subsequent collection and processing of samples. 

bronchoalveolar lavage and tissue handling 

Bronchoalveolar lavage (BAL) was performed by exposing the trachea through a midline inci-

sion and BAL fluid (BALF) was harvested by instilling and retrieving 1 mL (in aliquots of 500 μl) 

of sterile 0.9% saline. Cell counts were determined for each BALF sample in a hemocytometer 

(Beckman Coulter, Fullerton, CA) and differential cell counts were performed on cytospin 

preparations stained with Giemsa stain (Diff Quick, Dade Behring AG, Düdingen, Switzerland). 

In the second experiment non lavaged lungs were homogenized in 5 volumes of sterile 0.9% 

sa  line using a tissue homogenizer (Biospec Products, Bartlesville, OK) or fixed in 10% for-

malin.

 

Immunohistochemistry

Lung pathology staining was performed as described13. After fixation in 10% formalin and 

paraffin-embedding we stained 4 μm thick sections with hematoxylin-eosin (H&E) for gross 

pathology analysis and with Periodic Acid Schif (PAS)-D for detection of mucus. A pathologist 

blinded for treatment groups scored the following parameters in H&E stained lung tissue 

slides: interstitial inflammation, endothelialitis, edema and pleuritis. Each parameter was 

graded on a scale of 0 to 4 (0: absent, 1: mild, 2: moderate, 3: severe, 4: very severe); the total 

pathology score was expressed as the sum of the score for all parameters. The amount of mucus 

per lung section (PAS-D) was scored in a semiquantitative fashion on a scale form 0-3. 

Additionally, we digitally quantified eosinophils in lung tissue stained by an antibody against 

major basic protein (MBP, kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic 

Arizona, Scottsdale, USA). Entire sections were digitized with a slide scanner using the 10x 

objective (OlympusdotSlide, Tokyo, Japan) and images were exported in TIFF format for 

quantification. Eosinophil influx was determined by measuring the MBP immunopositive 

area by digital image analysis (ImageJ 1.46, National Institute of Health, Bethesda, Maryland), 

and was subsequently expressed as a percentage of the total lung area. The average of ten pic-

tures was used for analysis of eosinophilic influx.

Assays

Tumor necrosis factor (TNF)αα, interleukin (IL)-4, IL-5, IL-6, IL-10, IL-13, interferon (IFN)α and 

eotaxin were determined by Elisa (R&D systems, Abingdon, United Kingdom). Plasma total 

IgE was measured using rat anti-mouse IgE capture antibody and biotin rat anti-mouse IgE as 

detection antibody; purified mouse IgE was used for standard (BD Biosciences, Pharmingen, 

Breda, the Netherlands). 

 

Statistical analysis

Parameters measured after HDM administration are expressed as mean ± SE. Mean values ob-

tained after saline (control) challenge are visualized by a ticked line (similar in, and therefore 

grouped for genetically modified and Wt mice). Differences between HDM groups were tested 

by Mann-Whitney U test. GraphPad Prism version 5.0, GraphPad Software (San Diego, CA) 

was used for all analyses. Values of P < 0.05 were considered statistically significant.

Results

EPCR overexpression attenuates eosinophil influx after HDM exposure

This model of repeated HDM airway exposure is associated with an increase in total leukocyte 

counts in BALF caused by recruitment of eosinophils and neutrophils13, 17. EPCRhigh mice demon-

strated a reduced influx of leukocytes into BALF after HDM instillation (Figure 1A, P < 0.01 

versus Wt mice) due to a 84% reduction in eosinophil recruitment relative to Wt mice (Figure 

1B, P < 0.01). EPCRhigh mice tended to have lower neutrophil numbers in BALF upon HDM in-

stillation relative to Wt mice (P = 0.05, Figure 1C). The numbers of macrophages or lymphocytes 

in BALF did not differ between mouse strains (data not shown). To obtain further insight in 

eosinophil we next estimated eosinophil influx in lung tissue by digital quantification of MBP 

stainings. Consistent with the profound influx of eosinophils in BALF, lung tissue showed in-

creased MBP staining upon HDM exposure (Figure 1D and E). Although the mean percentage 

of lung surface covered by eosinophils was lower in EPCRhigh mice, the difference with Wt mice 

did not reach statistical significance. Eotaxin is a prominent chemoattractant for eosinophils18. 

To determine a possible role for eotaxin in the reduced eosinophil influx in EPCRhigh mice we 

measured the concentrations of this mediator in whole lung homogenates. Indeed, EPCRhigh 

mice had lower eotaxin concentrations relative to Wt mice (P < 0.01, Table 1). 
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Figure 1 Overexpression of EPCR is associated with a reduced eosinophil recruitment upon HDM challenge. 

Total cell counts (A), eosinophils (B), neutrophils (C) in BALF (dotted line indicates mean values in saline group not challenged 

with HDM). Percentage of lung surface stained positive for eosinophils (D) quantified by digitally imaging of MBP staining 

(see Methods). Representative MBP staining of lung tissue-slides (E) of Wt mice exposed to saline, Wt mice exposed to HDM 

and EPCRhigh mice exposed to HDM (100x magnification). Data are means with SE of 8 mice per group (except MBP Wt n=5, 

EPCRhigh n=7 for 1A-C). **P<0.01. 

Figure 2 Lung pathology. (A) Mean ( with SE) pathology scores as determined by the semi-quantitative score described in the 

Methods section (dotted line indicates mean score in saline group not challenged with HDM). Representative lung tissue slides 

(B) of Wt mice exposed to saline, HDM and EPCRhigh mice exposed to HDM (H&E staining, original magnification 100x). 

Figure 3 Mucus production in lung. (A) Mean (with SE) mucus production scores as determined by the semi-quantitative 

score described in the Methods section (dotted line indicates mean score in saline group not challenged with HDM). 

Representative lung tissue slides (B) of Wt mice exposed to saline, HDM and EPCRhigh mice exposed to HDM (PAS-D staining, 

original magnification 100x).

7

EPCR overexpression does not influence lung inflammation induced by HDM 

To study the extent of lung inflammation H&E stained slides were scored in a semi-quantified 

fashion as described in Material and Methods. Repeated instillation of HDM resulted in a pro-

found inflammatory response in the lungs, which, however, was not different between EPCRhigh 

and Wt mice (Figure 2A and B). Moreover, no differences between mouse strains were observed 

with regard to distinct histological features such as peribronchial inflammation, endotheliali-

tis, edema and pleuritis (data not shown). As increased airway mucus is a common feature of 

human asthma19, we investigated whether mucus production was affected by EPCR overex-

pression by PAS-D staining of lung tissue. While saline treated mice did not show mucus in 

their lungs, HDM exposure caused a clear increase in PAS-D staining (Figure 3A and B). The 

extent of mucus formation did not differ between EPCRhigh and Wt mice. We also measured the 
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Figure 4 IgE levels in plasma. Mean (± SE) IgE levels (dotted line indicates mean score in saline group not challenged  

with HDM). **P<0.01

7

concentrations of type 1 (TNF-α, IFN-γ) and type 2 cytokines (IL-4, IL-5, IL-6, IL-10, IL-13) in 

whole lung homogenates (Table 1). Lung cytokine levels did not differ between EPCRhigh and Wt 

mice, except for IL-6 concentrations which were lower in the former mouse strain. Eotaxin was 

importantly decreased in HDM-evoked EPCRhigh mice (Table 1, P < 0.01 vs. Wt). HDM instillation 

did not induce detectable activation of the coagulation system, as indicated by similarly low 

lung TATc levels in HDM and saline administered mice of different genotypes (data not shown). 

EPCR overexpression is associated with a reduced IgE response

EPCRhigh mice had a diminished IgE response in plasma relative to Wt mice (Figure 4, P < 0.01). 

Table 1: Lung cytokine levels in EPCRhigh and wild-type mice

 wt mice  ePCRhigh mice

 IFNγ(pg/ml)  346,1 ± 12,8  358,8 ±25,3

 IL-4 (pg/ml)  297,0 ± 37,0  221,4 ± 23,9

 IL-5 (pg/ml)  252,9 ± 41,9  227,0 ± 17,4

 IL-6 (pg/ml)  93,9 ± 7,0  71,8 ± 6,1 

 IL-10 (pg/ml)  611,7 ± 23,2  556,3 ± 55,9

 IL-13 (pg/ml)  910 ± 75,0  1024 ± 72,2

 TnFα (pg/ml)  56,2 ± 7,9  42,1 ± 6.2

 eotaxin (pg/ml)  3,9 ± 0,5  2,1 ± 0,15**

Data are means ± SE of 8 mice per group. ** P < 0.01 versus Wt mice

EPCR KO and TMpro/pro mice have an unremarkable phenotype during 

HDM-induced allergic lung inflammation

In an approach opposite to the experiments with EPCRhigh mice, we next used two mouse 

strains with an impaired capacity to generate APC (i.e., EPCR KO14 and TMpro/pro mice15, 16) to study 

the impact of a deficient PC system on HDM-induced allergic lung inflammation. Table 2 

shows the main results obtained in these experiments. Neither EPCR KO nor TMpro/pro mice 

showed any alteration in their response to HDM when compared with Wt mice. 

Table 2: EPCR KO and TMpro/pro mice have an unaltered response to repeated HDM exposure

wt mice EPCR KO mice wt mice Tmpro/pro mice

Cellcount (cells x 106/ml)  2,9 ± 0,9  1,4 + 0,3  2,3 + 0,5  3,2 + 0,5

eosinophils (cells x106 /ml)  2,1 + 0,8  1,1 + 0,4  1,6 + 0,5  2,3 + 0,5

neutrophils (cells x104 /ml)  5,2 + 2,7  0,8 + 0,5  3,4 + 2,4  4,3 + 2,4

MPB-positive area  
(% of lung surface)  1,1 + 0,3  0,9 + 0,2  0,8 + 0,1  0,8 + 0,2

eotaxin (ng/ml)  3,2 + 0,4  2,1 + 0,6  2,4 + 0,4  3,6 + 0,6

Mucus (score 0-4)  2,3 + 0,2  2,0  2,8 + 0,4  2,0 + 0,2

Data are means ± SE of 6-8 mice per group. Differences between EPCR KO and TMpro/pro mice with their respective Wt mice 

were not significant.

Discussion

With an estimated 300 million patients worldwide, asthma is one of the most prevalent 

chronic diseases, imposing a major burden for global health20. The majority of asthma patients 

has an allergic phenotype4 and develops symptoms on a pathophysiologic background of al-

lergic lung inflammation driven by the exposure to aeroallergens such as HDM21. Better under-

standing of the biological pathways that are involved in allergic lung inflammation may lead 

to new anti-inflammatory treatments targets22. The current investigation is the first study on 

the role of the PC system, a natural anticoagulant system with a variety of anti-inflammatory 

and cytoprotective effects in multiple inflammatory settings23-26, in a mouse asthma model 

making use of HDM allergens. Our main finding is that EPCR overexpression is associated with 

attenuated eosinophil recruitment into the bronchoalveolar space upon HDM challenge, to-

gether with reduced local production of the eosinophil chemoattractant eotaxin and a dimin-

ished systemic IgE response. Impaired function of the PC system in mice with either EPCR 

deficiency or a functional mutation in the Thbd gene did not influence HDM-induced 

responses.   

Previous studies have suggested that a reduced function of the PC system may contribute to 

the perpetuation of inflammation in allergic asthma (reviewed in5, 26). Allergic asthma patients 



whether the PC system more strongly influences allergic lung inflammation in settings associ-

ated with a procoagulant environment in the lungs.

In conclusion, we identify an anti-inflammatory effect of transgenic overexpression of EPCR 

in an allergic lung inflammation making use of a clinically relevant human allergen. Together 

with earlier studies reporting anti-inflammatory effects of recombinant APC10 and soluble TM32 

in experimental asthma in mice, these data suggest that strategies enhancing the function of 

the PC system may be of therapeutic value in asthma. 
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had lower BALF APC levels after a bronchial allergen challenge when compared with healthy 

controls9, and APC/PC ratios were decreased in induced sputum of patients with asthma27, 

pointing to an impaired capacity to generate APC. Bronchial epithelial cells exposed to eotaxin 

or CCL5 displayed reduced expression of PC and EPCR mRNA27, suggesting that the reduced 

function of the PC pathway in asthma likely at least in part is caused by downregulation of PC 

and EPCR. Our results obtained in EPCRhigh mice, revealing reduced eosinophil influx and eo-

taxin levels, are in line with an earlier mouse study using ovalbumin to induce pulmonary in-

flammation, showing that inhalation of recombinant APC can attenuate the influx of 

eosinophils in BALF10. The inhibitory effect of APC on eosinophil influx could be reversed by 

an anti-EPCR antibody, indicating that APC exerts this effect via an EPCR dependent mecha-

nism10. Moreover, APC and PC can inhibit eosinophil migration toward chemoattractants in 

vitro by an EPCR dependent mechanism28. Notably, while EPCRhigh mice showed strongly re-

duced eosinophil recruitment into BALF, eosinophil numbers in lung tissue, as visualized by 

MBP staining, were not significantly affected. Further studies are warranted to establish 

whether EPCR overexpression selectively impacts on eosinophil migration from the lung in-

terstitium into the bronchoalveolar space. 

Recent investigations pointed to a role for TM expressed by dendritic cells in allergic asthma. 

Asthma patients had more TM-positive dendritic cells in blood than subjects without asthma29, 

30, and segmental allergen challenge in patients with mild allergic asthma increased TM expres-

sion on dendritic cells in BALF31. In mice inhalation of recombinant soluble TM reduced eosi-

nophil numbers in BALF after ovalbumin sensitization and challenge, and adoptive transfer of 

TM treated dendritic cells reduced the extent of allergic inflammation32. In the current study 

neither EPCR KO nor TMpro/pro mice, both strongly impaired in their capacity to generate APC14-16, 

had a clear phenotype in this HDM allergic inflammation model. Together these data suggest 

that increasing the function of the PC system in asthma, either by enhanced expression of 

EPCR, administration of recombinant APC or soluble TM, exerts anti-inflammatory effects in 

experimentally induced allergic lung inflammation, whereas (further) impairment of the PC 

system does not have a major impact. 

Our study has strengths and limitations. We used HDM without adjuvant to induce allergic 

lung inflammation, while most earlier investigations used ovalbumin with alum as adjuvant 

for this purpose. In contrast to ovalbumin, HDM is a frequent allergen source with high sensi-

tization rates in asthma patients21, 33. We did not study airway responsiveness; as such, we can-

not report on influence of EPCR overexpression on lung function. Although HDM induced a 

clear inflammatory airway response dominated by eosinophil influx, there was no detectable 

activation of coagulation, which on the one hand indicates that the effect of EPCR overexpres-

sion does not rely on an effect on coagulation, and on the other hand leaves open the question 
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 INTRAbRONCHIAL ACTIVATED PROTEIN C ENHANCES  

 LIPOPOLySACCHARIDE-INDuCED PuLMONARy RESPONSES 

Abstract

Intravenous administration of activated protein C (APC) inhibits coagulation and inflamma-

tion in the lungs of humans and animals. Investigations in rodents demonstrated that direct 

intrapulmonary delivery of APC also exerts anticoagulant and anti-inflammatory effects. The 

effect of intrabronchial administration of recombinant human (rh)APC on lipopolysaccharide 

(LPS)-induced haemostatic and inflammatory alterations in the bronchoalveolar space of hu-

mans was studied. 

Eight subjects received rhAPC via intrabronchial instillation by bronchoscope, while in a 

contralateral subsegment subjects received saline; all subjects were challenged bilaterally with 

LPS in the same lung subsegments. Four additional subjects received rhAPC (75 μg), with saline 

as a control in the contralateral subsegment, while they were bilaterally ‘‘challenged’’ with 

saline. After 6 h a bronchoalveolar lavage was performed and coagulation and inflammatory 

parameters were measured. 

rhAPC enhanced LPS-induced coagulation activation in the bronchoalveolar space, when 

compared with the control side. In addition, rhAPC amplified LPS-induced pro-inflammatory 

responses, as indicated by higher concentrations of cytokines and chemokines. rhAPC alone 

did not have procoagulant or pro inflammatory effects. 

Locally administered rhAPC has unexpected procoagulant and pro-inflammatory effects in 

LPS challenged lung subsegments. These data argue against a role for intrapulmonary delivery 

of rhAPC as a treatment strategy for lung inflammatory disorders in humans. 

Introduction 

The airways represent a body site in which procoagulant and anticoagulant mechanisms can 

be initiated and regulated locally1, 2. Activated protein C (APC), an important anticoagulant, 

has been shown to have a reduced activity in the bronchoalveolar space in various lung inflam-

matory diseases3–11. Diminished APC levels may contribute to the disturbed haemostatic equi-

librium in the lungs of patients suffering from these conditions, shifting the physiological 

anticoagulant environment into a net procoagulant state. Besides its anticoagulant effects, 

APC has been implicated in a variety of anti-inflammatory and/or cytoprotective effects, 

characterised by downregulation of pro-inflammatory pathways, upregulation of anti-inflam-

matory pathways and inhibition of neutrophil activity12, 13. 

We recently demonstrated that intrabronchial instillation of lipopolysaccharide (LPS), a con-

stituent of the cell wall of Gram-negative bacteria, can reproduce haemostatic alterations found 

in inflammatory lung disorders, including a reduction in APC levels in the lungs of healthy 

volunteers14, 15. This human model of intrabronchial LPS delivery has also been used to study the 

in vivo effects of intravenous recombinant human (rh)APC treatment on pulmonary inflamma-

tion and coagulation15, 16. Intravenous rhAPC reduced LPS-induced neutrophil accumulation in 

the bronchoalveolar space16 and inhibited local activation of coagulation15. Concurrently, LPS-

induced suppression of fibrinolysis was partially prevented by intravenous rhAPC15. 

When administered intravenously, the strong anticoagulant effects of rhAPC may contribute 

to serious systemic side-effects such as intracranial haemorrhages17–20, which may be circum-

vented by local administration of rhAPC. Although preclinical animal studies have shown 

that administration of APC via the airways exerts local anti-inflammatory and anticoagulant 

effects21–24, no studies exist that have evaluated the effects of direct rhAPC administration into 

the lungs of humans. The present study, therefore, sought to determine the feasibility of local, 

intrabronchial administration of rhAPC to inhibit LPS-induced lung inflammation and coagu-

lation in humans. 

Methods

Study subjects and materials 

12 nonsmoking males (age 23.2 ± 1.1 years) were enrolled. Screening, consisting of a question-

naire, physical examination, routine blood and urine investigation, ECG and spirometry, did 

not reveal any abnormality. The protocol was approved by the institutional Medical Ethics 

Review Committee. All subjects provided written informed consent before enrolment. LPS 

was derived from Escherichia coli O:113 (Reference Endotoxin, CC-RE-Lot-3, National Institutes 

of Health, Bethesda, MD, USA). rhAPC (drotrecogin alfa (activated); Eli Lilly, Indianapolis, IN, 

USA) was purchased from a commercial supplier. 

 

Study design 

The study was set-up as a single-blind intervention study with a dose-escalation and a follow-

up phase. A bilateral challenge of two contralateral lung subsegments was performed by intra-

bronchial instillation of LPS (4 ng • kg-1) by bronchoscopy, diluted in 10 mL of sterile saline. In 

one lung subsegment the instillation of LPS was followed immediately by administration of 

rhAPC (in 10 mL) in the same lung subsegment, whereas in the contralateral lung subsegment 

LPS administration was followed by instillation of 10 mL saline alone. The subjects were ran-

domised to the left or right lung for rhAPC instillation. In the dose  escalating phase of the 

study, five-fold increases in the rhAPC dose were intended to be given in cohorts of four sub-

jects per dose, starting at 15 μg. The predefined primary end-point was to reach a 30% decrease 

in thrombin-antithrombin complex (TATc) concentrations in the rhAPC-treated lung 6 h after 

intrabronchial LPS challenge relative to the contralateral LPS-challenged side; this end-point 

was based on the capacity of intravenous rhAPC to inhibit the rise in LPS-induced TATc con-

8



Intrabronchial activated protein C enhances lipopolysaccharide-induced pulmonary responses

126

Chapter 

127

centrations in bronchoalveolar lavage fluid (BALF) by approximately 30% in our previous 

study15. Per study design, the sample size of the rhAPC dose group that would reach this primary 

end-point would be increased to a total of 12 subjects in the follow-up phase of the study. After 

completion of the first two cohorts in the dose-escalation phase (15 and 75 μg; n=4 for each 

dose), we decided to stop the study because it was considered highly unlikely that the primary 

study end-point could be reached. Instead, four additional subjects were included who received 

75 μg rhAPC in one lung subsegment without previous intrabronchial LPS challenge; in these 

volunteers saline was given as a control in the contralateral lung subsegment. 

Methods 

A bilateral bronchoalveolar lavage (BAL) was performed 6 h post-challenge in a standardised 

fashion14, 25. Citrated and heparinised blood was taken by venipuncture before the first (t=0 h) 

and the second (t=6 h) bronchoscopy. The assays used are described in the online sup  ple men-

tary material. 

Statistical analysis 

Values are expressed as mean ± SEM. Paired t-tests were used to establish significance between 

datasets. P-values < 0.05 were considered statistically significant. 

Results 

Clinical signs and systemic inflammatory response 

Instillation of LPS in two contralateral lung subsegments (combined with rhAPC in one lung 

segment) was well tolerated. A modest rise in body temperature was recorded 6 h after instilla-

tion of LPS (from 36.0 ± 0.2ºC at t=0 h to 36.6 ± 0.1ºC at t=6 h; p P <0.05). Intrabronchial LPS 

caused a rise in blood neutrophil count (from 2.3 ± 0.2x109 to 6.6 ± 0.8x109cells • L-1;P <0.001), 

while in the saline-challenged group no significant rises in neutrophils counts were seen (from 

2.0 ± 0.26109 to 4.1 ± 0.8 x 109 cells • L-1). Finally, intrabronchial instillation of either LPS or sa-

line, with addition of rhAPC in one lung subsegment, was not associated with changes in 

plasma concentrations of TATc, D-dimer, tumour necrosis factor (TNF)-α or interleukin (IL)-6 

(data not shown). 

bronchoalveolar APC concentrations 

6 h after intrabronchial instillation of rhAPC, APC was measurable in all BALF samples ob-

tained from the APC-treated side: APC levels were 0.33 ± 0.14 and 1.60 ± 0.57 ng • mL-1 in LPS-

challenged subjects treated with 15 and 75 μg rhAPC, respectively (P = 0.07 and P < 0.05 for 

lung subsegments treated with 15 and 75 μg rhAPC versus control lung subsegments; fig. 1a 

and b). In the saline-challenged group treated with 75 μg rhAPC, BALF APC levels were 3.2 ± 

1.0 ng • mL-1 (P < 0.05; fig. 1c). APC levels in the 75 μg rhAPC challenged subsegments were not 

different between LPS-challenged and saline-challenged subjects. APC could not be detected 

in any of the control lung subsegments (i.e. those not administered with rhAPC). 

Intrabronchial rhAPC enhances bronchoalveolar coagulation activation after 

LPS challenge 

The intrabronchial concentrations of TATc have been used to determine the extent of bron-

choalveolar coagulation activation in patients with acute lung injury and/or pneumonia7, 8, 10. 

Intrabronchial instillation of LPS in healthy humans is also associated with a rise in TATc levels 

in BALF14, 15. An earlier study showed that intravenously administered rhAPC could reduce 

LPS-induced elevations in TATc concentrations in BALF by approximately 30%15. The main 

objective of the current study was to determine whether intrabronchially instilled rhAPC was 

able to inhibit LPS-induced TATc elevation in BALF and, if so, whether this anticoagulant effect 

was accompanied by anti-inflammatory effects. Considering the results of our previous inves-

tigation using intravenous rhAPC15, we predefined the primary end-point of the current study 

as establishing the intrabronchial rhAPC dose that induced a 30% reduction in LPS-induced 

TATc concentrations in BALF. We chose to administer LPS in two contralateral lung subseg-

ments, thereby eliminating inter-individual variation in LPS responsiveness and allowing 

every subject to serve as his own control with regard to rhAPC effects. Much to our surprise, 

intrabronchially instilled rhAPC, given at either 15 μg or 75 μg, induced an increase, rather 

than a reduction, in BALF TATc concentrations after LPS challenge when compared with the 

contralateral side not treated with rhAPC (rhAPC 15 μg: 13.5 ± 5.2 versus 9.8 ± 4.8 μg?L-1 at the 

Figuur 1. Activated protein C (APC) concentrations in bronchoalveolar lavage samples. Healthy subjects (n=4 per group) 

were challenged bilaterally in a lung subsegment via a bronchoscope with lipopolysaccharide (LPS; 4 ng • kg-1 body weight) 

(a and b) or saline (c). Directly thereafter subjects received recombinant human (rh)APC 15 µg (a) or 75 µg(b and c) dissolved 

in 10 mL of saline in one subsegment and 10 mL of saline in the other lung subsegment. Bilateral bronchoalveolar lavage was 

performed 6 h after challenge. APC levels were undetectable in any of the control lung subsegments not administered with 

rhAPC. *P < 0.05. 
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contralateral side,P <0.01, fig. 2a; rhAPC 75 μg: 19.4 ± 4.2 versus 2.9 ± 0.8 μg?L-1 at the contral-

ateral side, P <0.05, fig. 2b). As these results made it highly unlikely that we could reach our 

predefined end-point, we decided not to proceed with another five-fold increase in rhAPC 

dose but, instead, added an extra study group without LPS challenge, seeking to determine 

whether intrabronchial rhAPC per se elicited a procoagulant response. Thus, subjects received 

a bilateral challenge with saline, combined with rhAPC (75 μg) on one side. These studies re-

vealed no procoagulant effect of rhAPC: BALF TATc levels were similar in lung subsegments 

instilled with rhAPC (1.6 ± 1.4 µg•L-1) when compared with the contralateral side (2.4 ± 1.2 

µg•L-1; fig. 2c). Protein C activity, total and free protein S, soluble thrombomodulin, protein C 

inhibitor and von Willebrand factor antigen concentrations were all below detection limits in 

BALF. 

Effect of intrabronchial rhAPC on fibrinolysis after LPS challenge 

Evidence derived from in vitro investigations indicates that APC may stimulate fibrinolysis by 

inhibiting plasminogen activator inhibitor type 1 (PAI-1)26. We measured levels of PAI-1, tissue-

type plasminogen activator (tPA) and plasmin-α2-antiplasmin complexes. While intrabron-

chial rhAPC given at a dose of 15 μg did not influence LPS-induced PAI-1 release in BALF 

(P=0.57; fig. 3a), rhAPC administered at 75 μg increased LPS-induced PAI-1 BALF levels in three 

out of the four subjects (192.5 ± 42.1 versus 55.0 ± 17.1 pg•mL-1 at the contralateral side; P=0.07; 

fig. 3b). Notably, intrabronchial rhAPC also tended to increase PAI-1 levels in BALF from sub-

jects who did not receive LPS (70.0 ± 45.3 versus 7.5 ± 7.5 pg•mL-1 at the contralateral side; 

P=0.26; fig. 3c). Neither LPS nor rhAPC influenced BALF concentrations of plasmin-α2-

antiplasmin complexes, whereas tPA levels were below detection limit in all BALF samples 

(data not shown). 

Intrabronchial rhAPC is associated with enhanced concentrations of tissue 

factor pathway inhibitor after LPS challenge 

Recent data suggest that APC can have a procoagulant effect by virtue of its proteolytic activity. 

APC was reported to shed the Kunitz-1 domain from tissue factor pathway inhibitor (TFPI), 

resulting in increased tissue factor activity and, consequently, coagulation activation27. We 

measured levels of TFPI in BALF. While intrabronchial rhAPC given at a dose of 15 μg did not 

influence LPS-induced TFPI release in BALF (fig. 4a), rhAPC administered at 75 μg increased 

LPS-induced TFPI BALF levels in all four subjects (48.1±9.9 versus 87.9±14.8 pg•mL-1 at the 

contralateral side; P <0.05; fig. 4b). Intrabronchial rhAPC did not change levels of TFPI in BALF 

from subjects who did not receive LPS (fig. 4c). 

 
Intrabronchial rhAPC increases leukocyte recruitment after LPS 

administration 

Intravenous rhAPC has been reported to reduce neutrophil recruitment into the bronchoal-

veolar space upon intrabronchial instillation of LPS in healthy humans16. In contrast, intra-

bronchial rhAPC treatment increased the total number of white blood cells in BALF 6 h after 

bilateral LPS challenge, although the differences with the contralateral control side did not 

Figuur 2. Intrabronchial instillation of recombinant human activated protein C (rhAPC) augments lipopolysaccharide 

(LPS)-induced coagulation in the bronchoalveolar space. Healthy subjects (n=4 per group) were challenged bilaterally in a 

lung subsegment via a bronchoscope with LPS (4 ng • kg-1 body weight) (a and b) or saline (c). Directly thereafter subjects 

received rhAPC 15 µg (a) or 75 µg (b and c) dissolved in 10 mL of saline in one subsegment and 10 mL of saline in the other lung 

subsegment. Thrombin-antithrombin complex (TATc) levels were measured in bronchoalveolar lavage samples obtained 6 

h after challenge. *: P < 0,05; **: P <,0.01. 

Figuur 3. Impact of intrabronchial recombinant human activated protein C (rhAPC) on lipopolysaccharide (LPS) induced 

release of plasminogen activator inhibitor type I in the bronchoalveolar space. Healthy subjects (n=4 per group) were chal-

lenged bilaterally in a lung subsegment via a bronchoscope with LPS (4 ng • kg-1 body weight) (a and b) or saline (c). Directly 

thereafter subjects received rhAPC 15 µg (a) or 75 µg (b and c) dissolved in 10 mL of saline in one subsegment and 10 mL of 

saline in the other lung subsegment. Plasminogen activator inhibitor type 1 (PAI-1) levels were measured in bronchoalveolar 

lavage samples obtained 6 h after challenge. 
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reach statistical significance (APC 15 μg: 33.6±14.6x104 versus 18.6±4.1x104 cells•mL-1 at the 

contralateral side, P=0.25, fig. 5a; APC 75 μg: 52.0±22.4x104 versus 11.1±1.5x104 cells•mL-1 at 

the contralateral side, P=0.13, fig. 5b). The rhAPC  induced increase in total cell number in lung 

subsegments challenged with LPS was due to a rise in the number of neutrophils (APC 15 μg: 

16.8±9.0x104 versus 7.5±2.7x104 neutrophils•mL-1,P=0.25, fig. 5d; APC 75 μg: 34.1±15.8x104 

versus 1.5±0.66x104 neutrophils•mL-1,P=0.13, fig. 5e). Intrabronchial rhAPC did not affect cell 

counts in lung subsegments not challenged with LPS (fig. 5c and f). 

Intrabronchial rhAPC enhances the local release of several cytokines and 

chemokines after LPS instillation 

To investigate the effect of local rhAPC administration on LPS-induced inflammatory media-

tor release we measured BALF concentrations of 48 cytokines, chemokines and growth factors. 

The results of these analyses are shown in online supplementary table S1. In the lower rhAPC 

dose cohort (15 μg), rhAPC significantly enhanced LPS-induced release of IL-6, CCL8 and 

CXCL6 while not influencing the levels of other mediators (online supplementary table S1). In 

the rhAPC 75 μg cohort, rhAPC significantly enhanced LPS-induced TNF-α, CCL4, CCL8 and 

TNF-related apoptosis-inducing ligand (TRAIL) concentrations (fig. 6 and online supplemen-

tary table S1). In addition, IL-1ß, CCL14a, CCL20, CXCL7, CXCL9 and CXCL11 showed a 

strong trend toward higher levels in this higher rhAPC dose cohort (p=0.052, p=0.081, 

P=0.078, P=0.075, P=0.092 and P=0.074, respectively; fig. 6 and online supplementary table 

S1). rhAPC given at 75 μg without LPS did not induce the release of inflammatory mediators in 

the lung, with the exception of a modest rise in CCL15 concentrations (online supplementary 

table S1). Taken together, these results show that intrabronchial instillation of rhAPC in LPS-

challenged lung subsegments enhanced the release of multiple pro-inflammatory mediators. 

Discussion 

Several preclinical studies have shown that APC may protect the lung from injury caused by 

inflammation28. Moreover, intravenous administration of rhAPC was reported to exert antico-

agulant and anti inflammatory effects in the bronchoalveolar space of healthy humans chal-

lenged with LPS in a lung subsegment by bronchoscope15, 16. Animal studies demonstrated that 

Figuur 4. Impact of intrabronchial recombinant human activated protein C (rhAPC) on lipopolysaccharide (LPS) induced 

release of tissue-factor pathway inhibitor in the bronchoalveolar space. Healthy subjects (n54 per group) were challenged 

bilaterally in a lung subsegment via a bronchoscope with LPS (4 ng • kg-1 body weight) (a and b) or saline (c). Directly there-

after subjects received rhAPC 15 µg (a) or 75 µg (b and c) dissolved in 10 mL of saline in one subsegment and 10 mL of saline 

in the other lung subsegment. Tissue factor pathway inhibitor (TFPI) levels were measured in bronchoalveolar lavage sam-

ples obtained 6 h after challenge. *: p < 0.05. 

Figuur 5. Impact of intrabronchial recombinant human activated protein C (rhAPC) on the lipopolysaccharide (LPS)-

induced increase in total leukocyte and neutrophil counts in the bronchoalveolar space. Healthy subjects (n=4 per group) 

were challenged bilaterally in a lung subsegment via a bronchoscope with LPS (4 ng • kg-1 body weight) (a and b) or saline (c). 

Directly thereafter subjects received rhAPC 15 µg (a) or 75 µg (b and c) dissolved in 10 mL of saline in one subsegment and 10 

mL of saline in the other lung subsegment. White blood cell counts (WBCs) and neutrophil counts were determined in bron-

choalveolar lavage samples obtained 6 h after challenge. 
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intrabronchially instilled APC exerts local anticoagulant and anti-inflammatory effects21–24, 29–32. 

Considering the bleeding risk associated with intravenous APC, we here for the first time in-

vestigated the potential of intrabronchial rhAPC administration to inhibit coagulation and 

inflammation in the human lung, arguing that this route of delivery would circumvent serious 

side-effects17–20. For this we used the established human model of lung inflammation induced 

by intrabronchial instillation of LPS via a bronchoscope14–16, 25. The main finding of our study 

was remarkable: intrabronchially administered rhAPC induced a procoagulant and pro-in-

flammatory response in lung subsegments challenged with LPS rather than the expected in-

hibitory effects on coagulation and inflammation. Our results from subjects not challenged 

with LPS via the airways further suggest that rhAPC augments LPS effects in the human lung, 

while not eliciting detectable inflammation or coagulation per se. 

Our study had a small sample size. As a consequence, although rhAPC clearly enhanced the 

LPS-induced release of biomarkers of coagulation and inflammation, the differences with the 

placebo control side often did not reach statistical significance. However, the current study 

was designed to demonstrate an inhibitory effect of rhAPC on bronchoalveolar coagulation 

and inflammation. After completion of the rhAPC 75 μg cohort, we considered it unlikely that 

the predefined end-point (i.e. a 30% reduction in BALF TATc levels) could be reached. Therefore, 

we decided to prematurely terminate the study. In addition, we considered it not ethical to 

enlarge the sample size of our cohorts in order to strengthen the statistical power of our study, 

on the basis that procoagulant and pro-inflammatory effects of locally administered rhAPC 

would not be of clinical value for patient groups and wishing to avoid exposing additional 

healthy subjects to invasive procedures. 

In the earlier study, in which intravenous rhAPC was found to inhibit coagulation and neu-

trophil influx in the same human LPS-induced lung inflammation model15, 16, APC concentra-

tions in BALF were approximately 15 ng•mL-1 as measured 2 h after discontinuation of the 

rhAPC infusion (24 µg•kg-1•h-1)15. Although BALF APC levels detected after intravenous 

rhAPC infusion cannot be readily translated to a feasible rhAPC dose to be administered in the 

bronchoalveolar space, we conservatively started the dose escalation study with 15 μg of intra-

bronchial rhAPC, taking into account the dilution caused by the BAL procedure and an esti-

mated recovery of 50–60%. BALF APC levels measured in the current study, 6 h after instillation, 

were considerably lower than in the previous study using intravenous APC administration15 

(mean levels of 0.33 ng•mL-1 and 1.60 ng•mL-1 in the rhAPC 15 μg and 75 μg cohorts, respec-

tively). Arguably, BALF APC concentrations were higher directly after rhAPC administration. 

Clearance of APC from the bronchoalveolar space is difficult to investigate in humans in light 

of the invasive procedure needed; nonetheless, evidence suggests that APC is slowly cleared 

from the alveolar compartment. Indeed, while the majority of patients with sepsis who are 

treated with intravenous rhAPC do not have detectable APC in plasma 2 h after discontinua-

tion of the infusion33, APC could still be recovered from the BALF of healthy humans in whom 

a similar rhAPC infusion was stopped 2 h earlier15. Hence, although BALF APC concentrations 

Figuur 6. Intrabronchial instillation of recombinant human activated protein C (rhAPC) augments lipopolysaccharide 

(LPS)-induced release of inflammatory mediators in the bronchoalveolar space. Healthy subjects (n=4 per group) were 

challenged bilaterally in a lung subsegment via a bronchoscope with LPS (4 ng • kg-1 body weight). Directly thereafter sub-

jects received rhAPC 75 µg dissolved in 10 mL of saline in one subsegment and 10 mL of saline in the other lung subsegment. 

Mediator levels were measured in bronchoalveolar lavage samples obtained 6 h after challenge. TNF: tumour necrosis fac-

tor; IL: interleukin; TRAIL: TNF-related apoptosis-inducing ligand. *: P < 0.05; **: P < 0.01. 
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measured in the present (intrabronchial rhAPC) and previous (intravenous rhAPC)15 investiga-

tion cannot be compared easily, these combined data suggest that the APC levels achieved in 

BALF here were likely within the same or lower range than those attained after intravenous 

rhAPC infusion. 

How can the apparently differential effects of intravenous rhAPC15 and intrabronchial rhAPC 

in LPS -induced human lung inflammation be explained? APC can exert anti-inflammatory, 

anti-apoptotic and barrier protective signals in endothelial cells via protease-activated recep-

tor (PAR)1 by a mechanism that requires binding of APC to the endothelial cell protein C re-

ceptor (EPCR)34. Cytoprotective anti inflammatory APC-PAR1 signalling has also been 

demonstrated in other cell types, in particular dendritic cells (EPCR dependent35) and macro-

phages (CD11/CD18 dependent35, 36). Furthermore, APC directly binds to activated α3ß1, α5ß1 

and αvß3 integrins and this interaction was essential for APC-induced inhibition of neutrophil 

extravasation into the bronchoalveolar space of mice37. These ‘cytoprotective’ and/or anti-in-

flammatory APC effects in vivo likely depend on which cell types are affected and thereby on 

the route of rhAPC administration. Furthermore, the distribution of receptors involved in 

these APC effects may vary in different body compartments. In addition, recent data suggest 

that APC can have a procoagulant effect by virtue of its proteolytic activity; APC was reported 

to shed the Kunitz-1 domain from TFPI, resulting in increased tissue factor activity and, conse-

quently, coagulation activation27. In this study we measured TFPI levels in BALF and showed 

that administration of rhAPC in the 75 μg cohort was associated with significantly enhanced 

TFPI levels. We hypothesise that increased levels of TFPI may have been a result of the pro-in-

flammatory state due to rhAPC administration. It should be noted that the TFPI assay used 

detects both full-length and cleaved TFPI. Hence, it is possible that the elevated TFPI levels 

were the result of cleavage of the intact protein by rhAPC, thereby contributing to a procoagu-

lant effect. We do not have a clear explanation for the discrepancy between our current find-

ings and earlier reports on the effect of intrapulmonary delivery of APC in mice21–24, although 

differences in the exact method of administration, the dose and species studied may be 

involved. 

Our study does not provide a clear mechanism underlying the unexpected pro-inflammatory 

and procoagulant effect of rhAPC in the human lung. We tried to reproduce the effects of APC 

in a mixed cell culture system using respiratory epithelial cells (A549) and either primary hu-

man alveolar macrophages or macrophage-like THP-1 cells but were unsuccessful (data not 

shown). 

In conclusion, this is the first study on the effects of intrabronchially administered rhAPC in a 

controlled lung inflammation model in humans. Our data show that locally administered 

rhAPC has procoagulant and pro-inflammatory effects in lung segments exposed to LPS. These 

data argue against a role for intrapulmonary delivery of rhAPC as a treatment strategy for lung 

inflammatory disorders in humans. 
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BRIEF REPORT

  INTRAPuLMONARy ADMINISTRATION OF RECOMbINANT ACTIVATED  

 PROTEIN C ENHANCES EOSINOPHIL INFLux DuRING HOuSE DuST MITE  

 INDuCED ALLERGIC LuNG INFLAMMATION IN MICE

Asthma is a major cause of morbidity, poor quality of life and health resource utilization1. 

Asthma is characterized by chronic inflammation of the airways, which can lead to frequent 

exacerbations and irreversible lung damage. A subgroup of patients is not or less responsive to 

currently available treatment, a category labelled as “severe refractory asthma”, indicating an 

urgent need to develop new anti-inflammatory treatment strategies2. 

The protein C (PC) system exerts a variety of anticoagulant and anti-inflammatory effects3. 

Several lines of evidence suggest that an impaired function of the PC system plays an important 

role in the perpetuation of lung inflammation in asthma4. Our group reported decreased levels 

of activated protein C (APC) in bronchoalveolar lavage fluid (BALF) harvested from asthma 

patients, relative to healthy subjects, both before and after allergen challenge5. Additionally, 

APC/PC ratios were reduced in sputum of asthma patients6, further suggesting impaired func-

tion of the PC system. Treatment with recombinant (r)APC via the airways attenuated allergic 

lung inflammation in an ovalbumin sensitization and challenge model in mice7, hinting to 

the possibility that this compound may be a new therapy for asthma. However, ovalbumin is 

rarely implicated in human asthma, which raises doubt about the generalizability of these 

promising results to more clinically relevant allergic lung inflammation models. House dust 

mite (HDM) allergens are an important cause of allergic lung inflammation in human asthma 

patients8, 9. We recently developed a model of allergic lung inflammation induced by repeated 

administration of HDM via the airways without the use of systemic adjuvants10. Here, we used 

this model to determine the effect of rAPC, administered via the airways, on HDM-induced 

allergic lung inflammation. 

HDM allergen whole body extract (Greer Laboratories, Lenoir, NC), derived from the common 

European HDM species Dermatophagoides pteronyssinus (Der p), was used to induce allergic 

lung inflammation in C57BL/6 mice (Charles River, Maastricht, the Netherlands) as described10. 

Briefly, mice were inoculated intranasally on days 0, 1 and 2 with 25 μg HDM (sensitization 

phase) and on days 14, 15, 18 and 19 with 6.25 μg HDM (challenge phase) during isoflurane 

inhalation anesthesia. Mice received normal saline (control) or rAPC (Xigris, Eli Lilly, 

Indianapolis, IN) intranasally directly prior to the HDM challenges at days 14, 15, 18 and 19; 

three rAPC treatment groups were studied, receiving 4 doses of 0.2, 2.0 and 4.0 μg respectively. 

At day 21 mice were euthanized, and samples were harvested and processed as described10. 

BALF was obtained for determination of leukocyte counts and differentials. Lung tissue slides 

were stained with hematoxylin-eosin (H&E) for gross pathology or Periodic Acid Schif (PAS)-D 

for detection of mucus, and scored10. Eosinophils were stained by an antibody against major 

basic protein (MBP, kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic 

Arizona, Scottsdale, USA), and digitally quantified10. Interleukin (IL)-4, IL-5, IL-13, eotaxin (all 

R&D systems, Abingdon, United Kingdom) and thrombin-antithrombin complexes (TATc, 

Affinity Biologicals, Ancaster, Ontario, Canada) were measured by ELISA. Plasma IgE, total 

IgG1 and HDM specific IgG1 were measured as described10. All data are expressed as mean ± SE. 

Differences between groups were serially tested by Kruskal-Wallis test. Values of P< 0.05 were 

considered statistically significant.

Repeated HDM airway exposure resulted in high total leukocyte counts in BALF caused by re-

cruitment of eosinophils and neutrophils (Figure, panels A-C). Unexpectedly, rAPC increased 

eosinophil recruitment (panel B, P <0.05 versus saline), while not influencing neutrophil 

counts in BALF (panel C). To obtain further insight in eosinophil recruitment we next esti-

mated eosinophil influx in lung tissue by digital quantification of MBP stainings. Consistent 

with the increased influx of eosinophils in BALF in rAPC treated mice, lung tissue harvested 

from these animals showed increased MBP staining upon HDM exp osure (panels D-E, P <0.05 

versus saline). Lung concentrations of eotaxin, a chemoattractant for eosinophils, were not 

affected by rAPC (panel F). Similarly, lung T helper 2 cytokine levels (IL-4, IL-5, IL-13) were simi-

lar in all groups (panels G-I). The extent of lung inflammation and mucus production did not 

differ between groups either (data not shown). Lung TATc concentrations were low in all 

groups, but tended to be higher in rAPC treated than in control mice (panel K, P=0.09 versus 

saline). rAPC treatment was associated with a dose-dependent increase in plasma IgE (panel K, 

P <0.01 versus saline) and HDM-specific IgG1 levels (panel L, P <0.05) without affecting total 

IgG1 (panel M) upon HDM instillation. 

The current results contrast with a previous study by Yuda et al. reporting strong anti-inflam-

matory effects of rAPC in a mouse model of allergic lung inflammation induced by ovalbumin 

sensitization and challenge, as reflected by attenuated eosinophil recruitment, lower T helper 

2 cytokine levels in lungs, and a blunted IgE response7. Several differences between this previ-

ous study and ours exist. We used HDM without adjuvant to induce allergic lung inflamma-

tion, while Yuda et al. used ovalbumin with alum as adjuvant for this purpose7. In contrast to 

ovalbumin, HDM is a frequent allergen source with high sensitization rates in asthma popula-

tions8, 9. Yuda et al. prepared human APC by activation of purified PC with bovine thrombin 

and administered APC as aerosols, whereas we used recombinant human APC that until 2011 

was commercially available and administered APC via the nares into the airways. Of note, 

human APC is biologically active in mice11-13. The current finding that rAPC administered via 

the airways enhances rather than inhibits some of HDM-induced responses in mice is in line 

with an earlier human study from our group, that showed enhanced lipopolysaccharide (LPS)-

induced inflammation in the bronchoalveolar space of healthy humans administered with 
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rAPC at the site of LPS instillation in the lungs14. An explanation for the proinflammatory ef-

fects induced by intrabronchial administration of rAPC is not clear. Part of the effects may be 

related to the concentration of rAPC used; it was shown before that effects of coagulation in 

the pulmonary compartment are differential and dependent on the concentration of 

thrombin15. Low-dose thrombin inhibited allergic asthma in mice, while high-dose thrombin 

exerted detrimental effects. However, this study was performed in an ovalbumin-based asthma 

mouse model, in contrast with the HDM extract we have used here.

APC can exert anti-inflammatory and barrier protective signals in endothelial cells via protease 

activated receptor (PAR)1 by a mechanism that requires binding of APC to the endothelial cell 

protein C receptor (EPCR)3. Cytoprotective anti-inflammatory APC-PAR1 signaling has also 

been demonstrated in other cell types, including dendritic cells and macrophages. Likely, the 

anti-inflammatory effects of APC depend on which cell types are affected and thereby on the 

route of rAPC administration. 

Intrapulmonary delivery of anticoagulants such as APC in theory provides the advantage of 

minimizing the bleeding risk associated with systemic administration16. Nonetheless, the 

present study taken together with our earlier study in humans14, argues against clinical studies 

evaluating the effect of rAPC delivery directly into the airways. 

 

Figure legend Effect of local rAPC treatment on HDM evoked allergic lung inflammation: Total cell counts (A), 

eosinophils (B), neutrophils (C) in BALF. Percentage of lung surface stained positive for eosinophils (D) quantified by digital 

imaging of MBP staining. Representative MBP staining of lung tissue-slides (E) of placebo and the 2µg rAPC treatment 

group (100x original magnification). Mean (± SE) lung concentrations of eotaxin (F), IL-4 (G), IL-5 (H), IL-13 (I), TATc (J) and 

plasma IgE (K), HDM-IgG1 (L) and IgG1 (M). Data are means of 6-8 mice per group. P-values tested by Kruskal-Wallis test.
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  LIPOPOLySACCHARIDE AMPLIFIES EOSINOPHILIC INFLAMMATION AFTER 

 SEGMENTAL CHALLENGE WITH HOuSE DuST MITE IN ASTHMATICS 

Abstract

Background House dust contains mite allergens as well as bacterial products such as li-

popolysaccharide (LPS). Asthma exacerbations are associated with the level of exposure to al-

lergens and LPS. LPS can potentiate allergen effects in steroidnaïve patients. Long-acting 

ß2-agonists (LABA) were shown to inhibit LPSinduced bronchial inflammation in healthy 

volunteers. The aim of this study was to assess the effect of LPS on the allergen-induced eosi-

nophilic inflammation [primary endpoints: eosinophil counts and eosinophil cationic protein 

(ECP)] induced by bronchial instillation of house dust mite (HDM) in patients with asthma on 

maintenance treatment with inhaled corticosteroids (ICS). 

Methods Thirty-two nonsmoking asthmatics with HDM allergy were treated with run-in 

medication (fluticasone propionate 100 μg bid) during 2 weeks before the study day. All pa-

tients underwent bronchial challenge with HDM, and half of them were randomized to receive 

additional LPS. Both groups were randomized to receive pretreatment with a single inhalation 

of 100 μg salmeterol 30 min before bronchial segmental challenge. Six hours later, bronchoal-

veolar lavage (BAL) was collected for leukocyte cell count, differentials, and cellular activation 

markers. 

Results Challenge with HDM/LPS induced a significant increase in eosinophil cationic pro-

tein (P = 0.036) and a trend toward an increase in BALF eosinophils as compared to HDM 

challenge.

Con clusion Lipopolysaccharide promotes eosinophilic airway inflammation in patients 

with asthma despite being on maintenance treatment with ICS.

Asthma is characterized by variable airflow limitation, airway hyper-responsiveness, and air-

way inflammation, accompanied with symptoms of shortness of breath, cough, wheezing, 

and chest tightness1. It is thought to be caused and driven by a combination of genetic factors 

and en vironmental factors such as allergens, viruses, bacterial products, molds, and air 

pollution1–3.

Exposure to house dust mites (HDMs) is associated with asthma exacerbations and eosinophilic 

inflammation in mitesensitive patients1. House dust is a complex mixture, containing mite al-

lergens and microbial products such as lipopolysaccharide (LPS, endotoxin). LPS is known to 

induce a neutrophilic inflammation in healthy subjects4–6. Patients with asthma have an in-

creased sensitivity toward inhaled LPS with respect to lung function with a more pronounced 

fall in FEV17. Also, exposure to LPS might be associated with occurrence of asthma symptoms8.

While some investigators showed positive4, 9 and others negative8, 10 effects of LPS exposure on 

asthma occurrence, severity, and airway remodeling, little is known about the interaction and 

underlying mechanisms between allergen-driven activation via the adaptive immune system 

and LPS-induced activation of the innate immune system. Interestingly, de Boer et al.11 showed 

that LPS inhibits the Th2 lung inflammation induced by HDM allergens in mice.

Asthma treatment is built on inhalation corticosteroids (ICS) and bronchodilators1. 

Corticosteroids strongly inhibit allergen-induced eosinophilic inflammation12, but are less ef-

fective in suppressing LPS-induced neutrophilic inflammation13. Previous work from our 

group showed that the long-acting ß2-agonist (LABA) salmeterol is capable of inhibiting LPS-

induced inflammation in healthy volunteers14. Moreover, in patients with asthma, salmeterol 

suppresses allergen-induced early release of interleukin (IL)-5, which is pivotal for eosinophilic 

inflammation and suggests an inhibitory effect on mast cell activation15, 16. Therefore, LABAs 

may be effective in suppressing both allergen-induced and LPS-induced pulmonary 

inflammation in asthma and thereby reduce airway remodeling. 

Using the clinically relevant model of bronchial segmental HDM provocation5, 6, 17, we tested 

the hypothesis that addition of LPS to allergen, in a ratio similar to natural house dust, induces 

an increase in the eosinophilic inflammatory response in stable asthmatics on maintenance 

treatment with inhaled corticosteroids. 

Furthermore, we tested whether pretreatment with a single dose of salmeterol has an inhibi-

tory effect on allergen and allergen/LPS-induced inflammation in asthmatics while on main-

tenance treatment with ICS. 

Methods 

Subjects 

Thirty-nine adult, nonsmoking and stable patients with intermittent-to-mild asthma (accord-

ing to GINA)1, with allergy to HDM, were recruited by advertising. Patients were included after 

screening, consisting of a questionnaire, physical examination, blood investigation, lung 

function (ATS)18, 19, and allergy test (RAST). The institutional ethics committee approved the 

study, and subjects gave informed consent (Dutch Trial Register no. 1807). Additional infor-

mation is provided in the online data supplement. 

Study design 

In this investigator-initiated, randomized, controlled, singleblinded study (Fig. 1), all patients 

used run-in medication [fluticasone propionate (GlaxoSmithKline, Zeist, the Netherlands)] 

100 μg bid during 2 weeks before the study day20. Patients who used ICS before screening were 

asked to stop their regular medication and switch to the study run-in medication. After run-in, 

patients were randomized to receive bronchial segmental challenge with HDM or HDM/LPS in 

a lung subsegment. Sham challenge (saline) was performed in the contralateral lung. In addi-

tion, patients were randomized to pretreatment by inhalation of 100 μg of salmeterol (Glaxo-

SmithKline) 30 min before the challenge or no pretreatment. After 6 h, bronchoalveolar lavage 
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(BAL) was performed (ATS guidelines)21, 22. Primary endpoints were markers of eosinophilic 

inflammation (eosinophil cell count and eosinophil cationic protein) in BAL fluid (BALF). 

Materials 

U.S. Standard Reference endotoxin (lipopolysaccharide E. coli, 10 000 EU/vial) was kindly 

supplied by Dr Suffredini from the National Institutes of Health, Bethesda, Maryland, USA. 

Standardized D. Pteronyssinus extract (10 000 BU/ml) was derived from ALK Abello, 

Nieuwegein, the Netherlands. All patients received 50 biological units in 5 ml saline, which 

contained 0.097 ng endotoxin. 

Measurements 

Cell differentials from BALF were performed on cytospins (Diff-Quick; Dade Behring AG, 

Düdingen, Switzerland). Cell concentrations were calculated as (% cells x total cell count)/

volume of BALF. When the percentage of a cell differential was zero, we assigned a quarter of the 

detection limit (0.1%) for statistical reasons23. Inflammatory mediators in BALF and serum were 

determined by multiplex bead flow assays (Bio-Rad, Hercules, CA, USA) and read on a Bioplex 

200 reader (Bio-Rad Laboratories, Inc.) or enzymelinked immunosorbent assay (ELISA). 

Statistical analysis 

A sample size of 16 patients was estimated to have a power of 80% to detect a 50% change in 

BAL leukocytes14. Differences were considered significant at P-values equal or <0.05. Block 

randomization was performed by envelopes using fixed block sizes of four treatment options. 

The pulmonologist administering the intervention and the laboratory analysts performing 

the measurements on the material were completely blinded to the treatment. Baseline differ-

ences were analyzed by one-way ANOVA. To determine the effect of LPS on HDM-induced 

pulmonary inflammation, we performed a univariate analysis with LPS and salmeterol as fixed 

factors and baseline values (blood) or control segment values (BALF) as covariates. All analyses 

were performed with SPSS 20 for Windows (IBM, Armonk, NY, USA). 

Results 

Participants were investigated between August 2010 and August 2011. Subject characteristics 

were not significantly different between groups (P > 0.05, Table 1). Two of 39 screened patients 

withdrew during the run-in period. After the run-in period, we randomized 37 patients on the 

study day. During the study day, two patients refused to undergo the second bronchoscopy, 

and in three cases, the procedures were not completed due to medical reasons (Fig. 1). We were 

able to collect blood samples before and 6 h after provocation from 36 patients. Per-protocol 

analysis of BALF was performed in 32 patients. Nine of these 32 patients used ICS maintenance 

treatment with a mean fluticasone equivalent of 300 μg/day before the start of run-in. We ob-

served no significant differences in FEV1 during the study day between different groups. 

We started with an LPS dose of 4 ng/kg, which was based on studies in healthy volunteers. We 

lowered the LPS dosage to 1 ng/kg because of adverse respiratory effects in the first two patients 

who received HDM plus 4 ng/kg LPS (no pretreatment with salmeterol). For the standard provo-

cation dose of 4 ng/kg, it is reported in the literature6 that it does not induce any eosinophilic 

inflammation. We composed an additional control group of six asthmatics to verify that the 

lower dose of 1 ng/kg LPS also did not cause an increase in baseline eosinophilic inflammation 

but did induce a neutrophilic inflammation. In this group, we did not find an effect on any of 

the parameters for eosinophilic inflammation. Increase in BALF IL-6 (P = 0.029) and CXCL10 

(P = 0.013) and increase in peripheral blood leukocytes (P = 0.023 ), neutrophils (P = 0.029), and 

monocytes (P = 0.021) 6 h after low-dose LPS challenge did confirm proinflammatory effects of 

the low-dose LPS. 

To study the effect of LPS on HDM-induced eosinophilic inflammation, the results of the two 

patients with 4 ng/kg LPS were included in the analysis. To study the effect of salmeterol pre-

treatment, results of these two patients were omitted as both patients did not receive salmeterol 

pretreatment. 

Effect of LPS on HDM-induced eosinophilic inflammation (n = 32) 

Primary endpoints 

Table 2 shows the primary)) and secondary endpoints in BALF of subjects challenged with 

HDM and HDM/LPS. Addition of LPS to HDM induced a significant increase in BALF eosinophil 

cationic protein (ECP) (P = 0.04) and a nonsignificant increase in eosinophils (P = 0.09) (Fig. 2 

and Table 2). The interaction term of LPS and salmeterol was not significant in the univariate 

analysis, indicating that the effect of LPS was independent of the presence or absence of pre-

treatment with salmeterol. Figure 1 Study design flow diagram. HDM, house dust mite; LPS, lipopolysaccharide. 
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Secondary endpoints 

Addition of LPS to HDM induced a significant increase in leukocytes, neutrophils (Fig. 3), 

lymphocytes, monocytes, basophils, plasma cells, IL-1ß, IL-6, IL-8, myeloperoxidase (MPO) 

(Fig. 3), MCP-1, MIP-1α, MIP-1ß, chymase, tryptase, CXCL-10, and TGF-ß (Fig. 3) in BALF. 

Measurements of IL-4, IL-5, IL-10, IL-13, IL-17, and stem cell factor in BALF were below the de-

tection limit. 

In peripheral blood, addition of LPS to HDM caused an increase in leukocytes (P = 0.001), neu-

trophils (P < 0.001), and IL-10 (P = 0.02) and a decrease in blood eosinophils (P = 0.04) (Table S1). 

These results did not depend on the presence or absence of salmeterol pretreatment. 

Effect of salmeterol in HDM and HDM/LPS-challenged patients (n = 30) 

Primary endpoints 

The slight inhibition of the HDM-induced increase in eosinophils and ECP in BALF by pretreat-

ment with salmeterol did not reach statistical significance (Table 3). This result was not affected 

by the presence or absence of LPS challenge. 

Secondary endpoints 

After pretreatment with salmeterol, we measured a significant inhibition of the increase in 

lymphocytes (P = 0.02), monocytes (P = 0.03), IL-1b (P = 0.03), and CXCL10 (P = 0.003) in BALF 

after challenge. In peripheral blood, salmeterol significantly augmented the decrease in lym-

phocytes (P = 0.002) and eosinophils (P = 0.001) and an increase in IL-8 (P = 0.021). 

Discussion 

This study shows a potentiating effect of LPS on allergen-induced eosinophilic inflammation 

in patients with mild asthma on maintenance treatment with ICS. We observed a significant 

increase in BALF eosinophil cationic protein and a trend toward an increase in BALF eosi-

nophils after HDM/LPS challenge as compared to HDM challenge only. As expected, addition 

of LPS to HDM challenge induced significant increases in BALF neutrophils and myeloperoxi-

Table 1 Baseline characteristics

 HDM HDM/LPS HDM (S) HDM/LPS (S) 
 N = 8 N = 8 N = 8 N = 8 P-value

Age*  26.5 (20-30)  28.0 (19-42)  21.0 (19-26)  22.3 (19-25)  >0.05

Male gender (%)  37.5  25.0  25.0  50.0  >0.05

ICS use before run-in (%)  25.0  62.5  12.5  12.5  >0.05

Prebronchodilator FEV1 in liter†  4.2 (0.8)  3.8 (0.7)  3.6 (0.6)  4.0 (0.5)  >0.05

Prebronchodilator FeV1% of predicted†  106.0 (11.3)  101.4 (14.0)  97.5 (14.0)  103.4 (15.0)  >0.05

PC-20‡ in mg/ml  9.9 (3.6)  6.7 (4.7)  7.5 (5.3)  2.8 (4.6)  >0.05

Total IgE‡ in kU/l  305.1 (2.6)  383.5 (3.2)  168.7 (4.0)  306.8 (2.9)  >0.05

IgE HDM‡ in kU/l  25.4 (3.5)  24.2 (5.2)  7.6 (5.4)  32.2 (2.9)  >0.05

HDM, house dust mite; LPS, lipopolysaccharide; (S), salmeterol; ICS, inhalation corticosteroids; FEV1, forced expiratory 

volume in 1 second; PC-20, provocative concentration (mg/ml) of methacholine inducing a decline in FEV1 of 20% from 

baseline. Values are expressed as *median (range), †mean (standard deviation), ‡geometric mean (geometric standard de-

viation) and analyzed by oneway ANOVA.

HDM, house dust mite; LPS, lipopolysaccharide. Geometric means for saline challenge and estimated marginal means for 

HDM and HDM/LPS challenge site (means adjusted for saline challenge values). P-values for the difference between HDM 

and HDM/LPS as found in the univariate analysis with LPS and salmeterol as fixed factors and saline values as covariate. 

P < 0.05 vs saline, †P ≤ 0.001 vs saline. 

Table 2 Effect of provocation with HDM, HDM/LPS, or saline (control) in BALF

 Control HDM HDM/LPS 
 n = 3 n = 3 n = 3 P-value

Primary outcomes

eosinophils, cells x 104/ml  0.07  0.47†  1.70†  0.09

Eosinophil cationic protein, ng/ml  0.84  2.74*  8.26†  0.04

Secondary outcomes

Leukocytes, cells x 104/ml  11.89  12.79  29.58*  0.02

neutrophils, cells x 104/ml  1.10  1.23  10.19*  0.001

Lymphocytes, cells x 104/ml  0.87  0.79  1.31  0.03

Monocytes, cells x 104/ml  0.01  0.01  0.02*  0.04

Basophils, cells x 104/ml  0.01  0.01  0.02*  0.006

Macrophages, cells x 104/ml  7.68  7.94  10.72  0.30

Mast cells, cells x 104/ml  0.01  0.01  0.03*  0.05

Plasma cells, cells 9 104/ml  0.01  0.01  0.02*  0.02

IL-1ß, pg/ml  0.02  0.01  0.13*  0.002

IL-6, pg/ml  1.33  1.06  1188.5†  <0.001

IL-8, pg/ml  25.86  19.54  785.2†  <0.001

IL-9, pg/ml  0.57  0.38  0.39  0.97

IL-18, pg/ml  0.04  0.04  0.05  0.44

GRO-µ, ng/ml  0.41  0.64  0.95*  0.21

Myeloperoxidase, ng/ml  12.08  12.33  37.67†  0.002

MCP-1, pg/ml  5.95  4.70  42.56*  0.01

MIP-1µ, pg/ml  0.03  0.04  9.10†  <0.001

MIP-1ß, ng/ml  0.09  0.03  2.30†  <0.001

CXCL-10, ng/ml  1.04  0.74  13.80†  <0.001

RANTES, pg/ml  0.08  0.16  0.48*  0.17

TGF-ß, pg/ml  7.12  7.23  15.38*  <0.004

Chymase, pg/ml  5.10  5.32  21.33†  <0.001

Tryptase, kU/l  0.72  0.87  1.88†  <0.009

eotaxin, pg/ml  1.80  1.54  1.92  0.69
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dase. Moreover, there was also an increase in chymase, tryptase, TGF-ß, and CXCL-10 among 

others. Additional treatment with single-dose salmeterol did not significantly inhibit any of 

the primary endpoints. However, there was significant inhibition of the increase in BALF 

lymphocytes, monocytes, IL-1ß, and CXCL10. 

To our knowledge, this is the first study investigating the additional effect of LPS on HDM-

induced bronchoalveolar inflammation in allergic asthmatics on maintenance treatment 

with ICS, using the safe, clinical relevant, and well-tolerated research model of bronchial seg-

mental provocation. The ratio LPS: HDM in the current study was 1 : 1.41 (based on weight), 

which resembles the composition of floor dust in regular, temperate climate homes24. This 

study has a few limitations. It is known that there is a large interindividual variability in sensi-

tivity to endotoxin25, and its effects are time and dose dependent, complicating every study 

investigating the effect of LPS exposure. Because we intended to limit the burden to the pa-

tients, we did not perform a cross-over study to correct for this effect. We observed a relatively 

high neutrophil count in the control segments of some patients, which may be explained by 

more pronounced collateral inflammation of asthmatics as described by Braunstahl et al.26. 

Alternatively, as the control segment was always challenged first, contamination with endo-

toxins from the upper airways during insertion of the bronchoscope could cause this high 

neutrophil count. However, regardless of the origin of the phenomenon, it may have masked 

differences rather than being responsible for the differences, as we corrected the effect of LPS 

and salmeterol for the values in the control segments. 

Some investigators report maximal eosinophil influx in BALF of asthmatics at 42 h after aller-

gen provocation27, while others report eosinophil influx in BAL as early as 4 h after allergen 

challenge28. The design of our study, with a time frame of 6 h, covers the early phase of the 

inflammatory response after allergen challenge. We may have missed possible effects of LPS 

and salmeterol on inflammation later on. 

In our small groups, there seems to be some heterogeneity in baseline characteristics (Table 1) 

concerning PC20 and allergic parameters. This might be a result of differences in ICS usage 

prior to recruitment. However, based on additional information available, we believe that 

these differences did not influence the final results. 

First, all patients had mild persistent or intermittent asthma. The groups were homogeneous 

in this respect. Second, all patients, including the ones on ICS treatment before recruitment, 

used the same run-in medication of flixotide 200 μg/day for 2 weeks prior to the study day. 

Baseline values of the primary endpoints did not differ significantly for patients who used and 

did not use ICS before run-in and were not dependent on baseline PC20 methacholine or levels 

of HDM-specific IgE. Moreover, we performed an analysis with the baseline variables (blood) 

and saline values (BALF) as covariates minimizing the effect of differences. Introducing the use 

of ICS before run-in as a fixed factor in the analysis did not show any indication for an inde-

pendent contribution of this factor. 

In line with the results of Schaumann et al.17 in steroidnaïve patients with asthma, we demon-

strate a potentiating effect of LPS on allergen-induced local pulmonary inflammation as 

Figure 3. Additional effect of LPS to HDM on secondary outcomes in BALF. Paired differences in neutrophil cell count and 

concentrations of myeloperoxidase, chymase, tryptase, CXCL-10, and TGF-ß in bronchoalveolar lavage supernatant, 6 h 

after challenge with saline and HDM, or saline and HDM/LPS.

Figure 2. Additional effect of LPS to HDM on primary outcomes in BALF. Paired differences in eosinophil cell count and 

concentration of eosinophil cationic protein in bronchoalveolar lavage fluid (BALF), 6 h after challenge with saline and HDM, 

or saline and HDM/LPS. 10
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shown by a definitive increase in ECP and a possible increase in eosinophil numbers. 

Maris et al.14. previously observed a significant inhibition of neutrophil recruitment and re-

duced production of MPO and TNF-α after a single dose of 100 μg salmeterol previous to inha-

lation challenge with LPS in healthy males. In the current study, we did not investigate the 

effect of salmeterol on challenge with LPS only, but salmeterol did not appear to inhibit neu-

trophil influx by LPS in combination with HDM. The simultaneous challenge with house dust 

mite may have modified the effect of salmeterol on neutrophil recruitment, and it cannot be 

ruled out that the effect of salmeterol on LPS-induced neutrophil recruitment is modified by 

the maintenance treatment with inhaled corticosteroids. Furthermore, there were additional 

differences between the study by Maris et al. and our current study in the type of challenge 

(inhalation vs bronchial segmental challenge) and the total dose of LPS dosage (100 μg by in-

halation vs 1 ng/kg with a mean dose of 0.07 μg by local endobronchial deposition). It should 

be tested whether the effect of salmeterol on LPS-induced neutrophil recruitment in asthma-

tics differs from the effect as found in healthy volunteers. 

We were not able to demonstrate alterations in Th2 proteins, such as IL-4, IL-5, and IL-13, in 

BALF. In general, protein levels of these cytokines are very low in BAL due to dilution by the 

lavage procedure. Unfortunately, we were not able to perform PCR for these parameters. 

Previous studies showed efficacy of combination therapy with ICS and LABA on mast cells16, 29 

and smooth muscle cells30. Interestingly, a single dose of salmeterol, next to ICS maintenance 

treatment, significantly inhibited the increase in lymphocytes, monocytes, IL-1ß, and 

CXCL10 and had a borderline effect on mast cells after HDM or HDM/LPS exposure. This is 

consistent with the results of Wallin et al.29 who demonstrated a significant decrease in mast 

cells in BALF, after 12 weeks of treatment with fluticasone propionate and salmeterol. 

Interestingly, we also observed an increase in chymase, tryptase, and CXCL10 after addition of 

LPS to HDM, which suggests an effect on mast cell recruitment and/or activation31, 32. These 

mediators affect the airway smooth muscle layer, which is thought to play an important role 

in airway remodeling in asthma32. Likewise, TGF-b, which is also potentiated by LPS, is associ-

ated with airway remodeling33 and asthma severity34. 

Based on our findings and others, we could speculate that exposure to LPS in combination 

with mite allergen potentiates mechanisms associated with airway remodeling. Possibly, sal-

meterol due to its effect on CXCL10 might interfere with these mechanisms, at least during 

acute administration. 

In conclusion, we showed that low-dose LPS significantly promotes eosinophilic airway 

inflammation, in particular as indicated by ECP levels, after allergen exposure in patients with 

asthma. Most interestingly, while they were using maintenance treatment with ICS. In addi-

tion to its effect on ECP, LPS appears to promote parameters associated with mast cell recruit-

ment and activation, and potentiates TGF-ß. These pathways are connected with airway 

remodeling. Secondly, salmeterol may inhibit some aspects of HDM/LPS-induced bronchial 

inflammation, but did not inhibit the main parameters for eosinophilic and neutrophilic 

inflammation. 
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Table 3 Effect of salmeterol on outcomes in BALF after provocation with HDM LPS

 Salmeterol - Salmeterol +
Primary outcomes (N = 14) (N = 16) P-value

Primary outcomes

eosinophils, cells x 104/ml  1.50  0.41  0.11

Eosinophil cationic protein, ng/ml  5.22  3.63  0.56

Secondary outcomes

Leukocytes, cells x 104/ml  20.98  16.25  0.25

neutrophils, cells x 104/ml  3.84  2.70  0.34

Lymphocytes, cells x 104/ml  1.33  0.87  0.02

Monocytes, cells x 104/ml  0.02  0.01  0.03

Basophils, cells x 104/ml  0.01  0.01  0.51

Macrophages, cells x 104/ml  10.65  7.78  0.14

Mast cells, cells x 104/ml  0.02  0.01  0.08

Plasma cells, cells x 104/ml  0.01  0.01  0.14

IL-1ß, pg/ml  0.07  0.02  0.03

IL-6, pg/ml  29.51  22.49  0.43

IL-8, pg/ml  142.82  83.87  0.86

IL-9, pg/ml  0.40  0.41  0.70

IL-18, pg/ml  0.04  0.04  0.66

Myeloperoxidase, ng/ml  17.84  21.10  0.67

GRO-µ, ng/ml  0.77  0.94  0.75

MCP-1, pg/ml  15.97  13.38  0.79

MIP-1µ, pg/ml  1.45  0.15  0.08

MIP-1ß, ng/ml  0.26  0.21  0.87

CXCL-10, ng/ml  3.90  2.05  0.003

RANTES, pg/ml  0.38  0.16  0.28

TGF-ß, pg/ml  8.40  11.40  0.44

Chymase, pg/ml  9.70  10.24  0.95

Tryptase, kU/l  1.09  1.24  0.96

eotaxin, pg/ml  2.11  1.19  0.32

Estimated marginal means (means adjusted for saline challenge) and P-values for the difference between salmeterol/HDM 

± LPS and HDM ± LPS as found in the univariate analysis with LPS and salmeterol as fixed factors and saline challenge va-

lues as covariate.
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  ACTIVATED PROTEIN C INHIbITS ALLERGEN-INDuCED NEuTROPHIL 

  MIGRATION IN ASTHMA; A RANDOMISED TRIAL

 

Abstract 

Background Asthma is associated with a chronic mixed neutrophilic and eosinophilic air-

way inflammation. Patients show evidence of a procoagulant state in their airways, accompa-

nied by an impaired function of the anticoagulant protein C system. We aimed to study the 

effect of recombinant human activated protein C (rhAPC) on procoagulant and inflammatory 

responses induced by intrabronchial allergen challenge in allergic asthma patients. 

Methods We conducted a randomized, double-blind, placebo-controlled, proof-of-concept 

study in house dust mite (HDM) allergic asthma patients. Patients were randomized to receive 

intravenous rhAPC (24 μg/kg/hour, n=12) or placebo (n=12) for 11 hours. Four hours after start 

of infusion, a first bronchoscopy was performed to challenge one lung segment with saline 

(control) and a contralateral segment with a combination of HDM extract (50 biological units) 

and lipopolysaccharide (LPS, 75 ng), thereby mimicking environmental house dust exposure. 

A second bronchoscopy was conducted 8 hours after intrabronchial challenge to obtain 

bronchoalveolar lavage fluid (BALF). Coagulation and leukocytes in BALF were main end-

parameters. 

Findings rhAPC did not influence HDM+LPS induced procoagulant changes in the lung. In 

contrast, rhAPC reduced BALF leukocyte counts by 43% relative to placebo, caused by an in-

hibitory effect on neutrophil influx (64% reduction), while leaving eosinophil influx unal-

tered. RhAPC also reduced neutrophil degranulation products in the airways, as indicated by 

lower BALF concentrations of elastase, myeloperoxidase and lactoferrin. 

Interpretation Intravenous rhAPC attenuates HDM+LPS-induced neutrophil migration 

and protein release in allergic asthma patients by an effect that does not rely on coagulation 

inhibition. 

Funding Netherlands Asthma Foundation project 3.2.08.009

Introduction

Asthma is a obstructive respiratory disease accompanied by symptoms of recurrent dyspnea, 

wheezing and chest tightness.1 Severe allergic asthma is characterized by a mixed airway infil-

tration of eosinophils and neutrophils.2 Chronic allergic lung inflammation may lead to irre-

versible lung damage, frequent asthma exacerbations and corticosteroid unresponsiveness in 

an important subgroup of asthma patients.1 Therefore, there is a high urgency to develop new 

anti-inflammatory treatment strategies that improve allergic lung inflammation. 

 

There is growing acceptance that allergic lung inflammation is accompanied by a pulmonary 

procoagulant and antifibrinolytic environment.3 Regarding this interplay between allergic 

lung inflammation and coagulation in asthma, the anticoagulant Protein C (PC) system has 

received particular attention, as it affects both inflammation and coagulation.4 Activated PC 

(APC), the end product of the PC system, is primarily known for its anticoagulant effects 

through inactivation of clotting factors Va and VIIIa. In more recent years, APC has been 

shown to exert additional cytoprotective effects in different inflammatory settings that are 

independent of its anticoagulant properties4,5, including beneficial alterations in gene expres-

sion profiles, reduction of apoptosis and increasing endothelial barrier integrity. Recombinant 

human (rh) APC (drotrecogin alfa) was registered for ten years as an adjuvant treatment in 

adult multi-organ failure sepsis, until its retraction in 2011 for reasons of uncertainty of its ef-

fectiveness in this setting. Nonetheless, APC’s anticoagulant and anti-inflammatory potential 

remains remarkable and the development of non-anticoagulant APC mutants with strong 

protective effects in a variety of inflammation models has fueled new interest in the PC path-

way as a therapeutic target.4,5 

Asthma patients have decreased APC levels in bronchoalveolar lavage fluid (BALF) compared 

to healthy subjects both before and after allergen challenge.6 Additionally, sputum of bronchial 

asthma patients showed reduced APC/thrombin ratios, suggesting insufficient upregulation 

of the PC system in response to increased airway coagulation activation.7 Data from a murine 

study showed a clear reduction in allergic lung inflammation by treatment with APC in an 

ovalbumin sensitization and challenge model.8 We hypothesized that restoration of the PC 

pathway by administration of rhAPC would inhibit allergen-induced inflammation in patients 

with allergic asthma. In the current proof-of-concept trial we investigated the effects of rhAPC 

on allergic lung inflammation induced by intrabronchial allergen administration in patients 

with asthma. 

Methods

Patients and Design 

We conducted a randomized, double-blind, placebo-controlled, proof-of-concept study in 24 

house dust mite (HDM)-allergic asthma patients to study APC treatment in a setting of allergic 

lung inflammation (Netherlands Trial Register no. 2943). The Medical Ethics Committee of 

the Academic Medical Center, Amsterdam, approved the study and written informed consent 

was obtained from all patients. Four hours before allergen challenge, patients were randomly 

assigned to start on continuous intravenous infusion with rhAPC 24 μg/kg/h (purchased from 

Eli Lilly, Indianapolis, In) or placebo (Figure 1). RhAPC or placebo infusion was discontinued 1 

hour before the second bronchoscopy with BAL (see below) to minimalize bleeding risk during 

the BAL procedure. Segmental challenge was done via a bronchoscope as described with slight 
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adjustments.6 In short, a bronchoscopy was performed using a flexible fiberoptic videobron-

choscope to instil one lung segment with saline (serving as a control) and a contralateral seg-

ment with a combination of HDM extract (50 biological units, BU, Dermatophagoides 

pteronyssinus origin, ALK Abello, Almere, the Netherlands) and lipopolysaccharide (LPS, from 

Escherichia coli, U.S. standard reference endotoxin; 75 ng, kindly provided by Anthony 

Suffredini, National Institute of Health, Bethesda, MD), seeking to mimic a clinically relevant 

and likely airway challenge.9,10 In total 28 patients were randomized. In four patients (one pla-

cebo, three rhAPC) the second bronchoscopy was not done by decision of the pulmonologist 

based on the presence of migraine in one patient and intolerance to introduction of the bron-

choscope in three patients (none of these patients displayed asthma symptoms). All results 

relate to the 24 patients from whom BALF was obtained (12 rhAPC and 12 placebo treated pa-

tients), i.e., in whom effects could be determined. Eight hours post-challenge a bilateral BAL 

was performed for analyses.6 Further details about patient screening, BAL handling procedures, 

measurements and assays are described in the online supplement. 

Randomisation and masking

Randomization was performed by using a closed envelope system supervised by the pharma-

cist. The patient and study team were blinded for treatment allocation. Measurements were 

performed blinded. After completion of the study the pharmacist provided the allocation key.

Statistical analysis 

Comparison between two variables was done by Student’s T-test or Mann Whitney where ap-

propriate. Serial data were analysed by 2-way analysis of variance and Friedman’s test for re-

peated measurements where appropriate. P < 0·05 was considered statistically significant. 

Results

baseline characteristics

Table 1 shows baseline characteristics of both treatment groups. Groups were similar with re-

spect to age, gender and type of asthma related symptoms. All patients had established HDM 

allergy, as reflected by similarly high D. pteronyssinus specific IgE levels in both groups. There 

was a tendency to higher FEV1 (% of predicted) values in the rhAPC group compared to placebo 

(P=0·05). Otherwise, patient characteristics were similar.

Clinical responses

Instillation of HDM+LPS did not induce clinical symptoms of asthma. There were no bleeding 

complications.

RhAPC has no impact on HDM+LPS induced pulmonary coagulation 

in allergic asthma

To monitor the anticoagulant effect of rhAPC in the circulation we measured the activated 

partial thromboplastin time (APTT). Before start of therapy APTT was similar between groups 

(Figure 2). As expected, patients infused with rhAPC had a prolonged APTT at t=0 (i.e., directly 

before allergen challenge; P <0·05 versus placebo) and t=8 hours (P <0·01). HDM+LPS induced 

elevated TATc and D-dimer BALF concentrations when compared with the saline side in both 

rhAPC (Figure 3A+B, P <0·001 and P <0·05 respectively) and placebo treated patients (P <0·01 

and P<0·01 respectively). Remarkably, TATc and D-dimer levels measured in BALF from Figure 1. Flow diagram of the study.
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HDM+LPS challenged lung segments did not differ between rhAPC and placebo treated pa-

tients. In plasma both TATc and D-dimer showed gradual increases during the study day 

(Figure 3D+E), which were significant in both rhAPC (P <0·05 and P <0·01 respectively) and 

saline infused patients (P<0·05 and P<0·001 respectively). Although rhAPC tended to reduce 

plasma TATc (P=0·06) and D-dimer levels (P=0·08), differences with the placebo group were 

not significant. Considering that APC has been reported to exert an inhibitory effect on fibri-

nolysis by enhancing the release of plasminogen activator inhibitor type I (PAI-1)5, we meas-

ured PAI-1 in BALF (Figure 3C) and plasma (Figure 3F). HDM+LPS challenge was associated 

with higher BALF PAI-1 levels in rhAPC (P <0.05 versus saline) and placebo treated patients 

(P=0·05). BALF PAI-1 concentrations did not differ between treatment groups. In plasma PAI-1 

increased gradually during the study day in both patient groups (P <0·05). Although rhAPC 

tended to enhance this rise in plasma PAI-1, the difference with placebo treated patients was 

not significant (P=0·06). Together, these data indicate that HDM+LPS elicits a procoagulant 

environment in the airways of patients with allergic asthma and that rhAPC infusion does not 

significantly alter this response.

RhAPC reduces HDM+LPS induced neutrophil influx in allergic asthma

Severe allergic asthma is characterized by a mixed cellular infiltration of the airways of eosi-

nophils and neutrophils.2 HDM+LPS instillation increased total leukocyte counts in BALF 

Figure 2. RhAPC prolongs APTT in vivo Horizontal arrows indicate differences within treatment groups during the day. 

Data are means ± SE of 12 patients per group. *P < 0·05, ***P < 0·001. 

Data are means + SE. ‘NA’ for ‘not applicable’.

Table 1: Baseline patient characteristics. 

Figure 3. RhAPC does not influence HDM+LPS induced coagulation activation and fibrinolysis inhibition (A) TATc 

in BALF, (B) D-dimer in BALF, (C) PAI-1 in BALF, (D) TATc in plasma, (E) D-dimer in plasma, (F) PAI-1 in plasma. Horizontal 

arrows indicate differences within treatment groups during the day. Data are means ± SE of 12 patients per group. *P < 0·05, 

**P < 0·01, ***P < 0·001. 

Placebo rhAPC
Reference 

range
p-value

General number of patients
Female (n)
Age (years)

12
11

24·2 ± 3·2

12
11

23·1 ± 1·1

 NA
 NA
 NA

0·546
0·367

Asthma  
related 
symptoms

Wheezing (%)
Cough (%)
Dyspnea (%)
Chest pain (%)
Seasonal variablity (%)
Symptoms progress at night (%)
eczema (%)
Allergic rhinitis (%)
Family history of atopy (%)

83·3
33·3
91·7
33·3
91·7
33·3
50·0
83·3
75·0

91·7
66·7
100
50·0
83·3
58·3
58·3
58·3
75·0

 NA
 NA
 NA
 NA
 NA
 NA
 NA
 NA
 NA

0·546
0·110
0·317
0·418
0·546
0·229
0·688
0·187
1

Allergy house dust mite (%)
Total Ige (kU/L)
Ige specific D. pteronyssinus

100
357·7 ± 91·4
54·2 ± 11·6

100
312·0 ± 113·6

54·6 ± 8·6

NA
0 -100
0 -0·35

1
0·729
0·862

Lung FeV1 (L)
FeV1 % of predicted (%)
FVC (L)
FVC % of predicted (%)
Metacholine PC20 (mg/mL)

3·6 ± 0·2
100·6 ± 3·1
4·1 ± 0·2

100·7 ± 3·1
2·9 ± 0·6

3·9 ± 0·2
110·3 ± 3·4

4·4 ± 0·3
107·0 ± 3·5

3·2 ± 0·4

NA
100
NA
100

>19·6

0·299
0·05
0·544
0·166
0·299·

Hematology hemoglobin (mmol/L)
Leukocyte count (109/L)
neutrophils (109/L)
Lymphocytes (109/L)
Monocytes (109/L)
eosinophils (109/L)
Basophils (109/L)
Thrombocytes (109/L)

8·4 ± 0·14
7·1 ± 0·6
4·4 ± 0·5
2·2 ± 0·08
0·6 ± 0·08

0·24 ± 0·03
0·04 ± 0·01

257·6 ± 13·2

8·5 ± 0·2
6·2 ± 0·4
3·4 ± 0·3
2·1 ± 0·1

0·5 ± 0·04 
0·23 ± 0·06
0·04 ± 0·005 
256·7 ± 18·1

7·5 - 10·0
4 - 10·5
1·8 - 7·2
1·5 - 4
0·1 - 1

0·01 - 0·33
0·0 - 0·2

150 - 400

0·523
0·340
0·133
0·644
0·452
0·298
0·929
0·686

Coagulation APTT (seconds)
PT (seconds)

25·5 ± 0·5
10·8 ± 0·2

25·4 ± 0·5
11·0 ± 0·2

22 -30
9·7 -11·6

0·950
0·228
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compared to saline (both P <0·001 for placebo and rhAPC groups), caused by an influx of eosi-

nophils and neutrophils (Figure 4A-C). RhAPC reduced mean leukocyte counts in HDM+LPS 

challenged lung segments by 43% relative to placebo (P <0·05). This inhibitory effect by rhAPC 

selectively involved neutrophils: whereas eosinophil numbers did not differ between treat-

ment groups, rhAPC infused patients demonstrated a 64% reduction in mean neutrophil 

counts when compared to placebo treated patients (P <0·05). Notably, rhAPC also reduced total 

leukocyte counts on the saline challenged side compared to placebo (P <0·05); this effect was 

caused by a reduction in neutrophils counts, although due to interindividual variation this 

difference did not reach statistical significance. Peripheral blood leukocyte (Figure 4D) and 

neutrophil counts (Figure 4F) increased during the study day, whereas eosinophil numbers 

decreased (Figure 4E) (all P <0·001). These systemic responses were not influenced by rhAPC. 

Together these results indicate that rhAPC selectively inhibits neutrophil recruitment into the 

airways upon local HDM+LPS challenge. 

RhAPC does not influence the local release of neutrophil chemoattractants  

induced by HDM+LPS 

Several chemokines and cytokines can attract neutrophils to the lungs, including interleukin 

(IL)-8, IL-1ß, tumor necrosis factor (TNF)-α, macrophage inflammatory protein (MIP)-1α 

(CCL3) en MIP-1ß (CCL4). Levels of all of these mediators (Figure 5A-E) were higher in 

HDM+LPS challenged lung segments than in saline instilled segments (non-significant for 

IL-8 in the placebo group). However, there were no differences between rhAPC and placebo 

treated patients. Complement products too can attract neutrophils to sites of inflammation. 

C3a, C3bc and C4bc levels increased in BALF upon HDM+LPS challenge relative to saline ad-

ministration (Figure 5F-H). RhAPC did not alter this HDM+LPS induced complement activa-

tion. C5a remained undetectable in BALF of all patients. CD11b is a ß2-integrin implicated in 

neutrophil migration to the lungs. We therefore determined CD11b expression on blood and 

BALF neutrophils (Figure E1). Pulmonary neutrophils showed increased CD11b expression 

compared to blood neutrophils, without differences between saline and HDM+LPS instilled 

lung segments. RhAPC did not affect neutrophil CD11b expression. PGE2 can inhibit neu-

trophil migration. HDM+LPS induced an increase in BALF PGE2 concentrations relative to sa-

line control in both groups, without effect of RhAPC (Figure 5I). Together these data suggest 

that rhAPC does not influence the local concentrations of neutrophil attractants. Similarly, 

rhAPC did not influence the HDM+LPS induced release of eotaxin or soluble vascular cell ad-

hesion protein-1, mediators implicated in eosinophil recruitment (Figure E2). 

Figure 4. RhAPC reduces HDM+LPS induced neutrophil influx (A) total leukocytes in BALF, (B) eosinophils in BALF, (C) 

neutrophils in BALF, (D) blood leukocytes, (E) blood eosinophils, (F) blood neutrophils. Horizontal arrows indicate differences 

within treatment groups during the day. Data are means ± SE of 12 patients per group. *P < 0·05, ***P < 0·001.

Figure 5. RhAPC does not influence the local release of neutrophil chemoattractants induced by 

HDM+LPS Concentrations in BALF of (A) IL-8, (B) IL-1ß, (C) TNF-α, (D) MIP-1α, (E) MIP-1ß, (F) C3a, (G) C3bc, (H) C4bc, (I) 

PGE2. Data are means + SE of 12 patients. *P < 0·05, **P < 0·01, ***P < 0·001
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RhAPC attenuates HDM+LPS evoked neutrophil degranulation in the airways 

of asthma patients

Enhanced release of neutrophil proteases within the respiratory tract has been implicated in 

airway inflammation in severe asthma.11 Elastase is contained in azurophilic granules of neu-

trophils, together with myeloperoxidase (MPO). HDM+LPS challenge induced elevated BALF 

levels of elastase (Figure 6A) and MPO (Figure 6B) relative to saline administration (placebo: P 

<0·01 and P<0·001 for elastase and MPO respectively; rhAPC: both P<0·05). Importantly, 

rhAPC infusion was associated with significantly lower concentrations of elastase (P<0·01) 

and MPO (P <0·05) in lung segments challenged with HDM+LPS. To test whether this anti-in-

flammatory effect of rhAPC was specific for azurophilic granules, we measured BALF levels of 

lactoferrin, which is a constituent of neutrophil-specific granules. HDM+LPS instillation in-

duced an increase in BALF lactoferrin concentrations in placebo treated patients (Figure 6C, 

P<0·01 versus saline), but not in rhAPC treated patients. In accordance, rhAPC infusion signifi-

cantly reduced lactoferrin levels in HDM+LPS challenged lung segments when compared to 

placebo treatment (P <0·05). These data show that levels of neutrophil degranulation products 

were lower in the airways of rhAPC treated asthma patients upon allergen challenge. 

RhAPC does not influence T helper cytokine release by HDM+LPS challenge

APC has been reported to inhibit the expression of T helper 2 cytokines in a mouse model of 

ovalbumin induced allergic lung inflammation.8 HDM+LPS instillation elicited rises in IL-5, 

IL-6 and IL-10 relative to saline administration; rhAPC did not impact hereon. IL-4 and IL-17 

levels remained undetectable in all patients. Thymic stromal lymphopoietin (TSLP), impli-

cated in T helper 2 activation in allergic lung inflammation, was detectable at low levels in all 

samples, but no differences were detected between HDM+LPS and saline challenged segments, 

or between rhAPC and placebo treated patients (Figure E3).

RhAPC does not modify vascular leak upon HDM+LPS challenge

APC can exert cyto- and barrier-protective effects on endothelial cells.5 We determined the 

quotients of albumin and α2-macroglobulin levels in BALF and serum (QAlb and QA2M, re-

spectively) and the relative coefficient of excretion (RCE: QA2M/QAlb) as measures of the 

permeability of the blood–airway barrier.12 HDM+LPS instillation was associated with signifi-

cant increases in QAlb (Figure 8A; P <0·01 vs. saline) and QA2M (Figure 8B; P<0·001 vs. saline) 

and RCE (Figure 8C; P <0·001 versus saline). These HDM+LPS effects were not altered by rhAPC 

(Figure 8A-C). In accordance, HDM+LPS elicited rises in total protein levels (Figure 8D) and in 

the number of VE-cadherin positive microvesicles in BALF (Figure 8E), which were not influ-

enced by rhAPC infusion. 

Discussion

In recent years local activation of the coagulation system in the airways has been implicated as 

a pathophysiological mechanism contributing to allergic inflammation and asthma.3 We here 

report a proof-of-concept trial that sought to determine the effect of rhAPC, a protein with 

distinct anticoagulant and cytoprotective properties, on allergen-induced lung inflammation 

in patients with asthma. The main finding of our study is that rhAPC reduces neutrophil re-

cruitment and degranulation products in the bronchoalveolar space challenged with allergen. 

Considering the role of neutrophils in severe refractory asthma13, these findings may have rel-

evance for especially this patient category, in which conventional asthma therapies are less 

effective. 

We used segmental challenges with HDM+LPS via a bronchoscope, a technique previously 

adopted by our and other groups to model allergic lung inflammation.6 HDM was chosen as 

challenge since it is a frequent allergen source with high sensitization rates in asthma popula-

tions.14 We added low dose LPS as a natural and relevant adjuvant.9 LPS is a component of the 

Figure 6. RhAPC decreases the pulmonary HDM+LPS evoked increase of elastase, MPO and lactoferrin lev-

els Concentrations of BALF levels of (A) elastase, (B) MPO and (C) lactoferrin. Data are means ± SE of 12 patients per group. 

*P < 0·05, **P < 0·01, ***P < 0·001. 

Figure 7. RhAPC has no effects on type 2 cytokine levels (A) IL-5, (B) IL-6 and (C) IL-10. Data are means ± SE of 12 pa-

tients per group. **P < 0·01, ***P < 0·001. 
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gram-negative bacterial cell wall and an environmental pollutant that has been associated 

with the frequency of asthma symptoms.10 Previously, we have shown that in mice HDM+LPS 

elicits a mixed eosinophil and neutrophil influx into the airways15, and subsequently con-

firmed this observation in patients with mild asthma.16 The dosages chosen for both HDM and 

LPS are within the range of levels detected in patient’s homes. Co-exposure of HDM with LPS 

not only is a likely clinical event, but also may have relevance for asthma pathogenesis because 

the HDM allergen Der p2 is structurally and functionally similar to the endogenous LPS-

binding protein MD-2. By forming lipid-carrying sacks, HDM allergens act as carriers of LPS 

into the pulmonary compartment.17 There is increased interest in studying asthma phenotypes 

characterized with by mixed neutrophilic and eosinophilic infiltrates, since airway neu-

trophilia has been linked with severe asthma, refractory asthma and corticosteroid 

unresponsiveness.13 

Studies have revealed that both mouse and human neutrophils are important in the pathobi-

ology of anaphylaxis and allergic inflammation via an IgG and FcγRIIA-dependent pathway.18 

RhAPC inhibited HDM+LPS induced neutrophil influx into the airways without affecting 

eosinophil recruitment. In accordance, rhAPC reduced neutrophil influx upon segmental LPS 

challenge in healthy humans19, and inhibited IL-8 directed20 and integrin-mediated neutrophil 

migration.21 Chronically elevated levels of elastase and MPO can lead to lung damage and thus 

could contribute to the association between neutrophils and asthma severity.13 Asthma pa-

tients demonstrate increased elastase activity in sputum, correlating with worse clinical out-

comes.22 Neutrophil serine enzymes (most notably elastase) can enhance eosinophil effector 

functions such as superoxide generation and cytokine/chemokine secretion. In accordance, 

elastase inhibitors reduced allergen induced goblet cell degranulation in guinea pigs24 and 

prevented eosinophilic inflammation, Th2 cytokine production and goblet cell metaplasia in 

an ovalbumin sensitization and challenge model in mice.25 Interestingly, APC reduced elastase 

induced lung injury in mice26, suggesting that this drug influences neutrophil responses by 

multiple mechanisms. RhAPC also diminished the concentrations of lactoferrin, a constituent 

of neutrophil specific granules, of which the capability to activate eosinophils is of special in-

terest in the context of asthma.27 

Intrapulmonary HDM+LPS exposure caused elevated levels of TATc, D-dimer and PAI-1 in 

BALF, indicating that allergic lung inflammation is associated with a pulmonary procoagulant 

and anti-fibrinolytic environment. Intriguingly, rhAPC did not prohibit HDM+LPS-induced 

pulmonary coagulation. In contrast, in a previous study rhAPC treatment exerted anticoagu-

lant effects after LPS exposure of the airways in healthy volunteers.28 This discrepancy may be 

due to differences in the extent of coagulation activation, as indicated by the fact that BALF 

mean TATc levels were ~50-fold higher in the present study. This difference in BALF TATc levels 

was not due to a higher LPS challenge dose, which was ~25% of the LPS dose administered in 

the earlier study in healthy humans.28 Apparently, the strong procoagulant response evoked by 

HDM+LPS in the pre-existing procoagulant environment in the airways of asthma patients 

cannot be inhibited by the usual intravenous dose of rhAPC. Together, these data suggest that 

the anticoagulant properties of rhAPC have little if any role in the inhibition of neutrophil 

influx and degranulation by this compound. This finding is important for the possible clinical 

implications and the current development of APC mutants that lack anticoagulant effects. 

These mutants display intact cytoprotective properties and are as effective as wild-type APC in 

reducing lethality in preclinical sepsis models. Moreover, a recent investigation showed that 

non-anticoagulant APC can inhibit acute lung inflammation elicited by Pseudomonas aerugi-

nosa.29 Non-anticoagulant APC mutants have the considerable advantage that they are not as-

sociated with increased bleeding risk, which has been a major concern for rhAPC in clinical 

practice in the past. Importantly, one of these selective APC mutants has reached the clinical 

testing phase.

In a mouse model of lung inflammation induced by ovalbumin sensitization and challenge 

inhalation of APC strongly attenuated allergic inflammation as reflected by a reduced influx of 

eosinophils and lower levels of the Th2 cytokines IL-4, IL-5 and IL-13 in BALF.8 In our current 

study, intravenous infusion of rhAPC did not reproduce these effects, which at least in part can 

be explained by differences in species, allergen provocation and route of APC administration. 

Although intrapulmonary delivery of rhAPC may seem attractive, this approach is not feasible 

with the present product. Indeed, we recently reported unexpected exaggerated procoagulant 

and proinflammatory effects of intrabronchial rhAPC administration in healthy humans 

Figure 8: RhAPC does not modify vascular leak upon HDM+LPS challenge (A) QAlb, (B) QA2m, (C) RCE, (D) total pro-

tein and (E) VE-cadherin expressing microvesicles. Data are means ± SE of 12 patients per group. *P < 0·05, **P < 0·01, ***P 

< 0·001. 
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challenged with LPS via the airways.30 In addition, APC has strong anti-inflammatory and 

barrier protective effects on endothelial cells , which are targeted better by intravenous infu-

sion. Nonetheless, we were not able to detect barrier protective effects of rhAPC, as reflected by 

unaltered parameters of increased blood-airway permeability in HDM+LPS challenged lung 

segments.

In conclusion, we here show that intravenous rhAPC infusion attenuates HDM+LPS-induced 

neutrophil migration and protease release in allergic asthma patients by an effect that did not 

rely on local inhibition of coagulation. This proof-of-concept study may have implications for 

the development of new anti-inflammatory treatment strategies in severe refractory asthma 

wherein neutrophils play an important role in chronic inflammation and acute exacer bations. 
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 THE EFFECT OF INFLAMMATION ON COAGuLATION AND VICE VERSA 

Purpose of review 

In infection, inflammation is frequently accompanied by a disturbance of the normal hemo-

static balance provided by procoagulant and anticoagulant mechanisms. This review sum-

marizes recently acquired knowledge on the bimodal interactions between coagulation and 

inflammation in infection. 

Recent findings 

Infection elicits inflammation-induced coagulation via tissue factor. A net procoagulant state 

is further produced by impaired functioning of anticoagulant mechanisms among which is 

the protein C system. Protease activated receptors (PARs) form the molecular link between 

coagulation and inflammation. PAR1 mediates both detrimental (induced by thrombin) and 

protective (induced by activated protein C) cellular effects. Activated protein C protects 

against mortality in experimental endotoxemia and sepsis by effects that rely on PAR1, not on 

the anticoagulant properties of this protein. 

Summary 

Recent data provide new insights into how inflammation impacts on coagulation and vice 

versa, identifying crucial roles for PARs. This knowledge may assist in designing novel inter-

ventions targeted at the perpetuation of inflammation by mediators traditionally implicated 

in coagulation. 

Introduction 

Infection is associated with activation of inflammatory and procoagulant mechanisms. In re-

cent years it has become apparent that tight and reciprocal interactions exist between coagula-

tion and inflammation. Originally, much attention was given to mechanisms by which 

inflammatory mediators, most notably cytokines, can activate coagulation. More recent in-

vestigations have revealed that, in turn, mediators involved in the regula tion of coagulation 

and anticoagulation have major effects on inflammatory processes. In this review we focus on 

new developments in the interaction between inflam mation and coagulation during 

infection. 

Impact of inflammation on the coagulation system 

The inflammatory response triggered by infection results in a net procoagulant effect by con-

current activation of coagulation (driven by tissue factor mediated thrombin generation) and 

impairment of anticoagulant mechan isms (most notably the protein C system). 

Inflammation-induced coagulation activation: the role of tissue factor 

Inflammation elicits coagulation primarily by activating the tissue factor pathway1. Tissue 

factor is a trans membrane glycoprotein expressed by various extra vascular cells, including 

adventitial fibroblasts and vas cular smooth muscle cells. Coagulation is initiated when circu-

lating blood comes into contact with these tissue factor bearing cells (such as after vascular 

damage) and/or when tissue factor expression is induced on the surface of mononuclear cells 

and endo thelial cells upon stimulation by bacterial products or proinflammatory cytokines. 

Apart from this action in its traditional cell-associated form, tissue factor antigen and activity 

have also been detected in cell free plasma1. Circulating tissue factor resides in microparticles 

that can be shed from leukocytes, endothelial cells, vascular smooth muscle cells and platelets. 

Microparticles can transfer tissue factor to cells that do not generate this procoagulant protein 

them selves, such as granulocytes2, and have been impli cated in activation of both coagulation 

and inflammation in sepsis3. 

Tissue factor binds and activates clotting factor VII, which via factor X results in the generation 

of thrombin and fibrin. The pivotal role of tissue factor in activation of coagulation during a 

systemic inflammatory response syndrome, such as produced by endotoxemia or severe sepsis, 

has been established by many different experi ments. In particular, a number of different 

strategies that prevent the activation of the tissue factor/factor VIIa pathway in endotoxemic 

humans and chimpanzees and in bacteremic baboons abrogated the activation of the com-

mon pathway of coagulation4. In accordance, mice with an almost complete absence of tissue 

factor had reduced coagulation, inflammation and mortality relative to control mice upon 

administration of high-dose endo toxin5. Recent evidence indicates that myeloid cells, most 

likely monocytes, are the predominant cellular source of tissue factor in mice exposed to endo-

toxin; deletion of the tissue factor gene in vascular endothelium or smooth muscle cells did 

not influence coagulation activation in these animals6•. Nonetheless, selective inhibition of 

tissue factor in nonhematopoietic cells reduced coagulation activation by approximately 

50%, indicating a role of an unidentified cell type in this compartment6•. 

A very recent investigation has pointed to an important role for neutrophils in localizing acti-

vation of coagulation to small vessels and prevention of pathogen dissemina tion during infec-

tion7•. Specifically, elastase released by neutrophils at the site of infection degrades tissue factor 

pathway inhibitor, the main inhibitor of tissue factor, resulting in enhanced local coagulation. 

Infusion of a mutant tissue factor pathway inhibitor protein resist ant to proteolysis by elastase 

strongly impaired host defense against systemic infection7•. 

Inflammation-induced coagulation: the role of complement 

Whereas the role of proinflammatory cytokines in the induction of coagulation has long been 

recognized1, more recent studies indicate that complement products can enhance coagulation 

activation during infection8. In vitro C5a and the terminal complex of complement, C5b-9, 

induce tissue factor expression on endothelial cells and monocytes. C4b-binding protein, a 

regulator of the classical pathway of complement activation, also modulates the anticoagulant 
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effects of the protein S co-factor for protein C. In vivo, treatment of baboons with C4b-binding 

protein, thereby reducing the bio availability of protein S, converted a sublethal model of sepsis 

into lethal disease9, whereas anti-C5a treat ment attenuated sepsis-induced coagulation activa-

tion in polymicrobial sepsis in rats10. Intravenous admin istration of compstatin, which pre-

vents activation of C3, reduced systemic coagulation, shock and organ failure11. 

Impairment of anticoagulant mechanisms: the role of the protein C system 

Procoagulant activity is regulated by three important anticoagulant pathways: antithrombin, 

tissue factor path way inhibitor and the protein C system. During severe infection the function 

of all of these pathways is impaired1. We here discuss one of these pathways, the protein C 

system, considering the large body of new data that has appeared during the past few years. 

Antithrombin and tissue factor pathway inhibitor have been the subject of recent reviews4,12,13. 

The protein C system provides important control of coagulation by virtue of the capacity of 

activated protein C (APC) to proteolytically inactivate the coagulation cofactors Va and VIIIa. 

APC is a serine protease generated from its zymogen protein C when thrombin binds to 

thrombomodulin, a receptor present on the vascular endothelium. The activation of protein 

C to APC by thrombomodulin-bound thrombin is augmented by the presence of the endothe-

lial protein C receptor (EPCR). During sepsis the protein C system is impaired as a result of de-

creased production of protein C by the liver, increased consumption of protein C, a stressed 

vitamin K homeostasis and decreased activation of protein C by reduced expression of 

thrombomodulin on endothelial cells, a direct consequence of proinflam matory cytokines 

such as tumor necrosis factor (TNF)-α4. Many studies have supported the anticoagulant po-

tency of the protein C system in vivo (for a recent review see14). Most notably, infusion of APC 

into septic baboons prevented hypercoagulability and death, whereas inhibition of protein C 

activation exacerbated the response to Escherichia coli and converted a sublethal model into a 

lethal disseminated intravascular coagu lation-associated model15. Moreover, treatment of ba-

boons with an anti-EPCR monoclonal antibody was also associated with an exacerbation of a 

sublethal Escher ichia coli infection to lethal sepsis with massive coagu lation activation16. 

Impact of coagulation on inflammation 

The host responds to infection by mounting a so-called innate immune response, which is 

aimed to destroy the invading pathogen. Coagulation products produced as a direct conse-

quence of the inflammation accompanying the innate immune response perpetuate and 

strengthen inflammatory reactions. This bimodal interaction between inflammation and co-

agulation can have major adverse effects on normal tissue homeostasis and – in severe sepsis 

– is likely to significantly contribute to organ damage and death. Protease-activated receptors 

(PARs) form the crucial link between coagulation and inflammation17,18. 

Cross-talk between coagulation and inflammation: protease-activated receptors 

Protease-activated receptors have been identified as important mediators of cellular responses 

especially in the context of a combined inflammatory and procoagulant response. PARs can be 

activated by various serine pro teases. The mechanism by which serine proteases signal via 

PARs involves the cleavage of the N-terminal part of the receptor to expose a new previously 

cryptic sequence. The exposed sequence remains tethered to the receptor, acting as a receptor-

activating ligand. Some proteases can cleave PARs downstream of this tethered ligand se-

quence, making further proteolytic activation of PARs impossible and resulting in receptor 

inactivation. As such, proteases can regulate PAR signaling by activation or inactivation. In 

total four PARs (1 to 4) have been identified, each of which can be activated by several proteases. 

Thrombin is an essential player in PAR acti vation as this enzyme can activate PAR1, 3 and 4; 

these receptors can also be activated by plasmin, trypsin or cathepsin-G. PAR2 is resistant to 

thrombin but can be activated by trypsin, mast cell tryptase, leukocyte proteinase-3 and a 

number of bacteria-derived enzymes. Tissue factor can induce cell signaling via PAR1 or PAR2; 

APC can exert cellular effects via PAR1. Currently, PAR3 is viewed as an accessory receptor for 

PAR1 or PAR4. 

Protease-activated receptors, thrombin and activated protein C 

Activated protein C, apart from being an important anti coagulant, can transmit anti-

inflammatory, antiapoptotic and vasculoprotective signals in endothelial cells via PAR1 when 

it remains attached to EPCR14. Despite the fact that APC and thrombin can both cleave and 

activate PAR1, APC produces cellular responses in vas cular endothelium that are distinct from 

thrombin signal ing. The unique signaling specificity of APC is incom pletely understood; 

contributing factors include the inability of EPCR/APC-cleaved PAR1 to cross-activate PAR219, 

localization of EPCR/APC signaling to caveo lae resulting in PAR1 desensitization20• and ligand 

occupancy of EPCR leading to EPCR/caveolin dis sociation and a broad switch of PAR1 signal-

ing specificity21. The distinct cellular effects of APC and thrombin are especially striking with 

regard to endothelial barrier function. APC potently inhibits thrombin-induced vas cular hy-

per-permeability by a mechanism dependent on trans-activation of the sphingosine 1 phos-

phate (S1P) receptor 1 (S1P1)22, whereas thrombin induces vas cular hyper-permeability 

dependent on another S1P receptor, S1P323 (Fig. 1). 

The concept of differential S1P receptor coupling by thrombin and APC via PAR1 has been 

corroborated by a series of elegant studies in genetically modified mice24••. By using animals 

with strongly reduced EPCR expression or PAR1 deficiency, loss of EPCR/APC sig naling via 

PAR1 was shown to result in increased vascular leakage and lethality in a normally nonlethal 

model of endotoxemia. Notably, whereas inhibition of endogenous APC increased endotoxin-

induced lethality, antibody mediated disruption of the APC pathway in mice lacking the S1P3 

receptor merely increased thrombin generation, without impacting on lethality. In accord-

ance, PAR1 deficient mice were also partially protected from the detrimental effects of the 

blocking anti-APC antibody. Together, these findings point to an important link between (in-
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jurious) endothelial cell thrombin/PAR1 sig naling and S1P3 in vivo. Moreover, the complete 

survival of S1P3-deficient mice after efficient APC blockade indicates that anticoagulant ef-

fects of APC are not essen tial for protection against lethality in mice exposed to endotoxin. In 

accordance, studies using APC mutants with selective anticoagulant properties have demon-

strated that inhibition of coagulation does not contribute to the protective effects of recom-

binant APC during endotoxemia and sepsis24••,25. The protective role of S1P1 downstream of 

endothelial PAR1 signaling via EPCR/APC predicts that an S1P1 agonist may show benefit in 

models with defective APC signaling. Indeed, mice with low EPCR expression, PAR1-deficient 

mice and antiprotein C treated wild-type mice were rescued from lethality by therapy with a 

selective agonist of S1P124••. Hence, PAR1 signaling contributes to setting the vascular S1P1/

S1P3 balance in inflammatory disorders, whereby thrombin mediates S1P3 dependent disrup-

tion of the vascular integrity and APC preserves vascular barrier function via S1P1. 

Very recent studies have provided new insights in the cellular targets of APC and the existence 

of APC-induced anti-inflammatory pathways that do not rely on EPCR or PAR126••,27••. The pro-

tection against lethality conferred by recombinant APC administration during otherwise lethal 

endotoxemia was shown to be depen dent on the presence of EPCR and PAR1 in hemato poietic 

cells27••. In accordance with previous studies28, hematopoietic EPCR deficiency failed to increase 

the susceptibility of mice to endotoxin, indicating that endogenous APC does not improve 

survival through this pathway and that the effects of pharmacological doses of recombinant 

APC on immune cells may be distinct from the effects of endogenous APC27••. In addition, fur-

ther investigations indicated that administration of an APC mutant that mediates full cell sig-

naling capacity but only minimal anticoagulant function reduced mortality induced by 

endotoxin via a mechanism that was depen dent on EPCR expressed by dendritic cells27••. 

Indeed, adoptive transfer of dendritic cells purified from either wild-type or EPCR-deficient 

mice into mice with an EPCR-deficient hematopoietic compartment clearly showed that den-

dritic cells were sufficient and EPCR was required to restore the ability of recombinant APC 

therapy to protect the mice from endotoxin-induced death27••. Remarkably, APC suppressed the 

inflam matory response of conventional dendritic cells indepen dent of EPCR27••. Thus, although 

EPCR and PAR1 are required for the protective effects of recombinant APC in lethal endotox-

emia, accessory signaling pathways independent of EPCR and PAR1 likely exist. In another 

very recently published study, APC/PAR1-mediated anti-inflammatory effects on macrophages 

were reported to be dependent on the integrin CD11b/CD18, and not on EPCR26••. In this inves-

tigation APC was shown to bind CD11b/CD18 within lipid rafts on macrophages, which was 

essential for cleavage of PAR1 and S1P1 production and protection against endotoxin-induced 

lethality26••. APC may also interact with another class of integrins on innate immune cells: APC 

directly binds to activated α3ß1, α5ß1, and αVß3 integrins29•. The in-vivo relevance of this interac-

tion was demonstrated in mice, in which wild-type APC, but not a site-specific integrin 

binding-deficient mutant, prevented neutrophil extravasation into the bronchoalveolar 

space29•. Previous studies had already provided evidence for a similar inhibiting effect of recom-

binant APC on neutro phil chemotaxis in humans30. Together these data suggest that protective 

Figure 1 Cell-specific effects of activated protein C and throm bin  Activated protein C (APC) can activate protease ac-

tivated receptor-1 (PAR1) via an interaction with either CD11b/CD18 (on macrophages) or the endothelial protein C receptor 

(EPCR) (on dendritic or endothelial cells). Activation of PAR1 by APC results in anti-inflammatory and cytoprotective effects 

via the sphingosine 1 phosphate (S1P) receptor 1 (S1P1). Thrombin can also activate PAR1, resulting in proinflammatory and 

barrier disruptive effects via S1P3. An additional mechanism by which APC can reduce proinflammatory damage during in-

fection is by inactivation of histones released by dying cells. 
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APC/PAR1 signaling may occur via distinct auxiliary receptors (EPCR on endothelial and den-

dritic cells and CD11b/CD18 on macrophages), that APC can interact with various integrins 

and that not all anti-inflammatory effects of APC are signaled via PAR1. 

Intriguingly, whereas EPCR/APC/PAR1 signaling exerts protective effects after exposure to rela-

tively low endo toxin doses24••, PAR1 may contribute to lethality during severe sepsis31. Whereas 

PAR1-deficient mice initially developed levels of inflammatory markers indis tinguishable 

from wild-type mice, they showed reduced late-stage inflammation as indicated by a reduction 

in proinflammatory cytokine levels 12 h after high-dose endotoxin injection. Reconstitution 

of inflammation in PAR1-deficient mice could be achieved by adoptive transfer of wild-type 

bone marrow or of purified dendritic cells31. In a series of elegant experiments, support was 

provided for the hypothesis that a severe infection starts with a local inflammation resulting 

in systemic release of inflammatory mediators, which may cause vascular dys function. This 

early response also involves a procoagulant response, which is tissue factor-mediated. In this 

early phase coagulation and inflammation do not interact, but later there appears to be a tight 

interaction between coagulation and inflammation, driven by the interaction between 

thrombin and PAR1, and specifically PAR1 expressed by dendritic cells, whereby detrimental 

den dritic cell PAR1 signaling appeared coupled to S1P3. These results suggest a mechanism by 

which dendritic cells play a key role in lymphatic dissemination of coagu lation and 

inflammation in deregulated innate immune responses during ongoing sepsis and 

endotoxemia31. 

The roles of PAR1 and PAR2 in endotoxic shock and polymicrobial sepsis were further studied 

in investigations with cell penetrating peptides (so-called pepducins)32. Using either agonistic 

or antagonistic pepducins targeted at PARs, these studies provided evidence that activation of 

PAR1 may be harmful during the early phases of endotoxemia and sepsis, facilitating dissemi-

nated intravascular coagulation, but may become beneficial at later stages in a PAR2 dependent 

way by a mechanism that involved a time dependent switch in the inflammatory functions of 

endothelial PAR132. 

Activated protein C can influence the detrimental systemic inflammatory response during 

sepsis by one additional mechanism that is different from the pathways described above. 

During sepsis histones are released from dying cells, causing collateral damage of surrounding 

tissues. APC can degrade extracellular histones, which was shown to be an important contrib-

uting factor to the protective effect of APC during endotoxemia33••. 

Conclusion 

Several clinical studies have been performed seeking to influence coagulation in sepsis, focus-

ing on the restor ation of (supra) physiological levels of the natural antic oagulant antithrombin, 

tissue factor pathway inhibitor and APC34. Only recombinant human APC reduced 28-day 

mortality in patients with severe sepsis35; APC was not effective in patients with severe sepsis 

and a low risk of death36. As requested by the European licen sing authorities, the manufacturer 

Eli Lilly is currently conducting another placebo-controlled trial with APC in adult patients 

with severe sepsis. Knowledge on how APC acts on coagulation and in particular inflammation 

has dramatically increased over the past few years, iden tifying a crucial role for PAR1. The fact 

that APC mutants lacking anticoagulant properties but retaining the capacity to activate PAR1 

are still able to protect mice from sepsis induced death warrant future studies with these mu-

tants in patients. Such strategies seem attractive not only because of the accumulating data on 

the mech anisms of action of recombinant APC in sepsis models but also because of the fact 

that these APC mutants do not carry the risk of bleeding complications. 
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  THE ENDOTHELIAL PROTEIN C RECEPTOR IMPAIRS THE ANTIbACTERIAL  

 RESPONSE IN MuRINE PNEuMOCOCCAL PNEuMONIA AND SEPSIS

 

Summary

Pneumococcal pneumonia is a frequent cause of gram-positive sepsis and has a high mortality. 

The endothelial protein C receptor (EPCR) has been implicated in both the activation of protein 

C (PC) and the anti-inflammatory actions of activated (A)PC. The aim of this study was to de-

termine the role of the EPCR in murine pneumococcal pneumonia and sepsis. Wild-type (WT), 

EPCR knockout (KO) and Tie2-EPCR mice, which overexpress EPCR on the endothelium, were 

infected intranasally (pneumonia) or intravenously (sepsis) with viable Streptococcus pneumo-

niae and euthanised at 24 or 48 hours after initiation of the infection for analyses. Pneumonia 

did not alter constitutive EPCR expression on pulmonary endothelium but was associated with 

an influx of EPCR positive neutrophils into lung tissue. In pneumococcal pneumonia EPCR KO 

mice demonstrated diminished bacterial growth in the lungs and dissemination to spleen and 

liver, reduced neutrophil recruitment to the lungs and a mitigated inflammatory response. 

Moreover, EPCR KO mice displayed enhanced activation of coagulation in the early phase of 

disease. Correspondingly, in pneumococcal sepsis EPCR KO mice showed reduced bacterial 

growth in lung and liver and attenuated cytokine release. Conversely, EPCR-overexpressing 

mice displayed higher bacterial outgrowth in lung, blood, spleen and liver in pneumococcal 

sepsis. In conclusion, EPCR impairs antibacterial defense in both pneumococcal pneumonia 

and sepsis, which is associated with an enhanced pro-inflammatory response.

Introduction

Community-acquired pneumonia (CAP) affects more than five million adults annually, caus-

ing more than one million hospital admissions and more than sixty thousand deaths every 

year in the USA1, 2. CAP is one of the major causes of sepsis: in a large sepsis trial 35.6% of patients 

suffered from pneumonia-derived sepsis, with Streptococcus pneumoniae, the pneumococcus, 

as the most frequently isolated causative micro-organism3. Worldwide S. pneumoniae is respon-

sible for thirty thousand deaths each day, illustrating the importance of pneumococcal pneu-

monia and sepsis for global health4.

Ample evidence exists on the close relationship between infection and inflammation, and ac-

tivation of coagulation5. Systemic infection and inflammation are accompanied by activation 

of coagulation concomitant with impairment of anticoagulant mechanisms and fibrinolysis. 

Conversely, procoagulant proteins can have pro-inflammatory properties, whereas anticoagu-

lant proteins can act anti-inflammatory; activated protein C (APC), which is important for 

anticoagulation by virtue of its capacity to inactivate the procoagulant factors Va and VIIIa, 

has drawn a lot of attention in the field of sepsis research at least in part because of its concur-

rent anti-inflammatory and cell protective properties6. APC is generated from protein C (PC) 

by thrombin in a thrombomodulin-dependent way, a reaction that is dramatically accelerated 

when PC binds to the endothelial PC receptor (EPCR)7, 8. APC can exert anti-inflammatory, 

anti-apoptotic and cytoprotective signals, when bound to EPCR and protease-activated recep-

tor (PAR)-16 and, as very recent data show, PAR-39. In accordance, we recently showed that re-

combinant APC not only ameliorates pulmonary coagulopathy, but also lowers the 

inflammatory response, and, in conjunction with antibiotics, improves survival in murine 

pneumococcal pneumonia and sepsis10, 11.

EPCR was originally identified as a transmembrane endothelial receptor, which is most present 

on larger and middle-sized vessels12. However, in the meanwhile, EPCR has also been detected 

in a number of other cell types, including monocytes, granulocytes, vascular smooth muscle 

cells and renal tubular epithelial cells7, 13, 14. Previous studies have provided evidence for a role of 

EPCR during severe infection and sepsis. Inhibition of binding of PC and APC to EPCR by 

EPCR-blocking antibodies was shown not only to lower PC-activation but also to exacerbate 

the response in gram-negative (Escherichia coli) sepsis in baboons8, 15. Moreover, deletion of the 

EPCR-gene exaggerated the host response to a (sub)lethal dose of lipopolysaccharide (LPS), as 

reflected by more thombin and cytokine generation, increased neutrophil sequestration in the 

lung and a higher mortality, which was shown to be primarily due to deficiency of EPCR on 

non-hematopoietic cells16. Conversely, mice overexpressing EPCR were protected against LPS 

challenge17. Our laboratory recently showed that mice with transgenic overexpression of EPCR 

display an impaired host defense during gram-negative pneumonia derived sepsis caused by 

Burkholderia pseudomallei, as reflected by enhanced bacterial growth and dissemination ac-

companied by increased lung damage in spite of attenuated coagulation activation18, while 

EPCR-overexpression did not impact the host response during murine tuberculosis19. To date, 

there are no data on the role of EPCR in severe gram-positive infection.

We here studied the effect of both deficiency and overexpression of EPCR in well established 

and clinically relevant models of pneumococcal pneumonia and sepsis. We show that in 

murine pneumococcal pneumonia and sepsis EPCR is detrimental by facilitating bacterial 

outgrowth and dissemination, which is accompanied by a greater pro-inflammatory response 

and enhanced activation of coagulation.

Materials and methods

Animals

ProcrLox/Lox and Procr+/LoxMeox2+/cre mice were obtained from Oklahoma Medical Research Foundation20. 

By breeding female ProcrLox/ Lox mice with male Procr+/LoxMeox2+/cre mice, EPCR-deficient mice (ProcrLox/

LoxMeox2+/cre, abbreviated as EPCR KO) were obtained. Tie2-EPCR mice, which have enhanced en-

dothelial EPCRexpression, were also obtained from Oklahoma Medical Research Foundation17. 
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All mice were backcrossed more than 10 times to a C57Bl/6 genetic background. Wild-type 

(WT) C57Bl/6 mice were purchased from Charles River (Maastricht, the Netherlands). All ex-

periments were approved by the Institutional Animal Care and Use Committee of the 

University of Amsterdam.

Experimental infection and treatment 

Pneumonia was induced by intranasal inoculation with ~ 5 x 104 colony forming units (CFU) of 

S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, Rockville, MD, 

USA) as described10, 21. Sepsis was induced by intravenous injection of ~ 5 °— 105 CFU of the same 

S. pneumoniae strain in the tail vein22. At predefined time points, mice were euthanized, and ci-

trated plasma (4:1 v/v) was prepared from blood drawn from the vena cava inferior (N = 8 per 

strain at each time point). Lung, spleen and liver homogenates were prepared as described10, 21. 

In brief, the left lung and half of the liver and spleen were harvested and homogenised at 4ºC in 

four volumes of sterile saline using a tissue homogenizer (Biospect Products, Bartlesville, UK). 

For measurements in lung tissue, lung homogenates were diluted 1:2 with lysis buffer (300 mM 

NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% (v/v) Triton X-100, pH 7.4) with protease in-

hibitor mix added (AEBSF (4-(2-aminoethyl)benzenesulfonylfluoride), EDTA-Na2, Pepstatin 

and Leupeptin, all from MP Biomedical) and incubated for 30 minutes (min) on ice, followed 

by centrifugation at 680 g for 10 min. Supernatants were stored at -20ºC until analysis. Bacterial 

outgrowth was determined as described10, 21. In a separate experiment, EPCR KO and WT mice 

were monitored for lethality during five days after intranasal infection (n = 14 per strain).

Histology and immunohistochemistry

The right lung was fixed in 10% formaline/PBS at room temperature for 24 hours (h) and em-

bedded in paraffin. Slides of 5 μm were cut, stained with haematoxylin and eosin and analysed 

by a pathologist who was blinded for groups. To score lung inflammation and damage, the 

entire lung was analysed with respect to the following parameters: bronchitis, interstitial in-

flammation, oedema, endothelialitis, pleuritis and thrombus formation. Each parameter was 

graded on a scale of 0 to 4 (0: absent, 1: mild, 2: moderate, 3: severe, 4: very severe). The total 

histopathological score was expressed as the sum of the scores for the different parameters. 

Granulocyte staining was done using fluorescein isothiocyanate– labelled anti-mouse Ly-6G 

mAb (Pharmingen, San Diego, CA, USA) as described23. Ly-6G stained slides were photographed 

with a microscope equipped with a digital camera (Leica CTR500, Leica Microsystems, Wetzlar, 

Germany). Stained areas were analysed with Image Pro Plus (Media Cybernetics, Bethesda, 

MD, USA) and expressed as percentage of the total surface area. The average of 10 pictures was 

used for analysis. Immunohistochemical detection of EPCR was done as described19, 24. Briefly, 

slides were incubated with a goat anti-mouse EPCR polyclonal antibody (GT262) as primary 

antibody, followed by rabbitanti- goat IgG (Soutern-Biotec, Birmingham, AL, USA) as second-

ary antibody and polymer anti-rabbit-HRP (Immunologic, Duiven, the Netherlands) as a terti-

ary antibody. Slides were counterstained with methylgreen (Sigma-Aldrich, St. Louis, MO, 

USA). Since EPCR-staining was too low to be quantitated, slides were evaluated qualitatively 

by a pathologist who was blinded for groups.

Assays

In pneumonia experiments comparing Tie-2 EPCR and WT mice tumour necrosis factor 

(TNF)-α and interleukin (IL)-6 levels were measured by ELISA (R&D systems, Minneapolis, MN, 

USA). In all other experiments, TNF-α and IL-6 levels as well as levels of monocyte chemoat-

tractant protein (MCP)-1, IL-12p70, interferon (IFN)-γ and IL-10 were measured by cytometric 

bead array multiplex assay (BD Biosciences, San Jose, CA, USA). Levels of keratinocyte- derived 

chemokine (KC; R&D systems), macrophage inflammatory protein (MIP)-2 (R&D systems), 

myeloperoxidase (MPO; HyCult Biotechnology, Uden, the Netherlands) and thrombin- anti-

thrombin complexes (TATc; Siemens Healthcare Diagnostics, Marburg, Germany) were meas-

ured by ELISA. Levels of EPCR in lung homogenates were measured by ELISA using monoclonal 

rat-anti-mouse EPCR (Mab1560) as capture antibody and polyclonal goat-anti-mouse EPCR 

(GT262) as detection antibody as described19, 24.

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 

quartile, median, upper quartile and largest observation, as medians with interquartile ranges 

or as Kaplan- Meier plots. Differences between groups were determined with Mann-Whitney 

U test or log rank test where appropriate. Analyses were performed using GraphPad Prism ver-

sion 4.0 (GraphPad Software, San Diego, CA, USA). P-values of less than 0.05 were considered 

statistically significant.

Results

EPCR expression in lungs during pneumococcal pneumonia

To obtain insight into the expression of EPCR during pneumococcal pneumonia we stained 

lung tissue slides prepared from mice before and after airway infection with S. pneumoniae for 

EPCR. In line with previous reports12 EPCR expression was present on large and middle-sized 

vessels in uninfected and infected mice. Staining patterns on these vessels essentially were the 

same in both groups (not shown). Surprisingly, in both uninfected and infected mice, bron-

chial epithelial cells displayed distinct EPCR expression as well (Figure 1 A and B). Notably, in 

pneumonia, EPCR was detected not only on endothelium and bronchial epithelium, but also 

on infiltrating neutrophils (Figure 1 B). In order to obtain quantitative information on EPCR 

expression in lungs we measured EPCR levels by ELISA in whole lung homogenates prepared 

from uninfected and infected mice. EPCR was upregulated by around two-fold, both at 24 and 

48 h after infection, as compared to the normal situation (Figure 1 C).
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EPCR KO mice demonstrate diminished bacterial growth and dissemination 

during pneumococcal pneumonia

To obtain a first insight into the functional role of EPCR during pneumococcal pneumonia, we 

determined bacterial loads at 24 and 48 h after infection with S. pneumoniae via the airways in 

lung, blood, spleen and liver. Whereas at 24 h there were no differences in bacterial loads be-

tween groups in any of the organs studied, at 48 h bacterial burdens were markedly lower in 

lung (Figure 2 A), spleen (Figure 2 B) and liver (Figure 2 C) of EPCR KO mice as compared to WT 

mice (all P <0.05); in blood EPCR KO mice tended to have lower bacterial counts (P=0.25, not 

shown). To determine whether these differences in bacterial growth and dissemination be-

tween mouse strains impact on survival, we infected WT and EPCR KO mice with viable S. 

pneumoniae via the airways in an independent experiment and monitored mortality during 

the following five days (Figure 2 D). WT mice started to die shortly after 48 h of infection; 

overall, 6/14 (43%) of WT mice died during follow-up, a result already reached 90 h after infec-

tion. In contrast, mortality amongst EPCR KO mice occurred at a much slower rate: the first 

Figure 2. Endothelial protein C receptor knock out mice have less bacterial outgrowth in lung, spleen and liver at 24 

and 48 h after induction of pneumococcal pneumonia and have a delayed mortality as compared to wild-type 

mice.  Bacterial outgrowth in lung (A), spleen (B) and liver (C) 24 and 48 h after induction of pneumococcal pneumonia in 

wild-type (white) and endothelial protein C receptor knock out (grey) mice. Data are expressed as box-and-whisker diagrams 

depicting the smallest observation,lower quartile, median, upper quartile and largest observation (8 mice per group). D) 

Survival of wild-type (dashed line) and endothelial protein C receptor knock out (grey line) mice after induction of pneumo-

coccal pneumonia (14 mice per group).

Figure 1 Expression of the endothelial protein C receptor during murine pneumococcal pneumonia Representative 

slides of (murine) endothelial protein C receptor (m-EPCR) lung staining of uninfected wild-type mice (A) and wild-type (B) at 

48 h after induction of pneumococcal pneumonia. Both unaffected and infected mice show EPCR expression on bronchial epi-

thelium (arrows). In addition, in murine pneumococcal pneumonia infiltrating neutrophils show EPCR expression as well 

(inset in B) (staining in brown; original magnification x 100; inset x 1,000).(C) Lung levels of m-ECPR in unaffected wild-type 

mice (white, 4 mice per group) and at 24 (grey) and 48 h (dashed) after induction of pneumococcal pneumonia (8 mice per

group). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper 

quartile and largest observation (8 mice per group). * and ** indicate statistical significance as compared to wild-type 

(p<0.05 and p<0.01, respectively, Mann-Whitney U test).

death happened after 76 h, i.e. at a time point where already 36% of WT mice had succumbed. 

Eventually, 4/12 EPCR KO mice (33%) died, which was not statistically different from mortal-

ity in WT mice (P=0.27). Together these data suggest that the absence of EPCR conveys an ad-

vantage to the host during the early phase of S. pneumoniae pneumonia, as reflected by a 

reduced bacterial growth at the primary site of infection and in distant organs and a trend to-

ward an accelerated early mortality.

EPCR KO mice display enhanced activation of coagulation in the early phase of 

pneumococcal pneumonia

EPCR has been implicated as an important regulator of anticoagulation by virtue of its capacity 

to accelerate PC activation by the thrombomodulin-thrombin complex6. The model of S. pneu-

moniae induced pneumonia used here is associated with clear activation of coagulation in the 

pulmonary compartment10. To determine the impact of EPCR deficiency on activation of coagu-

lation during pneumococcal pneumonia, we measured levels of TATc in lung homogenates and 

plasma obtained at 24 and 48 h after infection. At 24 h after infection, EPCR KO mice had higher 
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lung TATc levels than WT mice (Figure 3 A). At 48 h after infection, this difference had subsided. 

In plasma, TATc levels also showed a trend to be higher at 24 h after infection (Figure 3 B) 

(P=0.11). Again, at 48 h TATc levels were not different between EPCR KO and WT mice.

EPCR KO mice demonstrate reduced neutrophil recruitment into lung tissue 

during pneumococcal pneumonia.

EPCR has been implicated as a regulator of the inflammatory response by virtue of its capacity 

to facilitate APC-PAR1 signalling6. To determine whether EPCR influences inflammation as-

sociated with pneumococcal pneumonia, we analysed lung tissue slides harvested 24 and 48 h 

after infection from EPCR KO and WT mice according to the histopathology scores described 

in Methods. EPCR KO mice had a trend towards lower histopathology scores at 48 h after infection 

as compared to WT mice, however, this differences did not reach statistical significance 

(P=0.14) (Suppl. Figure 1A-C, available online at www.thrombosis-online. com). Of note, 

EPCR KO mice demonstrated a clearly diminished neutrophil recruitment into the pulmonary 

compartment at 24 h after infection, as demonstrated by lower Ly-6G positive cell numbers 

(Figure 4 A) (P < 0.05) and lower MPO levels (Figure 4 B) (P <0.05). At 48 h after infection, the 

difference in Ly-6G positivity had subsided (Figure 4 C) but MPO levels were still significantly 

lower in EPCR KO mice (Figure 4 D) (P<0.05). Since CXC chemokines play an essential role in 

attraction of neutrophils to sites of infection25, we measured the pulmonary concentrations of 

KC and MIP-2 in WT and EPCR KO mice; while at 24 h after infection the lung levels of these 

chemokines were similar in both groups, at 48 h both KC and MIP-2 concentrations were 

much lower in EPCR KO mice (P <0.05 and P<0.01, respectively) (Table 1). Similarly, the levels 

of other proinflammatory mediators, in particular TNF-α, IL-6 and MCP-1, were significantly 

lower in whole lung homogenates of EPCR KO mice at this late time point (P <0.05, P <0.01 and 

P <0.05, respectively). EPCR KO mice also demonstrated an attenuated systemic response: in 

plasma, TNF-α, IL-6 and MCP-1 concentrations were lower in these animals when compared 

with WT mice at both 24 and 48 h after infection (P <0.05 – P <0.01). Lung levels of IL-12 and 

IL-10 and plasma levels of IL-12, IFN-γ and IL-10 levels were below detection at both time 

points.

 

EPCR KO mice show reduced bacterial growth and cytokine release during pri-

mary pneumococcal sepsis

In humans12 and mice24 EPCR is primarily expressed on endothelial cells of large blood vessels. 

Previous studies have documented a protective role for EPCR in models of systemic inflamma-

tion elicited by LPS16, 17 and in models of systemic infection induced intravenous injection of E. 

coli15. Therefore, and considering that EPCR appeared to impair rather than to improve the host 

response to pneumonia caused by S. pneumoniae, we were interested in the impact of EPCR on 

Figure 3. Endothelial protein C receptor knock out mice have an enhanced activation of coagulation in lungs and a 

trend towards enhanced activation of coagulation in plasma at 24 h after induction of pneumococcal pneumonia as 

compared to wild-type mice.  Lung (A) and plasma (B) levels of thrombin-antithrombin complexes (TATc) at 24 and 48 h 

after induction of pneumococcal pneumonia in wild-type (white) and endothelial protein C receptor knock out (grey) mice. 

Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile 

and largest observation (8 mice per group). * indicates statistical significance as compared to wild-type (P<0.05, Mann- 

Whitney U test).

Figure 4 Endothelial protein C receptor knock out mice have neutrophil influx at 24 and 48 h after induction of 

pneumococcal pneumonia as compared to wild-type mice. A-B) Representative slides of lung Ly-6G stainings 24 h after 

induction of pneumococcal pneumonia in wild-type (A) and endothelial protein C receptor knockout mice (B) (original magni-

fication x 100). C-D) Total lung Ly-6G scores (C) and MPO levels (D) at 24 and 48 h after induction of pneumococcal pneumonia 

in wild-type (white) and endothelial protein C receptor knock out (grey) mice. Data are expressed as box-and-whisker dia-

grams depicting the smallest observation, lower quartile, median, upper quartile and largest observation (8 mice per group). 

* indicates statistical significance as compared to wild-type (P<0.05, Mann-Whitney U test).

13

A. B. 

A. B. 

C. D. 



The endothelial protein C receptor impairs the antibacterial response in murine pneumococcal pneumonia 
and sepsis

206

Chapter 

207

bacterial outgrowth, coagulation and inflammation during primary sepsis induced by injec-

tion of pneumococci directly into the bloodstream, thereby bypassing the lung-blood barrier. 

In primary pneumococcal sepsis, EPCR deficiency had a similar impact on bacterial growth as 

in the pneumonia model: whereas at 3 h bacterial loads were similar in EPCR KO and WT mice 

in all body compartments evaluated, at 48 h EPCR KO mice displayed lower bacterial burdens 

in lung (Figure 5 A), blood (Figure 5 B), spleen (Figure 5 C) andliver (Figure 5 D), significantly so 

for lung and liver. Moreover, EPCR deficiency had a similar impact on activation of coagula-

tion as in the pneumonia model: lung TATc levels were higher in EPCR KO mice as compared 

to WT at 24 h after infection (Figure 5 E) (P <0.05) whereas this difference had subsided at 48 h 

after infection. Again, plasma TATc levels were not significantly different between groups (not 

shown).

In addition, EPCR KO mice showed reduced levels of several cytokines compared to WT mice: 

plasma levels of TNF-α, IL-6, IFN-γ  and MCP-1 were lower at both 24 and 48 h, although due to 

a relatively large inter-individual variation differences with WT mice only were statistically 

significant for MCP-1 (48 h) and IFN-γ (both time points) (P <0.05) (Table 2). At 24 h after infec-

tion, lung levels of only MCP-1 were detectable and these were lower in EPCR KO mice as 

compared to WT mice (P <0.05) (Table 2). Similarly, at 48 h pulmonary levels of TNF-α, IL-6 and 

MCP-1 levels were lower in EPCR KO mice, significantly so for TNF-α (P <0.05) and MCP-

1(P<0.01) (Table 2). Lung levels of IL-12, IFN-γ and IL-10 and plasma levels of IL-12 and IL-10 

were below detection at both time points (not shown).

EPCR-overexpressing mice show higher bacterial outgrowth and higher  

cytokine levels during primary pneumococcal sepsis

Having established a detrimental role for EPCR in pneumococcal sepsis by comparing the re-

sponse of EPCR KO with WT mice, we were interested whether endothelial overexpression of 

Table 1. Lung cytokine and chemokine and plasma cytokine levels 24 and 48 h after induction of pneumococcal 

pneumonia in wildtype and endothelial protein C receptor knock out mice. Data are medians (interquartile ranges) of 

eight mice per group at each time point. WT = wild-type, EPCR KO = endothelial protein C receptor knock out, TNF-α = tumour 

necrosis factor-α, IL-6 = interleukin-6, MCP-1 = monocyte chemoattractant protein-1, IFN-γ = interferon-γ, KC = keratinocyte-

derived chemokine, MIP-2 = macrophage inflammatory protein-2. * and ** indicate statistical significance compared to WT 

(P<0.05 and p<0.01, respectively, Mann Whitney U test).

Figure 5. Endothelial protein C receptor knock out mice have (a trend towards) less bacterial outgrowth in lung, 

blood, spleen and liver at 48 h after induction of pneumococcal sepsis as compared to wild-type mice. In addition, 

endothelial protein C receptor knock out mice have higher lung levels of thrombin-antithrombin complexes at 24 h. Bacterial 

outgrowth in lung (A), blood (B), spleen (C), liver (D) and lung levels of thrombin-antithrombin complexes (E) 24 and 48 h after 

induction of pneumococcal pneumonia in wild-type (white) and endothelial protein C receptor knock out (grey) mice. Data 

are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and 

largest observation (8 mice per group). * indicates statistical significance as compared to wild-type (P<0.05, Mann-Whitney 

U test).
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24 hours 48 hours

wT EPCR KO wT EPCR KO

Lung

TnF-α (pg/ml) 41.7 (1.95–106) 7.56 (2.08–67.0) 370 (125–548) 9.60 (3.52–144) *

IL-6 (pg/ml) 309 (8.10–717) 84.5 (4.03–293) 878 (578–1114) 7.50 (3.38–285) **

MCP-1 (pg/ml) 1137 (301–2244) 375 (150–1008) 2816 (2154–3486) 362 (165–1108) *

IFn- (pg/ml) 9.85 (2.50–17.2) 4.05 (2.50–6.98) 15.2 (9.00–20.3) 2.50 (2.50–16.3)

KC (ng/ml) 3.95 (1.74–10.6) 0.72 (0.31–2.00) 21.6 (14.6–29.3) 1.54 (0.42–5.67) *

MIP-2 (ng/ml) 1.50 (1.08–4.33) 1.21 (1.05–2.61) 42.0 (17.8–42.0) 1.87 (1.31–7.40) **

Plasma

TnF-α (pg/ml) 7.90 (6.38–9.75) 1.30 (1.30–4.10) ** 23.3 (18.1–37.4) 3.50 (1.95–8.70) **

IL-6 (pg/ml) 37.4 (21.4–85.2) 6.25 (2.50–15.6) * 35.5 (31.7–42.9) 3.50 (2.50–20.1) *

MCP-1 (pg/ml) 37.8 (30.6–80.9) 10.0 (10.0–30.3) * 80.2 (55.3–147) 15.8 (10.0–34.7) **

A. B. 

D. C. 

E. 



The endothelial protein C receptor impairs the antibacterial response in murine pneumococcal pneumonia 
and sepsis

208

Chapter 

209

Table 2 Lung and plasma cytokine levels 24 and 48 h after induction of pneumococcal sepsis in wild-type and en-

dothelial protein C receptor knock out mice. Data are medians (interquartile ranges) of 8 mice per group at each time 

point. WT = wild-type, EPCR KO = endothelial protein C receptor knock out, TNF-α = tumour necrosis factor-α, IL-6 = interleu-

kin-6, MCP-1 = monocyte chemoattractant protein-1, IFN-γ = interferon-γ, B.D. = below detection. * and ** indicate statis-

tical significance compared to WT (P<0.05 and P <0.01, respectively, Mann Whitney U test).

Figure 6. Endothelial protein C receptor-overexpressing mice have more bacterial outgrowth at 48 h after induc-

tion of pneumococcal sepsis as compared to wild-type mice Bacterial outgrowth in lung (A), blood (B), spleen (C) and 

liver (D) 24 and 48 h after induction of pneumococcal pneumonia in wild-type (white) and endothelial protein C receptor-

overexpressing (grey) mice. Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 

quartile, median, upper quartile and largest observation (8 mice per group). * and ** indicate statistical significance as 

compared to wild-type (P<0.05 and P<0.01, respectively, Mann- Whitney U test).

Table 3. Lung cytokine and chemokine and plasma cytokine levels 24 and 48 h after induction of pneumococcal 

pneumonia in wildtype and endothelial protein C receptor-overexpressing mice. Data are medians (interquartile 

ranges) of eight mice per group at each time point. WT = wild-type, Tie2-EPCR = endothelial protein C receptor-overexpressing, 

TNF-α= tumour necrosis factor-α, IL = interleukin, MCP-1 = monocyte chemoattractant protein-1, IFN-γ= interferon-γ, B.D. 

= below detection. * and ** indicate statistical significance compared to WT (P<0.05 and P<0.01, respectively, Mann 

Whitney U test).

EPCR would aggravate bacterial outgrowth and the inflammatory response in pneumococcal 

sepsis. To this end, we intravenously inoculated Tie2-EPCR mice, which have been described 

to express around 150 times more EPCR than normal mice on their pulmonary endothelium16, 

and WT control mice with viable pneumococci and compared their responses with respect to 

bacterial out-ence in bacterial outgrowth between groups, at 48 h bacterial burdens indeed 

were considerably higher in lungs (Figure 6 A),blood (Figure 6 B), spleen (Figure 6 C) and liver 

(Figure 6 D) of Tie2-EPCR mice as compared to WT mice.

To investigate whether the differences in bacterial outgrowth were associated with altered 

levels of cytokines, we measured the levels of various cytokines in lung and plasma (Table 3). 

At 24 h after infection there were no significant differences in lung levels of IL-6, MCP-1 and 

IL-10 between groups, whereas TNF-α, IFN-γwere below detection. However, at 48 h after infec-

tion, levels of IL-6, MCP-1, IFN-γ were higher in Tie2-EPCR mice as compared to WT mice, al-

though due to large inter-individual variation this reached statistical significance only for IL-6 

(P=0.10 for MCP-1 and IFN-γ). IL-12 levels were below detection at both time points (not 

shown). In plasma, at 24 h after infection, there were no differences in levels of TNF-α, IL-6, 

MCP-1 and IFN-γ. However, at 48 h after infection, plasma levels of all mentioned cytokines 

were higher in Tie2-EPCR mice as compared to WT controls, although due to large inter-indi-

vidual variation this did not reach statistical significance (P=0.054 for IL-6). Plasma levels of 

IL-10 and IL-12 were below detection at both time points (not shown).
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24 hours 48 hours

wT EPCR KO wT EPCR KO

Lung

TnF-α (pg/ml) B.D. B.D. 10.3 (2.70–40.5) 1.30 (1.30–1.30) *

IL-6 (pg/ml) B.D. B.D. 19.6 (2.50–369) 2.50 (2.50–5.70)

MCP-1 (pg/ml) 871 (657–1214) 493 (386–719) * 1977 (479–3171) 262 (209–430) **

Plasma

TnF-α (pg/ml) 10.4 (4.08–24.9) 1.30 (1.30–4.10) 23.3 (18.1–37.4) 3.50 (1.95–8.70)

IL-6 (pg/ml) 37.4 (21.4–85.2) 6.25 (2.50–15.6) 35.5 (31.7–42.9) 3.50 (2.50–20.10)

MCP-1 (pg/ml) 144 (67.8–180) 56.5 (40.8–134) 177 (54.8–526) 34.3 (16.4–68.5) *

IFn-γ (pg/ml) 10.4 (4.08–24.9) 2.50 (2.50–2.50) * 18.4 (5.00–52.3) 2.50 (2.50–5.00) *

A. B. 

D. C. 

24 hours 48 hours

wT Tie2-ePCR wT Tie2-ePCR

Lung

TnF-α (pg/ml) B.D. B.D. 5.00 (4.83–5.18) 5.00 (5.00–78.1)

IL-6 (pg/ml) 30.7 (9.08–83.8) 13.7 (5.00–26.1) 13.1 (5.00–23.6) 61.4 (20.5–188) *

MCP-1 (pg/ml) 756 (509–1582) 1016 (621–1327) 476 (404–1233) 3443 (599–7669)

IFn-γ (pg/ml) B.D. B.D. 3.75 (2.50–7.48) 16.8 (3.33–50.2)

IL-10 (pg/ml) 98.0 (25.0–151) 149 (117–251) 125 (91.0–145) 152 (121–216)

Plasma

TnF-α (pg/ml) 45.6 (34.4–64.2) 1.30 (1.30–4.10) 23.3 (18.1–37.4) 3.50 (1.95–8.70)

IL-6 (pg/ml) 163 (138–204) 6.25 (2.50–15.6) 35.5 (31.7–42.9) 3.50 (2.50–20.10)

MCP-1 (pg/ml) 196 (158–243) 56.5 (40.8–134) 177 (54.8–526) 34.3 (16.4–68.5) *

IFn-γ(pg/ml) 77.5 (61.1–125) 2.50 (2.50–2.50) * 18.4 (5.00–52.3) 2.50 (2.50–5.00) *
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Discussion

EPCR has been implicated as an important receptor in the complex interactions between in-

flammation and coagulation during severe infection5. EPCR accelerates the conversion of PC 

into APC by the thrombomodulin-thrombin complex. Besides acting as an endogenous anti-

coagulant, APC can exert anti-inflammatory, anti-apoptotic and barrier-protective properties, 

for which EPCR is important in conjunction with PAR-1 and PAR-36, 9. Whereas earlier investi-

gations studied the role of EPCR in the host response to gram-negative challenges15-18 and tuber-

culosis19, we here for the first time report on the role of EPCR in severe gram-positive infection. 

To answer our research questions we made use of established models of pneumococcal pneu-

monia and sepsis, and mice with either absent or enhanced expression of EPCR. Our data show 

that EPCR attenuates host defense during pulmonary and systemic infection by S. pneumoniae, 

as reflected by diminished bacterial growth and dissemination accompanied by attenuated 

inflammation in EPCR KO mice and an opposite phenotype in mice with enhanced EPCR 

expression.

We confirm earlier studies reporting that EPCR is detected mainly on endothelium of larger 

and middle-sized vessels12, 17. While we found that EPCR expression on endothelium remained 

unaltered in pneumococcal pneumonia, we demonstrate that EPCR is present on neutrophils 

recruited to the infected area. This is an extension of earlier findings showing that EPCR can be 

detected on murine neutrophils in uninfected conditions26. The fact that EPCR levels in whole 

lung homogenates were higher in mice with pneumococcal pneumonia than in uninfected 

animals could therefore be due to the infiltration of EPCR-positive neutrophils.

In both pneumonia and sepsis EPCR impacted on the growth and dissemination of pneumo-

cocci. In pneumonia, EPCR KO mice had less bacterial outgrowth than WT mice in lung, 

spleen and liver, and a trend towards lower outgrowth in blood. We argued that this could be 

the result of better containment of the bacteria by enhanced activation of coagulation in the 

pulmonary compartment of EPCR KO mice - which was indeed shown at 24 h after infection. 

To address this possibility, we expanded the experiments by using intravenous instead of intra-

nasal bacterial inoculation, thereby bypassing the lung-blood barrier. In this intravenous 

model of infection essentially the same results were obtained as in pneumonia: bacterial loads 

were lower in all organs of EPCR KO mice at 48 h after infection. These results render better 

containment of pneumococci in the pulmonary compartment a less likely explanation for the 

differences in bacterial burdens after infection via the airways and point to a better antibacte-

rial defense in the absence of EPCR. A detrimental role for EPCR in antibacterial defense was 

further supported by experiments in which mice that overexpress EPCR were infected intrave-

nously with S. pneumoniae: these mice displayed increased bacterial counts relative to WT 

mice. It remains to be established how the presence of EPCR influences the growth of pneumo-

cocci. The highly virulent S. pneumoniae strain used here is not susceptible to killing by im-

mune cells in vitro22, making mechanistic studies less feasible. In accordance with the present 

data, our laboratory recently reported an impaired outcome of mice with transgenic overex-

pression of EPCR during severe gram-negative pneumonia derived sepsis caused by Burkholderia 

pseudomallei, the causative agent of melioidosis18. Indeed, like after infection with S. pneumo-

niae, in this model Tie2-EPCR mice showed increased bacterial loads at the primary site of in-

fection and distant organs. Also, our data are in concordance with studies in which enhanced 

activation of coagulation, as reflected by enhanced thrombin generation, was associated with 

an enhanced antibacterial defense27. These results from infection models contrast with previ-

ous studies showing that EPCR overexpression protects mice from a lethal dose of endotoxin17 

and ventilator-induced lung injury28. In addition, our data obtained with EPCR KO mice are in 

contrast with findings in baboons with severe gram-negative sepsis, in which antagonising 

EPCR by blocking antibodies increased mortality8. These opposite roles of EPCR probably can 

be explained by differences in the models used: whereas we used models with a relatively low 

infectious dose and gradual growth of bacteria, the baboon sepsis model makes use of a high 

bacterial inoculum that rapidly causes systemic injury and lethality in spite of clearance of the 

bacteria8. Likely, in the baboon sepsis model, the reaction on and the damage caused by the ini-

tial dose is decisive for the outcome, like in models of severe endotoxaemia. In these systemic 

challenge models, anti-inflammatory mediators generally play beneficial roles, since damage 

by the initial stimulus is dampened, while in models of gradual bacterial outgrowth, such as 

used here, outcome depends on the delicate balance between on the one hand necessary pro-

inflammatory actions to effectively restrict bacterial outgrowth and on the other hand exces-

sive pro-inflammatory effects causing damage to the host. In line with this hypothesis, mice 

completely deficient for EPCR exhibited more cytokine release, neutrophil sequestration in 

the lungs and a higher mortality rate after endotoxin administration than mice heterozygously 

deficient for EPCR16. Likewise, mice with a severe EPCR deficiency had a reduced survival after 

endotoxin injection29.

EPCR KO mice demonstrated increased activation of coagulation during the early phase of 

both pneumococcal pneumonia and sepsis. This finding is consistent with a role for EPCR in 

APC generation. Of note, at 48 h of infection EPCR deficiency did not impact on TATc concen-

trations anymore, suggesting that the role of EPCR-APC in the regulation of the procoagulant 

response in these models is temporary.

EPCR KO mice showed a diminished neutrophil influx into the pulmonary compartment, as 

indicated by a reduced number of Ly6-positive cells in lung tissue and lower MPO levels in

whole lung homogenates. This attenuated inflammatory response was already present at 24 h 

after infection, when bacterial loads were still similar in EPCR KO and WT mice, which makes

it unlikely that the mitigated accumulation of neutrophils in lungs of EPCR KO mice was the 

consequence of a weakened proinflammatory stimulus provided by lower bacterial burdens.

The current data are remarkable considering previous studies implicating APC in inhibition of 

neutrophil migration. APC can bind activated α3ß1-, α5ß1-, and αvß3-integrins expressed by 

neutrophils, and this interaction was essential for APC-induced inhibition of neutrophil ex-

travasation into the bronchoalveolar space of mice30. Accordingly, intravenous APC adminis-
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tration was associated with attenuated neutrophil influx into the bronchoalveolar space of 

human subjects who were administered with endotoxin intrabronchially in part by reducing 

chemotaxis31. In contrast, however, our group recently reported that recombinant APC admin-

istered into the airways of healthy humans enhanced neutrophil influx elicited by endotoxin 

instilled into a lung subsegment32. The reduced neutrophil recruitment in EPCR KO mice can 

at least in part be explained by attenuated production of neutrophil attracting mediators in the 

lungs. Indeed, at 24 h after infection, pulmonary KC and TNF-α levels were much lower in 

EPCR KO mice (albeit not statistically significant vs WT mice). At 48 h EPCR KO mice displayed 

an overall diminished inflammatory response, as reflected by lower cytokine and chemokine 

levels in lungs and plasma. This finding contrasts with what is known on the anti-inflammatory 

effects of the EPCR-APC interaction5, 6 and the exaggerated systemic inflammation reported in 

EPCR-deficient or -inhibited animals in systemic challenge models15, 16, 29. In the S. pneumoniae 

pneumonia and sepsis models used here the mitigated inflammatory response of EPCR KO 

mice at 48 h post infection likely at least in part was caused by the lower bacterial loads in these 

animals at this time point.

Conclusions

In contrast to what was known thus far on the role of EPCR in systemic challenge models, we 

here identify a detrimental role for EPCR in experimental pneumococcal pneumonia and 

sepsis as reflected by less bacterial outgrowth and an attenuated pro-inflammatory response in 

EPCR KO mice, and higher bacterial loads and evidence of an enhanced pro-inflammatory re-

sponse in mice overexpressing EPCR. These data suggest that the function of EPCR during in-

flammation and infection varies depending on the stage and the severity of the insult.
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  OVERExPRESSION OF ACTIVATED PROTEIN C HAMPERS bACTERIAL  

 DISSEMINATION DuRING PNEuMOCOCCAL PNEuMONIA 

Abstract 

Background  During pneumonia, inflammation and coagulation are activated as part of 

anti-bacterial host defense. Activated protein C (APC) has anticoagulant and anti-inflamma-

tory properties and until recently was a registered drug for the treatment of severe sepsis. 

Streptococcus (S.) pneumoniae is the most common causative pathogen in community-acquired 

pneumonia. 

Methods We aimed to investigate the effect of high APC levels during experimental pneumo-

coccal pneumonia. Wild type (WT) and APC overexpressing (APChigh)-mice were intranasally 

infected with S. pneumoniae and sacrificed after 6, 24 or 48 hours, or followed in a survival 

study. 

Results In comparison to WT mice, APChigh-mice showed decreased bacterial dissemination 

to liver and spleen, while no differences in bacterial loads were detected at the primary site of 

infection. Although no differences in the extent of lung histopathology were seen, APChigh-

mice showed a significantly decreased recruitment of neutrophils into lung tissue and bron-

choalveolar lavage fluid. Activation of coagulation was not altered in APChigh-mice. No 

differences in survival were observed between WT and APChigh-mice (P=0.06). 

Conclusion APC overexpression improves host defense during experimental pneumococcal 

pneumonia. This knowledge may add to a better understanding of the regulation of the in-

flammatory and procoagulant responses during severe Gram-positive pneumonia. 

 

background 

The most common cause of community-acquired pneumonia (CAP) is infection with the 

pathogen Streptococcus (S.) pneumoniae1,2. CAP often leads to severe sepsis and a recent study in 

sepsis patients showed that 35.6% of the cases were caused by severe CAP3. Pneumonia caused 

by S. pneumoniae and related pneumococcal sepsis are among the most common causes of 

death in the Western world rendering them a serious threat to health4 and stressing the impor-

tance of understanding host defense mechanisms during this disease. 

Over the last years many studies have demonstrated that the host response during severe 

(pneumococcal) pneumonia and sepsis consists of a strong pro-inflammatory response to-

gether with increased procoagulant activity, blunted anticoagulant mechanisms and suppres-

sion of the fibrinolytic system2,5,6. The interplay between inflammation and blood coagulation 

is considered to be an essential part of the host defense against infectious agents, a concept 

recently referred to as ‘immunothrombosis’7. Activated protein C (APC) serves as one of the 

main inhibitors of the coagulation system via its capacity to inactivate coagulation factors Va 

and VIIIa. Additionally, in the last decade APC has gained much interest for its cytoprotective, 

anti-inflammatory, anti-apoptotic and vascular barrier-protective properties, which are 

largely mediated by the protease activated receptor-1 (PAR1) and the endothelial PC receptor 

(EPCR)8,9. Much research has been done on the effect and role of APC during (pneumo)sepsis. 

In patients with severe pneumonia and sepsis, a correlation was observed between low PC and 

APC levels and the occurrence of organ dysfunction and adverse outcome, pointing to a pro-

tective role for APC10-12. Moreover, in the PROWESS study treatment of severe sepsis patients 

with intravenous recombinant human APC (rhAPC) reduced mortality13 and patients with 

sepsis caused by S. pneumoniae pneumonia were among those with the largest benefit from 

rhAPC treatment14,15. Despite these positive results, post-marketing studies failed to show simi-

lar protective effects of APC16 and a recently completed confirmatory trial in septic shock pa-

tients did not show any benefit from APC treatment17, leading to the withdrawal of this 

compound from the market18. 

Our laboratory recently showed protective effects of APC during pneumococcal pneumonia. 

Therapeutic administration of recombinant murine APC (rmAPC) attenuated pulmonary co-

agulopathy and improved survival during infection with S. pneumoniae19, whereas early ad-

ministration of rmAPC also had anti-inflammatory effects as reflected by reduced levels of 

pro-inflammatory cytokines in lungs of rmAPC-treated mice20. A possible limitation of these 

studies is the variability of rmAPC concentrations, due to its short half-live and the fact that in 

these studies rmAPC was administered only every 8 hours. To mimic the clinical situation 

more reliably, it would be better to administer rmAPC via continuous intravenous infusion. 

However, this is difficult to achieve in freely moving mice. Therefore, in the present study we 

used mice with sustained elevated levels of APC due to endogenous overexpression of hyper-

activatable PC (APChigh-mice21) and investigated the effects of elevated APC levels in the same 

model of pneumococcal pneumonia19,20. We here show that sustained elevated levels of APC 

exert protective effects during pneumococcal pneumonia, as evidenced by decreased bacterial 

dissemination to distant body sites and decreased influx of inflammatory cells to the lungs, 

especially neutrophils. 

Methods 

 

Mice 

Pathogen-free 10-week old female wild type (WT) C57BL/ 6 mice were purchased from Charles 

River (Maastricht, The Netherlands) and maintained in cages with 3–6 mice at the animal care 

facility of the Academic Medical Center (University of Amsterdam), according to national 

guidelines with free access to food and water. APChigh-mice on a C57BL/6 genetic background 

were generated as described21 and bred in the animal facility of the Academic Medical Center in 

Amsterdam. WT and APChigh-mice were housed separately. Wellfare of the mice during the ex-
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periment was checked twice daily. As reported earlier, transgenic APChigh mice appear grossly 

normal, reproduce normally and do not show any signs of spontaneous bleeding21. Endogenous 

overexpression of APC in APChigh mice has been confirmed in previous reports21 as well as in our 

own laboratory22. Per time-point two groups of 8 mice were compared (WT and APChigh). The 

number of 8 mice per group was carefully chosen as with this number the Wilcoxon (Mann–

Whitney) rank test gives a power of 80% and a chance of 0.904 that the observed mean in one 

group is lower than in the other group, demonstrated with a two-sided level of significance of 

0.05. Moreover, this group size provided us statistical significance for differences we consider 

clinically relevant. 

Ethics statement 

Mice studies were carried out under the guidance of the Animal Research Institute of the 

Academical Medical Center in Amsterdam (ARIA). All animals were maintained at the animal 

care facility of the Academic Medical Center (University of Amsterdam), with free access to 

food and water, according to National Guidelines for the Care and Use of Laboratory Animals, 

which are based on the National Experiments on Animals Act (Wet op de Dierproeven (WOD)) 

and the Experiments on Animals Decree (Dierproevenbesluit), under the jurisdiction of the 

Ministry of Public Health, Welfare and Sports, the Netherlands. The Committee of Animal 

Care and Use (Dier Experimenten Commissie, DEC) of the University of Amsterdam approved 

all experiments (Permit number DIX100121-101787). 

Experimental infection and determination of bacterial growth 

Pneumonia was induced by intranasal inoculation of all mice at the same time point of 5*104 

colony forming units (CFU) in 50 μl 0.9% NaCl of S. pneumoniae serotype 3 (ATCC strain 6303; 

American Type Culture Collection, Rockville, MD) as previously described19,20. Mice were sacri-

ficed after 6, 24 or 48 hours (n =8/group) and survival studies (n =16/group for WT mice and 12/

group for APChigh-mice) were performed in which mortality was assessed every 6 hours. Sample 

harvesting, processing and determination of bacterial growth were done as described19,20. 

Briefly, mice were sacrificed under intraperitoneal anesthesia containing ketamin (Eurovet 

Animal Health, Bladel, The Netherlands) and medetomidin (Pfizer Animal Health Care, 

Capelle aan den IJssel, The Netherlands). Blood was drawn from the vena cava inferior into 

syringes containing sodium citrate (4:1 vol/vol) and stored on ice. Left lungs, spleen and liver 

were harvested, weighed and homogenized at 4°C in 4 volumes of sterile saline using a tissue 

homogenizer (Pro200, Pro Scientific Inc., Oxford, CT) and processed as described below. CFU 

were determined from serial dilutions of organ homogenates and blood plated on blood agar 

plates and incubated at 37°C 5% CO2 for 20 h before colonies were counted. Bronchoalveolar 

lavage fluid (BALF) was harvested by selectively cannulation of the right main bronchus with 

a 22-gauge Abbocath-T catheter (Abott, Sligo, Ireland) followed by unilateral lavage of the 

right lung with three 300 μlaliquots of sterile phosphate-buffered saline. Harvested cells were 

kept on ice until analysis. 

Assays 

Lung homogenates were diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 

mM MgCl2, 2 mM CaCl2, 1% Triton X-100 and protease inhibitor cocktail (Roche, Indianapolis, 

IN) and incubated at 4°C for 30 min and centrifuged at 680 g at 4°C for 10 min. Lung homoge-

nates were stored at −20°C until analysis. Blood was centrifuged at 600 g and plasma was snap 

frozen in liquid nitrogen and stored at −80°C until analysis. Interleukin (IL)-6, IL-10, IL-12p70, 

interferon (IFN)-γ and monocyte-chemoattractant protein (MCP)-1 were measured by cyto-

metric bead array (CBA) multiplex assay (BD Biosciences, San Jose, CA) in accordance with the 

manufacturers’ recommendations. Tumor necrosis factor-α (TNF-α; R&D systems, Minneapolis, 

MN), keratinocyte-derived chemokine (KC; R&D systems, Minneapolis, MN) and thrombin-

antithrombin complexes (TATc; Siemens Healthcare Diagnostics, Marburg, Germany) were 

measured with commercially available ELISA kits according to the manufacturers’ instruc-

tions. 

Histology and immunohistochemistry 

Paraffin-embedded 4 μm lung sections were stained with haematoxylin and eosin (H&E) and 

analyzed for inflammation and tissue damage, as described previously19,20. All slides were 

scored by an experienced histopathologist blinded for experimental groups for the following 

parameters: bronchitis, interstitial inflammation, edema, endothelialitis, pleuritis and 

thrombus formation. All parameters were rated separately from 0 (condition absent) to 4 (most 

severe condition). The total histopathology score was expressed as the sum of the scores of the 

individual parameters, with a maximum of 24. Staining for granulocytes, using fluorescein 

isothiocyanate-labeled ratanti-mouse Ly-6G mAb (BD Pharmingen, San Diego, CA) was per-

formed as described previously22,23. All slides were slightly counterstained with methylgreen. 

The total tissue area of Ly-6G stained slides was scanned with a slide scanner (Olympus dot-

Slide, Tokyo, Japan) and the obtained scans were exported in TIFF format for digital image 

analysis. The digital images were analyzed with ImageJ (version 2006.02.01, National 

Institutes of Health, Bethesda, MD) and the immunopositive (Ly-6G+) area calculated from an 

average of 10 images per lung was expressed as the percentage of the total lung surface area. 

Cell counts and differentials 

Freshly harvested BALF-cells were counted using an automatic haemocytometer (Beckman 

Coulter, Fullerton, CA). Differential counts were performed on cytospins stained with a modi-

fied Giemsa stain (Diff-Quick, Dade Behring, Düdingen, Switzerland). 

Statistical analysis 

All data are expressed as box and whisker plots showing the smallest observation, lower quar-

tile, median, upper quartile and largest observation. Comparisons between groups were per-

formed using a Mann–Whitney U test. For survival studies Kaplan-Meier analyses followed by 

log rank test were performed. All analyses were done using GraphPad Prism version 5.01 

(GraphPad Software, San Diego, CA). P-values <0.05 were considered statistically significant. 
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Results 

 
APC-overexpression hampers bacterial dissemination 

We previously showed that APChigh-mice have markedly increased levels of APC in various or-

gans as was measured in plasma, lung-, kidney-, liver-, and spleen homogenates of uninfected 

APChigh-mice22. To investigate whether overexpression of APC would impact on bacterial 

growth, we infected WT and APChigh-mice with 5*104 CFU of S. pneumoniae and sacrificed them 

after 6, 24 or 48 hours to determine bacterial loads in lungs (the primary site of infection), 

blood, liver and spleen homogenates (to evaluate the extent of dissemination) (Figure 1). No 

differences in bacterial growth were seen in the lungs (Figure 1A) or blood (Figure 1B) between 

WT and APChigh-mice. However, relative to WT mice, APChigh-mice showed markedly decreased 

bacterial loads 24 and 48 hours after infection in both liver (Figure 1C; P<0.05 for both time 

points) and spleen homogenates (Figure 1D; P <0.01 for both time points). These data indicate 

that overexpression of APC hampers bacterial dissemination during S. pneumoniae-induced 

pneumonia. 

APC-overexpression does not impact on lung pathology during pneumococcal 

pneumonia but is associated with decreased neutrophil influx 

Our model of pneumococcal pneumonia is associated with profound lung pathology19,20,24. 

Both WT and APChigh-mice infected with S. pneumoniae showed inflammatory infiltrates in 

the lungs characterized by bronchitis, interstitial inflammation, oedema, endothelialitis, 

pleuritis and thrombus formation (Figure 2A-C). However, APC-overexpression did not induce 

differences in lung pathology during infection between WT and APChigh-mice (Figure 2A). 

Neutrophils contribute to host defense against S. pneumoniae 19,20. In order to investigate neu-

trophil influx in our model we measured percentage of Ly-6G staining in infected lung tissue 

(Figure 2D-F). Twenty-four hours after infection, APChigh-mice displayed significantly decreased 

neutrophil numbers in their lungs as compared to WT mice (P <0.05; Figure 2D-F). These data 

Figure 1. APC-overexpression is associated with reduced bacterial dissemination Mice were intranasally inoculated 

with 5*104 CFU of S. pneumoniae and sacrificed after 6, 24 or 48 hours. Bacterial loads were determined in lung homoge-

nates (A), blood (B), liver homogenates (C) and spleen homogenates (D). Data are expressed as box and whisker plots 

showing the smallest observation, lower quartile, median, upper quartile and largest observation. Grey boxes represent WT 

mice, white boxes represent APChigh-mice (n =8 mice per group for each time point). *P <0.05 and **P <0.01 for the difference 

between WT and APChigh-mice (Mann–Whitney U test). BD below detection limits. 

Figure 2.  APC-overexpression does not impact on lung pathology but attenuates neutrophil influx into the lungs

Histology scores were similar in WT and APChigh-mice 6, 24 and 48 hours post-infection with 5*104 CFU of S. pneumoniae (A). 

Representative photographs of WT (B) and APChigh-mice (C) (H&E staining, original magnification x100) 48 hours post-infec-

tion. Decreased granulocyte influx as measured by Ly-6G expression in APChigh-mice infected with S. pneumoniae, 24 hours 

after infection (D). Representative photographs of Ly-6G immunostaining (original magnification x100) for granulocytes of 

WT (E) and APChigh-mice (F), 24 hours post-infection. APChigh-mice showed decreased numbers of total cell counts in bron-

choalveolar lavage fluid (BALF) compared to WT mice (G), which was caused by a decreased influx of neutrophils (H). No 

differences in influx of macrophages (I) and lymphocytes (J) were found. Data are expressed as box and whisker plots show-

ing the smallest observation, lower quartile, median, upper quartile and largest observation. Numbers of Ly-6G + granulo-

cytes are expressed as the percentage of the total lung surface area. Neutrophils, macrophages and lymphocytes are 

expressed as absolute numbers. Grey boxes represent WT mice, white boxes represent APChigh-mice (n =8 mice per group for 

each time point). *P <0.05 and **P <0.01 for WT versus APChigh-mice (Mann–Whitney U test). 
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were confirmed by decreased numbers of total cell counts in BALF in APChigh-mice compared to 

WT mice (P <0.01; Figure 2G), for which a decrease in the number of neutrophils in APChigh-

mice mainly was responsible (P <0.01; Figure 2H). BALF macrophage and lymphocyte numbers 

did not differ between APChigh and WT mice (Figure 2I-J). 

Limited differences between WT and APChigh-mice in cytokine production 

Since cytokines are important regulators of the host immune response during pneumococcal 

pneumonia1,2 we measured levels of the following cytokines in lung homogenates and plasma: 

TNF-α, IL-6, IL-10, IL-12p70, IFN-γ, MCP-1 and KC (Table 1). The lung and plasma levels of 

these mediators did not differ between mouse strains at 6, 24 or 48 hours after infection. 

Overexpression of APC does not inhibit coagulation activation 

To obtain insight into the anticoagulant potential of overexpression of APC we measured the 

levels of TATc, a parameter of coagulation-induction. TATc was measured in in lung homoge-

nates and plasma of WT and APChigh-mice 6 and 48 hours after inoculation with S. pneumoniae 

(Figure 3). No differences in TATc levels between WT and APChigh-mice were observed either in 

the pulmonary or the systemic compartment. 

APChigh-mice show a trend towards a better survival during experimental pneu-

mococcal pneumonia 

We have previously shown that in our model of pneumococcal pneumonia is associated with 

a high mortality19. To investigate whether overexpression of APC impacts mortality during 

pneumococcal pneumonia we intranasally infected WT and APC mice with 5*104 CFU of S. 

pneumoniae and observed them during the following 8 days (Figure 4). In line with the de-

creased bacterial burdens observed in liver and spleen homogenates, and the less prominent 

cellular influx in the lung, APChigh-mice showed a trend towards a better survival when com-

pared to WTmice (P=0.06). 

Discussion 

The potential of the PC system as a pharmaceutical target in sepsis remains a topic of debate 

despite the retraction of recombinant human APC from the market due to efficacy con-

cerns13,17,18,25-27. In the pulmonary compartment, increased coagulation activation during pneu-

monia may be advantageous for the host by preventing potential lethal bleeding from 

destructed lung tissue and by providing a platform to encounter, entrap and kill in-vading 

pathogens7. In contrast, inflammation-induced coagulation activation can also produce col-

lateral damage and be detrimental by interfering with normal organ physiology and hamper-

ing a balanced immune response5,6,28. APC has both anticoagulant and antiinflammatory 

effects8,9 and thereby can be expected to influence the host response during infection8,9. Our 

goal was to address the impact of sustained elevated levels of APC in a clinically relevant 

pneumonia model by using APChigh-mice with high endogenous hyperactivatable PC 

expression21. 

The results of our study show that in S. pneumoniae-induced pneumonia APChigh-mice have an 

improved host defense as reflected by decreased dissemination of bacteria to distant organs 

and an attenuated influx of neutrophils into the lungs. In the ‘PROWESS’ human sepsis trial, 

rhAPC treatment was especially beneficial in the sepsis group with pneumonia13,14. Therefore, 

we focused this and our previous studies19,20 on effects of APC in the pulmonary compartment 

and CAP, with S. pneumoniae as the clinically most relevant pathogen1,2. The APChigh-mice used 

in this study overexpress hyperactivatable human PC21. In this respect, generation of APC is 

Figure 3. APChigh-mice show an unaltered procoagulant response Mice were infected intranasally with 5*104 CFU of 

S. pneumoniae. After 6 and 48 hours levels of TATc were measured in lung homogenates (A) and plasma (B) of WT and 

APChigh-mice. No differences were seen between WT and APChigh-mice. Grey boxes represent WT mice, white boxes represent 

APChigh-mice (n =8 mice per group for each time point). *P <0.05 for WT versus APChigh-mice (Mann–Whitney U test). NEM 

not enough material for analysis. 

Figure 4. Survival APChigh-mice show a trend towards a delayed mortality during pneumococcal pneumonia. Wild type 

(WT) (n =16) and APChigh-mice (n =12) were infected intranasally with 5*104 CFU of S. pneumoniae and mortality was as-

sessed every 6 hours, Comparison between groups was done by using Kaplan-Meier analysis followed by log rank tests. 
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dependent on thrombin, yet less dependent on thrombomodulin (which is downregulated in 

sepsis), thereby conferring some “clot-specificity”. Therefore, overexpression in APChigh-mice is 

different from infusing recombinant APC per se. Nevertheless, because there is constitutive 

thrombin generation, the animals show constitutively elevated APC at a concentration that is 

very similar to the dosing used in clinical trials (45 ng/ml steady state)29. 

Likewise, inhibition of neutrophil attraction by APC was shown in other human and animal 

studies in different inflammatory settings30-34. Treatment with rhAPC in healthy volunteers 

challenged with lipopolysaccharide (LPS) by bronchoscopy resulted in decreased neutrophil 

migration35. In a nice series of experiments involving both in vivo (LPS challenge in mice) and 

in vitro experiments (neutrophil agarose migration assay) APC was shown to desensitize neu-

trophils for chemotaxis in an integrin-dependent manner, without affecting neutrophil 

function, cytokine production or apoptosis30. Here, we observed a similar specific inhibitory 

effect of APC affecting the influx of neutrophils when using live bacteria instead of LPS. This 

effect of APC was observed at 24 hours after inoculation of S. pneumoniae, while at the 48-hour 

time point neutrophil numbers in lungs and KC levels in lung homogenates and BALF were 

similar in both mouse strains, suggesting that during fulminant pneumonia the inhibitory 

effect of APC on neutrophil recruitment is overruled by the strong proinflammatory stimulus 

provided by high bacterial loads. We did not observe differences in cytokine levels between 

APChigh and WT mice, suggestive of similar chemotactic gradients. In accordance, APC has been 

shown to inhibit IL-8 directed33 and integrin-mediated neutrophil migration30. In addition, a 

recent study showed that APC might control inflammation via leukocyte adhesion in a RAGE-

dependent way36. Of note, the decreased amount of pulmonary neutrophils did not result in 

increased local CFU counts, suggesting that the number of neutrophils was still adequate to 

cope with the pneumococci in the lungs. 

Although bacterial loads were comparable at the primary site of infection, APChigh-mice had 

lower burdens of pneumococci in liver and spleen. The endothelium is the anatomical barrier 

that pathogens need to cross before dissemination from the lungs to the systemic compart-

ment and distant organs. The integrity of the endothelium is tightly regulated, in which 

sphingosin-1 phosphatase (S1P) plays an important part37. APC is able to exert S1P agonistic 

effects and thereby to improve endothelial barrier function38, which may in part explain the 

reduced dissemination of S. pneumoniae from the lungs of APChigh-mice. Of note, APChigh-mice 

had higher bacterial loads in liver and spleen when compared with WT mice in spite of similar 

bacterial counts in blood. Conceivable explanations for this discrepancy include the possibil-

ity that the small amount of blood plated for culture (50 μl) yields less representative results 

when compared with whole organ homogenates, due to intermittent bacterial spillage to the 

circulation from different organs, and/or the option that high APC levels have more profound 

effects on bacterial growth in the cellular environment of intact organs such as the liver and 

spleen. Clearly, high APC levels primarily affected bacterial dissemination, considering that 

APChigh and WT mice had similar bacterial burdens at the primary site of infection. 

Remarkably, APChigh-mice did not show attenuated coagulation compared to WT mice. In our 

previous studies using this model of pneumococcal pneumonia administration of rmAPC did 

exert anticoagulant effects19,20. Notably, the high intraperitoneal APC doses (125 μg every 8 

hours) used in these earlier investigations resulted in APC levels one hour post-injection that 

Lung and plasma cytokine levels after intranasal infection with 5*105 CFU of S. pneumoniae. Wild type (WT) and APChigh-

mice were sacrificed 6, 24 or 48 hours after infection. Data are expressed as median (interquartile range) of n =8 mice per 

group per time point. BALF broncho-alveolar lavage fluid, BD below detection limits, TNF-α tumor necrosis factor-α, IL inter-

leukin, IFN-γ interferon-γ, KC keratinocyte-derived chemokine, MCP-1 monocyte chemotactic protein.

14

Table 1 Cytokine concentrations in lung homogenates and plasma of WT and APC
high

-mice during pneumococcal

pneumonia

 Lung homogenates

all [pg/ml]  wT  APChigh  wT  APChigh  wT  APChigh

 T = 6   T = 24   T = 48

TNF-α  8.6  7.6  249  284  217  56

 (6.1-9.8)  (4.8-14)  (164–318)  (182–549)  (19–821)  (11–290)

IL-6  21  31  1218  1429  1317  694

 (17–22)  (16–51)  (474–1522)  (1078–1992)  (650–1722)  (104–1449)

IL-10  16  24  17  12  20  19

 (15–22)  (22–35)  (11–24)  (7.6-21)  (11–33)  (16–28)

IL-12p70  BD  BD  13  17  BD  BD

   (5.4-21)  (11–49)

IFN-γ   BD  BD  12  19  14  13

   (8.1-19)  (8.4-26)  (4.3-32)  (5.4-41)

MCP-1  254  210  2891  3239  4913  3056

 (229–274)  (187–247)  (1935–3561)  (2507–4730)  (2901–5574)  (884–5958)

KC  255  221  4809  6838  8338  6993

 (215–317)  (66–347)  (3548–7702)  (5165–9143)  (4703–10317)  (4421–8496)

KC (BALF)  117  102  255  277  231  236

 (106–131)  (99–127)  (241–347)  (252–306)  (213–343)  (194–260)

 Plasma

 wT  APChigh  wT  APChigh  wT  APChigh

 T = 6   T = 24   T = 48

TNF-α   15  16  42  37  92  43

 (13–20)  (13–18)  (36–53)  (29–46)  (48–111)  (23–74)

IL-6  5.1  3.9  331  263  795  223

 (2.5-7.4)  (2.9-22)  (232–442)  (213–354)  (183–881)  (111–602)

IL-10  BD  BD  BD  BD  BD  BD

IL-12p70  7.8  10  11  27  6.9  6.0

 (5.2-9.8)  (6.4-13)  (10–16)  (14–40)  (3.5-17)  (3.9-8.4)

IFN-γ  2.0  1.4  24  38  43  29

 (1.9-2.1)  (1.3-6.7)  (14–41)  (23–55)  (30–69)  (8.2-82)

MCP-1  26  37  138  95  590  240

 (26–41)  (35–42)  (71–196)  (83–149)  (402–786)  (138–786)
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were almost 10-fold higher than the APC levels measured in APChigh-mice19,20,22. In addition, the 

APC expressed in APChigh-mice is described to have 35% less anticoagulant effect in vitro. 

Together, these facts may at least in part explain the lack of a clear anticoagulant effect in 

APChigh-mice with pneumococcal pneumonia. Nonetheless, in spite of this APChigh-mice dis-

played a clear protective phenotype, suggesting that the cytoprotective effects of APC were 

mainly responsible here for. 

The current results contrast with our recent investigation in which we studied APChigh-mice in 

severe Gram-negative pneumonia derived sepsis caused by Burkholderia pseudomallei, the 

causative agent of melioidosis22. APChigh-mice demonstrated enhanced susceptibility to B. 

pseudomallei infection compared with WT mice as indicated by a strongly increased mortality 

accompanied by enhanced bacterial loads in the lungs, blood, and distant organs 48 hours 

after infection22. Although a clear explanation for these different results is lacking, clearly, the 

models and pathogens used differ considerably, which is very well documented in a wide vari-

ety of experimental settings. In fact, this is an interesting point which may, if true in the human 

situation, might in part explain the overall poor efficacy of rhAPC in sepsis trials. 

Our study is limited by the fact that we studied only one infectious dose of a serotype 3 pneu-

mococcus. In the limited experience we have with lower doses of this highly virulent bacterial 

strain the onset of disease was somewhat postponed without clear differences in the eventual 

outcome. Nonetheless, further studies are re-quired to establish the phenotype of APChigh-mice 

after infection with other doses of the S. pneumoniae strain used here, and with other pneumo-

coccal serotypes. In addition, APChigh-mice do not adequately mimic the clinical scenario of 

continuous intravenous APC infusion started at the time of already established infection, a 

setting difficult to accomplish in freely moving mice. As such, our data cannot be directly ex-

trapolated to the effect of high APC levels achieved at various durations after induction of 

pneumonia. The current results, obtained with mice exposed to sustained high APC levels, 

confirm and extend our earlier results obtained with repeated administration of bolus doses of 

recombinant APC during pneumococcal pneumonia, resulting in a more artificial situation of 

highly variable APC concentrations due to the short half-life of this protein19,20. 

Conclusions 

In summary, this study shows that elevated formation of human APC improves host defense 

during experimental pneumococcal pneumonia with respect to reduced bacterial dissemina-

tion and mitigated neutrophil influx in the lungs. Although recombinant APC has been 

withdrawn from the market these results support previous preclinical data showing beneficial 

effects of APC in ex-perimental models of sepsis and pneumonia. 
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	THE LECTIN-LIKE DOMAIN OF THROMbOMODuLIN HAMPERS HOST 

    DEFENCE IN PNEuMOCOCCAL PNEuMONIA 

Abstract

The lectin-like domain of thrombomodulin (TM) plays an important regulatory role in sterile 

inflammatory conditions, but its role in severe Gram-positive infectious disease is unknown. 

Streptococcus pneumoniae is the most common cause of community-acquired pneumonia. The 

aim of this study was to determine the role of the lectin-like domain of TM in murine pneumo-

coccal pneumonia. 

Wild-type (WT) mice and mice lacking the lectin-like domain of TM (TMLeD/LeD) were infected 

intranasally with viable S. pneumoniae and either observed in a survival study or euthanised 6, 

24 or 48 h after infection. 

TMLeD/LeD mice had a markedly better survival in pneumococcal pneumonia when compared 

with WT mice. At 48 h post-infection with S. pneumoniae, TMLeD/LeD mice had lower bacterial 

loads in blood and liver, and exhibited less pulmonary inflammation, as shown by having less 

lung histopathology, less neutrophil influx and lower cytokine and chemokine levels. Plasma 

levels of pro-inflammatory cytokines were also reduced in TMLeD/LeD mice after exposure to the 

infection. 

Deletion of the lectin-like domain of TM improves the host defence in pneumococcal pneu-

monia. The lectin-like domain of TM may have a differential role in response to Gram positive 

or Gram-negative bacteria. 

The leading cause of community-acquired pneumonia is Streptococcus pneumoniae1. Annually, 

~ 570 000 cases of pneumococcal pneumonia occur in the USA, accounting for ~175 000 hos-

pitalisations2. When associated with sepsis, mortality rates of pneumococcal pneumonia can 

exceed 20%3. Worldwide, S. pneumoniae is responsible for an estimated10 million deaths per 

year [4]. Together with the increasing incidence of antibiotic resistance to this pathogen1, there 

is an urgent need to expand our knowledge of host defence mechanisms that influence the 

outcome of pneumococcal pneumonia and sepsis.

Thrombomodulin (TM) CD141 is a transmembrane, multidomain glycoprotein receptor that 

is expressed predominantly on vascular endothelial cells, but also on monocytes, neutrophils, 

osteoblasts, synovial cells and dendritic cells5–7. TM exhibits several distinct properties in coagu-

lation, fibrinolysis, innate immunity and inflammation that are based largely on its distinct 

structural domains. The central domain of TM is comprised of six epidermal growth factor 

(EGF)-like repeats, three of which provide critical cofactor activity for the thrombin-mediated 

generation of activated protein C (APC) and of activated thrombinactivatable fibrinolysis in-

hibitor (TAFIa). Protein C activation by thrombin–TM is further augmented by the endothelial 

protein C receptor5–7. APC suppresses further generation of thrombin by cleaving and inacti-

vating coagulation cofactors Va and VIIIa. APC also has profound antiinflammatory proper-

ties8–10. The plasma carboxypeptidase B, TAFIa, inhibits fibrinolysis by modifying fibrinogen, 

rendering the fibrin resistant to plasminogen binding, and limiting plasmin generation11. 

TAFIa also inactivates the complement fragments and anaphylatoxins C3a and C5a, thereby 

dampening the innate immune response12. In addition to its pivotal role in activating protein 

C and TAFI8, 11, TM also has direct anti-inflammatory properties5–7 that are mediated at least in 

part by its Nterminal C-type lectin-like domain. This structure interferes with neutrophil ad-

hesion, complement activation and cytokine generation13–15, and mice lacking the lectin-like 

domain of TM (TMLeD/LeD mice) exhibit increased sensitivity to tissue injury in models of endo-

toxaemia, lung and myocardial ischaemia-reperfusion and inflammatory arthritis13–15.

Although alterations in regulation of the coagulation system have been studied extensively in 

pneumonia and sepsis8, there is limited knowledge of the role of TM in the host response to 

bacterial infection. As TM is highly expressed in the lung, particularly in the alveolar capillary 

endothelial cells16, 17, we have been evaluating its participation in the response to respiratory 

tract infections. Mice with a point mutation in the gene encoding TM, which significantly re-

duces its capacity to generate APC and lowers TM antigen levels, surprisingly did not exhibit 

alterations in the pulmonary response to endotoxin or to respiratory pathogens, including S.

pneumoniae18. Using TMLeD/LeD mice and their counterpart wild-type (WT) mice, we sought to 

determine the in vivo role of the lectin-like domain of TM in the response to pneumococcal 

pneumonia.

Materials and methods

Animals

TMLeD/LeD mice were generated as described13 and backcrossed eight times to a C57BL/6 genetic 

background. TMLeD/LeD mice express normal antigenic levels of TM, and activation of protein C 

is intact and unaffected by the deletion of the lectinlike domain13. C57BL/6 WT mice were 

purchased from Charles River (Maastricht, the Netherlands). All experiments were approved 

by the Institutional Animal Care and Use Committee of the University of Amsterdam 

(Amsterdam, the Netherlands). 

Experimental infection and sampling

Pneumonia was induced by intranasal inoculation with ~5x104 CFU of S. pneumoniae serotype 

3 (ATCC 6303; American Type Culture Collection, Rockville, MD, USA) as described18, 19. Mice 

were observed for 1 week (n514 per group), after which survivors were killed or were euthanised 

at predefined time-points (n58 per group per time-point). Citrated plasma was prepared from 

blood drawn from the inferior vena cava. Organ homogenates were prepared as described18, 19. 

In brief, the left lung and approximately half of the spleen and liver were harvested and ho-

15
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mogenised at 4ºC in four volumes of sterile saline using a tissue homogeniser (Biospect 

Products, Bartlesville, UK). Bacterial outgrowth in organ homogenates was determined as de-

scribed18, 19. For further measurements in lung tissue, lung homogenates were diluted 1:2 with 

lysis buffer (300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% (volume/volume) Triton 

X-100, pH 7.4) with protease inhibitor mix added (4-(2-aminoethyl)benzenesulfonylfluoride 

(AEBSF)), EDTA-NA2, pepstatin and leupeptin, all purchased from MP Biomedical (Eindhoven, 

the Netherlands) and incubated for 30 min on ice, followed by centrifugation at 6806g for 10 

min. Supernatants were stored at -20ºC until analysis.

In a separate series of experiments, the trachea was exposed and canulated with a sterile 

22-gauge Abbocath-T catheter (Abott, Sligo, Ireland) after which bronchoalveolar lavage (BAL) 

was performed by instilling and retrieving two 0.5 mL aliquots of saline (n58 per group per 

time-point). Cell counts were determined for each BAL fluid (BALF) sample in a haemocytom-

eter (Beckman Coulter, Fullerton, CA, USA). Differential cell counts were performed on cyt-

ospins stained with Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland).

Histology and immunohistochemistry 

The right lung was fixed in 10% formalin/PBS at room temperature for 24 h and subsequently 

embedded in paraffin; 5-μm thick sections were cut. Granulocyte staining was performed us-

ing fluorescein isothiocyanate–labelled antimouse- Ly-6G monoclonal antibody (Pharmingen, 

San Diego, CA, USA) as described20. Ly-6G stained slides were photographed with amicroscope 

equippedwith a digital camera (Leica CTR500; Leica Microsystems, Wetzlar, Germany). 10 

random pictures were taken per slide. Stained areas were analysed with Image Pro Plus (Media 

Cybernetics, Bethesda, MD, USA) and expressed as a percentage of the total surface area. Slides 

were also stained with haematoxylin and eosin and analysed by a pathologist who was blinded 

to the identity of the different groups. To score lung inflammation and damage, the entire lung 

section was analysed with respect to the following parameters: bronchitis, interstitial inflam-

mation, oedema, endothelialitis, pleuritis and thrombus formation. Each parameter was 

graded on a scale of 0–4 (0: absent; 1: mild; 2: moderate; 3: severe; and 4: very severe). The total 

histopathological score was expressed as the sum of the scores for the different parameters.

Assays

Myeloperoxidase (MPO) (HyCult Biotechnology, Uden, the Netherlands) was measured by 

ELISA. Tumour necrosis factor (TNF)-α, interleukin (IL)-6, monocyte chemoattractant protein 

(MCP)-1, IL-12p70, interferon (IFN)-γ and IL-10 were measured by cytometric bead array 

multiplex assay (BD Biosciences, San Jose, CA, USA). Keratinocyte-derived chemokine (KC) 

and macrophage inflammatory protein (MIP)-2 were measured by ELISA (R&D Systems, 

Minneapolis, MN, USA).Thrombin–antithrombin complexes (TATc) were measured byELISA 

(Siemens Healthcare Diagnostics, Marburg, Germany).

Statistical analysis

Data are expressed either as box-and-whisker plots depicting the smallest observation, lower 

quartile, median, upper quartile and largest observation, as medians with interquartile

ranges or as Kaplan–Meier plots. Differences between groups were determined with Mann–

Whitney U-test or log rank test where appropriate. Analyses were performed using GraphPad

Prism version 4.0 (GraphPad Software, San Diego, CA, USA). P-values of <0.05 were considered 

statistically significant.

Results

TMLeD/LeD mice exhibit a survival advantage after pneumococcal infection

To determine whether the lectin-like domain of TM alters survival in response to lethal doses 

of S. pneumoniae, TMLeD/LeD and WT mice were inoculated intranasally with the bacteria and 

monitored for 1 week (fig. 1). TMLeD/LeD mice were significantly protected from the lethal infec-

tion as compared with WT mice (P <0.05), and started dying later than WT mice. Five out of 14 

TMLeD/LeD mice were alive at the end of the study, whereas only one out of the 14 WT mice 

survived. 

TMLeD/LeD mice show diminished dissemination of the infection

To determine whether the difference in survival between TMLeD/LeD and WT mice could be at-

tributed to a difference in antibacterial defence, we measured bacterial outgrowth 6, 24 and 48 

h post-infection in lungs, blood and distant organs (spleen and liver) (fig. 2). At 6 h, TMLeD/LeD 

mice had slightly lower bacterial loads in their lungs than WT mice (P<0.05) (fig. 2a). However, 

at later time-points, there were no detectable differences in lung bacterial burdens in the differ-

ent genotype mice (fig. 2a). Whereas cultures in blood and distant organs were almost invari-

Figure 1. Loss of the lectin-like domain of thrombomodulin (TMLeD/LeD) reduces mortality in murine pneumococcal pneumo-

nia. Survival of wild-type (WT) mice and mice lacking the TMLeD/LeD after intranasal infection with 56104 Streptococcus pneu-

moniae CFU (14 mice per group). *: P< 0.05, statistical significance as compared with WT using log rank test.
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ably negative during the first 24 h after infection (fig. 2b–d), at 48 h the majority of mice 

displayed systemic infection. Notably, at this time-point, TMLeD/LeD mice had significantly lower 

bacterial counts in blood (fig. 2b) and liver (fig. 2d) as compared with WT mice (both P <0.05), 

whereas pneumococcal loads in spleen (fig. 2c) were not significantly different between 

groups.

Lungs of TMLeD/LeD mice are relatively resistant to pro-inflammatory effects of  

S. pneumoniae

Pneumococcal pneumonia was associated with pulmonary inflammation and damage as evi-

denced by influx of neutrophils into the lungs and the occurrence of bronchitis, interstitial 

inflammation, oedema and endothelialitis. The absence of the lectin-like domain of TM in 

mice results in enhanced neutrophil accumulation in the lungs subsequent to endotoxin in-

halation1. To assess the role of the lectin-like domain of TM on neutrophil influx into the pul-

monary compartment in response to pneumococcal pneumonia, we performed Ly-6G 

staining on lung sections and measured MPO levels in lung homogenates at 24 and 48 h post-

infection. While there were no differences at 24 h (data not shown), Ly-6G positivity at 48 h 

was significantly lower in the lungs of TMLeD/LeD mice than of WT mice, indicating reduced neu-

trophil accumulation (fig. 3a–c). MPO levels were also significantly lower in lung homogenates 

of TMLeD/LeD mice at 48 h (fig. 3d). In line with these findings, mean histopathological scores of 

lung sections at the same time-point were lower in TMLeD/LeD mice (fig. 4). To investigate whether 

differences in lung tissue neutrophil influx resulted in differences in cell influx in the broncho-

alveolar compartment, we determined total cell counts, neutrophil numbers and MPO in 

BALF at 6, 24 and 48 h after induction of pneumococcal pneumonia. There were no differences 

in total cell counts and neutrophil numbers between TMLeD/LeD and WT mice at any of the time-

points studied (table 1). Moreover, BALF MPO levels were not different (not shown).

We next quantified the levels of several chemokines and cytokines in lung homogenates at 6, 

24 and 48 h post-infection (table 2). At 6 and 24 h, no differences in lung chemokines and cy-

tokines were detected between the groups. However, at 48 h, lung homogenates from TMLeD/LeD 

Figure 2 Bacterial outgrowth in blood and liver is lower in mice lacking the lectin-like domain of thrombomodulin (TMLeD/LeD) 

as compared with wild-type (WT) mice after pneumococcal infection. Bacterial outgrowth in a) lung, b) blood, c) spleen and 

d) liver 6, 24, and 48 h after induction of pneumonia by intranasal inoculation with 56104 Streptococcus pneumoniae CFU in 

WT and TMLeD/LeD mice. Data are expressed as box-and-whisker plots depicting the smallest observation, lower quartile, me-

dian, upper quartile and largest observation (eight mice per group). BD: below detection. *: P<0.05, statistical significance 

as compared with WT using Mann–Whitney U-test.

Figure 3 Lung neutrophil influx and myeloperoxidase (MPO) levels are lower in mice lacking the lectin-like domain of 

thrombomodulin (TMLeD/LeD) as compared with wild-type (WT) mice after pneumococcal infection. Representative slides of 

lung fluorescein isothyocyanate anti-mouse Ly-6G staining (brown) 48 h after induction of pneumonia by intranasal inocu-

lation with 56104 Streptococcus pneumoniae CFU in a) WT mice and b) TMLeD/LeD mice. Scale bars5100 mm. c) Quantitation of 

pulmonary Ly-6G 48 h after induction of pneumococcal pneumonia in WT mice and TMLeD/LeD mice. d) Lung levels of MPO 48 h 

post-infection with pneumococcal pneumonia in WT mice and TMLeD/LeD mice. Data are expressed as box-and-whisker plots 

depicting the smallest observation, lower quartile, median, upper quartile and largest observation (eight mice per group). **: 

P<0.01, statistical significance as compared with WT using Mann–Whitney U-test.
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mice had significantly lower levels of the chemokines KC and MIP-2 (P< 0.05 and P< 0.01 

respec tively), and reduced levels of TNF-α (P< 0.001), IL-6, IL-10, IFN-γ and MCP-1 (P< 0.05) 

(table 2).

Reduced plasma cytokine levels in TMLeD/LeD mice after S. pneumoniae infection

To further investigate the role of the lectin-like domain of TM in response to pneumococcal 

pneumonia we measured inflammatory markers in plasma. The differential inflammatory re-

sponse between TMLeD/LeD mice and WT mice was already evident in plasma at 24 h post-infection, 

at which point levels of TNF-α, IL-6 and MCP-1 were significantly lower in TMLeD/LeD mice than 

in WT mice (table 3), a difference that was sustained until 48 h. Plasma levels of IL-10, IL-12 

and IFN-γ were below the detection limit of the assays (not shown).

Data are presented as median (interquartile range). Pneumonia was induced by intranasal inoculation with 5x104 

Streptococcus pneumoniae CFU. n=8 per group in all cases.

Data are presented as median (interquartile range). Pneumonia was induced by intranasal inoculation with 5x104 

Streptococcus pneumoniae CFU. KC: keratinocytederived chemokine; MIP-2: macrophage inflammatory protein-2; TNF-a: 

tumour necrosis factor-a; IL: interleukin; IFN-γ: interferon-γ; MCP-1: monocyte chemotactic protein-1; ND: not determined; 

BD: below detection. n58 per group in all cases per time-point. *: P<0.05; **: P<0.01; ***: P<0.001, statistical significance 

compared with WT using Mann–Whitney U-test.

Data are presented as median (interquartile range). Pneumonia was induced by intranasal inoculation with 5x104 

Streptococcus pneumoniae CFU. TNF-a: tumour necrosis factor-a; IL-6: interleukin-6; MCP-1: monocyte chemotactic pro-

tein-1; BD: below detection. n=8 per group in all cases per time-point. **: P<0.01, statistical significance compared with WT 

using Mann–Whitney U-test.

Figuur 4 Total histopathology scores are lower in mice lacking the lectin-like domain of thrombomodulin (TMLeD/LeD) as 

compared with wild-type (WT) mice after pneumococcal infection. Representative slides of lung haematoxylin and eosin 

stainings 48 h after induction of pneumonia by intranasal inoculation with 56104 Streptococcus pneumoniae CFU in a) WT 

mice and b) TMLeD/LeD mice. Scale bars5100 mm. c) Total pathology scores 48 h post-infection with pneumococcal pneumonia 

in WT mice and TMLeD/LeD mice. Data are expressed as box-and-whisker plots depicting the smallest observation, lower quar-

tile, median, upper quartile and largest observation (eight mice per group). *: P<0.05, statistical significance as compared 

with WT using Mann-Whitney U-test.
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TABLE 1 Cell counts and differentials in bronchoalveolar lavage fluid in wild-type (WT) mice and mice lacking the lectin-like
domain of thrombomodulin (TM LeD/LeD ) 6, 24 and 48 h post-infection with pneumococcal pneumonia

noitcefni-tsoph84noitcefni-tsoph42noitcefni-tsoph6

WT TM LeD/ LeD WT TM LeD/ LeD WT TM LeD/ LeD

Total cell counts 10 6 per mL -1 3.69 (2.24–6.53) 3.19 (2.88–3.60) 2.87 (2.44–5.45) 4.18 (2.90–5.20) 3.80 (2.65–8.28) 4.03 (3.74–10.6)

Neutrophil count 10 5 per mL -1 0.71 (0.32–1.48 1.21 (0.51–1.39 0.18 (0.00–0.81 0.52 (0.16–1.07 1.37 (1.12–1.62 1.18 (0.64–2.45)

TABLE 2 Plasma cytokine and chemokine levels in wild-type (WT) mice and mice lacking the lectin-like domain of
thrombomodulin (TM              ) 6, 24 and 48 h post-infection with pneumococcal pneumonia

noitcefni-tsoph84noitcefni-tsoph42noitcefni-tsoph6

WT TM LeD/ LeD WT TM LeD/ LeD WT TM LeD/ LeD

LeD/LeD

KC ng•mL-1 ND ND 1.19 (0.72–3.10) 1.10 (0.96–1.42) 11.4 (10.2–15.1) 3.70 (1.79–9.79)*

MIP-2 ng•mL-1 ND ND 3.66 (3.16–4.52) 3.38 (2.99–3.81) 11.8 (6.65–16.6) 2.77 (2.23–5.54)**

TNF- a pg •mL-1 20.2 (12.7–26.0) 23.1 (15.5–30.1) 5.17 (2.50–6.31) 2.50 (2.50–13.1) 116 (83.9–150) 8.10 (4.24–39.7)*

IL-6 pg•mL-1 36.4 (25.4–41.5) 44.8 (30.5–67.2) 19.1 (5.40–123) 7.63 (5.38–18.3) 889 (501–1174) 58.8 (17.0–594)***

IL-10 pg•mL-1 6.03 (5.13–6.69) 6.74 (6.26–7.72) 2.50 (2.50–5.36) 3.75 (2.50–5.38) 8.20 (2.50–17.9) 2.50 (2.50–2.50)*

IL-12 pg•mL-1 BD BD BD BD 11.3 (5.00–16.1) 5.00 (5.00–10.1)

IFN- c pg •mL-1 1.46 (1.40–1.57) 1.68 (1.36–2.22) 2.19 (2.03–3.59) 2.58 (1.96–3.19) 23.6 (14.2–35.1) 3.78 (2.46–16.7)*

MCP-1 ng•mL-1 299 (222–341) 315 (278–620) 0.19 (0.15–0.24) 0.19 (0.18–0.30) 7.18 (4.51–10.1) 0.95 (0.64–6.10)*

TABLE 3 Plasma cytokine and chemokine levels in wild-type (WT) mice and mice lacking the lectin-like domain of
thrombomodulin (TM              ) 6, 24 and 48 h post-infection with pneumococcal pneumoniaLeD/LeD

noitcefni-tsoph84noitcefni-tsoph42noitcefni-tsoph6

WT TM LeD/ LeD WT TM LeD/ LeD WT TM LeD/ LeD

TNF- a pg•mL-1 5.99 (3.28–8.05) 6.47 (5.53–7.99)                          7.90 (6.38–9.75 ) 1.30 (1.30–4.10)**  23.3 (18.1–37.4) 3.50 (1.95–8.70)**

IL-6 pg •mL-1 4.38 (1.00–19.5) 5.02 (1.00–7.02)                     37.4 (21.3–85.2) 6.25 (2.50–15.6)**  35.5 (31.7–42.9) 3.50 (2.50–20.1)**

MCP-1 pg•mL-1 15.8 (10.0–34.7)**     80.2 (55.3–147)10.0 (10.0–30.3)**37.8 (30.6–80.9)BDBD
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TMLeD/LeD mice exhibit a dampened coagulation response to S. pneumoniae

We also evaluated whether the lectin-like domain of TM modified pneumococcal pneumo-

nia-induced changes in coagulation activation by measuring TATc levels in lung homoge-

nates and plasma.No differences in TATc levels were noted either at 6 and 24 h post-infection 

in plasma or in lung homogenates. However, at 48 h, when plasma TATc levels remained sim-

ilar in both groups of mice (data not shown), TATc levels were significantly lower in lung tis-

sue from TMLeD/LeD mice as compared with WT mice (P< 0.05) (fig. 5).

 

Discussion

Coagulation and inflammation are highly integrated and interactive participants in the im-

mediate host response to infection. TM occupies a central role in the regulation of coagulation 

and inflammation, with responsibility for its specific functions relying on the integrity of its 

distinct structural domains. Thus, the EGF-like repeats provide cofactor activity for thrombin-

mediated activation of protein C and TAFI, resulting in dampening of coagulation, fibrinolysis 

and complement, while the N-terminal lectin-like domain exhibits a number of anti-inflam-

matory properties5–7. Using mouse models to study the host response to bacterial pneumonia, 

we have previously investigated the role of the EGF-like repeat of TM, which is responsible for 

protein C activation. TMPro/Pro mice, which have moderately diminished levels of TM antigen 

and a dramatic reduction in its capacity to support thrombin-mediated activation of protein 

C, did not exhibit TM-dependent changes in the pro-coagulant or inflammatory response to 

bacterial pneumonia as compared with WT mice8. Here, we similarly studied the role of the 

lectin-like domain of TM in a mouse model of community-acquired pneumonia caused by S. 

pneumoniae. This domain of TMdoes not participate in the generation of APC. In contrast to 

sterile inflammation models, in which loss of the lectin-like domain of TM renders mice more 

sensitive to lung and myocardial ischaemia-reperfusion injury, inflammatory arthritis and 

endotoxaemia13–15, loss of the lectin-like domain of TM appears to protect the host in response 

to pneumococcal pneumonia, as reflected by improved survival, reduced bacterial growth and 

dissemination, and attenuated inflammatory and pro-coagulant response in TMLeD/LeD mice as 

compared with WT mice.

This is the first report in which viable Gram-positive bacteria were used to evaluate the in vivo 

role of the lectin-like domain of TM. In our study, pneumococcal loads were transiently lower 

in the lungs of TMLeD/LeD mice 6 h post-infection. This difference could not be attributed to altered 

inflammatory cell numbers, as BALF total cell counts and neutrophil numbers were not differ-

ent between WT and TMLeD/LeD mice at this early time-point after infection. Notably, noninfect-

edTMLeD/LeD mice display a clearly enhanced neutrophil accumulation in the lung interstitium 

in peribronchial locations13, which is expected to facilitate the immediate antibacterial re-

sponse upon infection of the lower airways21. However, the difference became more prominent 

at 48 h post-infection, when bacterial loads in the blood and liver were found to be markedly 

lower in TMLeD/LeD than in WT mice. These data suggest that killing of S. pneumoniae at the lung–

blood interface, i.e. at the endothelial cell layer or in the systemic compartment itself, is en-

hanced in the absence of the lectin-like domain of TM. It is possible that this may be due to 

excess complement activation at that site due to loss of the lectin-like domain of TM that oth-

erwise downregulates complement activation22. Indeed, TMLeD/LeD mice have lower basal plasma 

C3 levels and a reduced CH50 (the amount of serum that causes 50% haemolysis of antibody-

sensitised sheep erythrocytes), both of which are indicative of excess complement activation15. 

Considering the important role that complement activation plays in host defence against 

pneumococci in vivo23, it is conceivable that the protective phenotype of TMLeD/LeD mice is at 

least in part explained by increased clearance of pneumococci from the bloodstream via aug-

mented activation of the complement system.

In our study, TMLeD/LeD mice displayed less evidence of local and systemic inflammation in re-

sponse to S. pneumoniae infection. This was reflected by lower plasma levels of TNF-α, IL-6 and 

MCP-1, less histological evidence of lung damage, lower levels of cytokines and chemokines in 

lung homogenates, fewer neutrophils in the infected lungs, reduced secondary activation of 

coagulation as measured by TATc, and finally by relative resistance to lethal doses of the bacte-

ria. Although appearing to be contradictory to previous reports in which TMLeD/LeD mice exhib-

ited a heightened inflammatory response, those studies were performed with endotoxin or 

nonbacterial stresses, rather than with live Gram-positive bacteria13. Indeed, the current find-

ings suggest that TM via its lectin-like domain may mediate a differential host response to 

Gram-negative versus Gram-positive bacteria. The lectin-like domain of TM binds to the carbo-

hydrate Lewis Y antigen of Gram-negative bacteria and induces agglutination and opsonisa-

tion of Gram-negative organisms, including Escherichia coli and Klebsiella pneumoniae, 

Figuur 5. Activation of coagulation is reduced in the lung tissue of mice lacking the lectin-like domain of thrombomodulin 

(TMLeD/LeD) as compared with wild-type (WT) mice after pneumococcal pneumonia. Lung homogenate levels of thrombin-

antithrombin complexes (TATc) 6, 24 and 48 h post-infection with 5 x 104 Streptococcus pneumoniae CFU in WT and TMLeD/LeD 

mice. Data are expressed as box-and-whisker plots depicting the smallest observation, lower quartile, median, upper quartile 

and largest observation (eight mice per group at each time-point). *: P<0.05, statistical significance as compared with WT 

using Mann–Whitney U-test. 15
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enhancing their phagocytosis by macrophages24. By interacting with the Lewis Y antigen, the 

lectin-like domain of TM may interfere with lipopolysaccharide binding to CD14, its cognate 

receptor, thereby dampening downstream pro-inflammatory signal pathways and the release 

of pro-inflammatory cytokines, and inducible nitric oxide synthase expression. Indeed, a re-

combinant soluble form of the lectin-like domain of TM reduced Klebsiella-induced inflam-

matory responses and lethality24. Without invoking other mechanisms, this beneficial 

response would not necessarily be expected in our Gram-positive pneumonia model, as endo-

toxin is not involved. The clinical relevance of this finding is important to recognise, as soluble 

thrombomodulin is being studied for use in the clinic25 and identifying the appropriate appli-

cation is critical to ensure optimal benefit. Also, whereas in nonbacterial stress models, anti-

inflammatory responses tend to ameliorate damage, in live bacterial models, a substantial 

amount of inflammatory response is necessary to kill the bacteria; interfering with bacterial 

killing by reducing the inflammatory response can enhance bacterial outgrowth, in turn re-

sulting in an adverse outcome.

Our study has limitations. As elaborated above, we studied a single pathogen in a single infec-

tion model. It is unclear if results from our study would be comparable to those in other models 

and/or using other bacteria. Also, it is possible that genetic knock-down of TMLeD/LeD has induced 

unknown compensatory changes in mice during growth and development. In this regard, it 

would be interesting to study the effect of interfering with the function of the TMLeD/LeD domain 

as opposed to knocking down TMLeD/LeD, for example, by using blocking antibodies.

In conclusion, we show that deletion of the lectin-like domain of TM in mice results in im-

proved host defence against pneumococcal pneumonia, a common cause of serious commu-

nityacquired infection. Additional studies are necessary to obtain further insight into the 

possible differential role of the lectin-like TM domain in Gram-positive versus Gram-negative 

infections, as this will determine how to best design targeted therapies to either enhance the 

function or interfere with the function of this interesting endothelial C-type lectin-like struc-

ture, thereby gaining maximal benefit in different clinical situations.
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 IMPACT OF ENDOGENOuS PROTEIN C ON PuLMONARy COAGuLATION 

 AND INjuRy DuRING LETHAL H1N1 INFLuENzA IN MICE 

Influenza accounts for 5–10% of community-acquired pneumonia cases, and is a major cause 

of mortality. Sterile and bacterial lung injury are associated with procoagulant and inflamma-

tory derange-ments in the lungs and down-regulation of the protein C (PC) pathway has been 

correlated with disease severity and mortality in severe bacterial pneumonia and sepsis. In 

addition, during lethal influenza pneumonia, pulmonary and systemic coagulation are acti-

vated, which can be attenuated by the administration of recombinant activated (A) PC. We 

here determined the role of endogenous PC in lethal H1N1 influenza A infection. Male 

C57BL/6 mice pre-treated with an inhibitory monoclonal antibody directed against murine 

PC or a control antibody were intranasally infected with a lethal dose of a mouse-adapted 

H1N1 influenza A strain. Mice were killed at 48 or 96 hours after infection, after which lungs 

and bronchoalveolar lavage fluid were harvested, or observed for up to 9 days. Anti-PC anti-

body treatment aggravated pulmonary activation of coagulation as compared with control 

antibody treatment, as reflected by increased lung concentrations of thrombin–antithrombin 

complexes and fibrin degradation products, as well as intravascular thrombus formation. 

Anti-PC antibody treatment aggravated lung histopathology, but lowered bronchoalveolar 

neutrophil influx and total protein levels, and delayed mortality. In conclusion, endogenous 

PC has strong effects on the host response to lethal influenza A infection, inhibiting pulmo-

nary coagulopathy and inflammation on the one hand, but facilitating neutrophil influx and 

protein leak and accelerating mortality on the other hand. 

Introduction

Influenza is a major cause of morbidity and mortality: annually, influenza causes over 200,000 

hospitalizations and approximately 41,000 deaths in the United States1. Influenza viruses can 

be classified as A, B, or C. Influenza A is found in humans, other mammals, and birds, and is the 

only influenza virus that is known to have caused pandemics, including the three 20th century 

pan-demics and the recent influenza pandemic of swine origin2). Although most of influenza 

A–related mortality can be attributed to secondary bacterial pneumonia, the virus itself is also 

an important cause of community-acquired pneumonia (CAP), causing 5–10% of CAP cases in 

various case series3, 4. As such, influenza infection is a major concern for pulmonologists and 

intensive care physicians. 

Systemic infection and inflammation are associated with concurrent activation of coagulation 

and impairment of anticoagulant mechanisms and fibrinolysis5. We and others have previ-

ously demonstrated that bacterial pneumonia results in similar net procoagulant changes in 

the bronchoalveolar space (reviewed in Ref. 5). Although enhanced coagulation may be con-

sidered host protective in containing the infection, excessive procoagulant activity may result 

in alveolar fibrin formation and enhancement of inflammation and lung injury 6–8. The pro-

tein C (PC) pathway represents an important endogenous mechanism by which coagulation is 

controlled. Pneumonia is associated with a diminished activity of the PC pathway 9–15. This may 

have important implications for the pathogenesis of lung injury and outcome, considering 

that activated (A) PC not only exerts anti-coagulant activity, but also has profibrinolytic, 

anti-inflammatory, antiapoptotic, and other cytoprotective properties16. Indeed, down-regu-

lation of the PC pathway has been correlated to disease severity and mortality in severe bacte-

rial pneumonia and sepsis17, 18. 

Although much research has been done on coagulation activation during severe bacterial in-

fection, few data on coagulation activation in viral infection are available. We recently initi-

ated a series of studies seeking to establish the functional role of the PC pathway during severe 

influenza A19, 20. We showed that lethal H1N1 influenza A infection in mice is associated with 

both pulmonary and systemic activation of coagulation. Treatment with recombinant mouse 

(rm) APC prevented influenza-induced procoagulant derangements without impacting lung 

inflammation or survival 19. In addition, mice with the factor V Leiden mutation, resulting in 

resistance of activated factor V to inactivation by APC, displayed an unaltered inflammatory 

and procoagulant response after infection with influenza A via the airways20. However, this 

latter work only studied one aspect of the endogenous PC pathway. To date, it is unknown 

whether the endogenous PC system influences the procoagulant and inflammatory response 

to and survival in influenza A infection. Therefore, in the present study, we sought to establish 

the role of the endogenous PC system in pulmonary activation of coagulation and inflamma-

tion in H1N1 influenza and the effect on survival.

Materials and methods

Animals

Male C57BL/6 mice were purchased from Charles River (Maastricht, The Netherlands). Mice of 

10 weeks of age were used in experiments. All experiments were approved by the Institutional 

Animal Care and Use Committee of the Academic Medical Center (University of Amsterdam, 

Amsterdam, The Netherlands).

Experimental Infection and Treatment

Influenza infection was induced by intranasal instillation of a lethal dose (28,000 copies) of 

influenza A/PR/8/34 (H1N1, no. VR-95; ATCC, Rockville, MD), as described previously19, 20. At 

30 minutes before infection, mice received an intraperitoneal injection of 200 ml isotonic sa-

line containing 200 mg of either MPC1609, a rat monoclonal antibody directed against 

murine PC (anti-PC), or the control antibody MCO1716, a cross-matched monoclonal anti-

body targeted against the mouse keyhole limpet hemocyanin protein (control)21. Treatment 

was repeated every 24 hours for a maximum of 72 hours. Mice were killed after 48 or 96 hours 
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of infection (n = 8 per group per time point) or observed for 9 days (n = 13 per group). At the 

predefined time points, mice were anesthetized and bled via the vena cava inferior. The right 

lung was fixed in 10% formalin/PBS at room temperature for 24 hours and subsequently em-

bedded in paraffin. The left lung was homogenized at 48C in 4 vol of saline. Viral copies were 

determined as described previously19, 20, 22. For further measurements, lung homogenates were 

diluted as described previously19, 20. Supernatants were stored at -20ºC until analysis. In a sepa-

rate series of experiments, the trachea was canulated with a 22-gauge Abbocath-T catheter 

(Abott, Sligo, Ireland), after which bronchoalveolar lavage (BAL) was performed by instilling 

and retrieving two 0.5 ml aliquots of saline (n = 8 per group per time point). Cell counts were 

determined for each BAL fluid (BALF) sample in a hemocytometer (Beckman Coulter, 

Fullerton, CA). Differential cell counts were performed on cytospins stained with Giemsa stain 

(Diff- Quick; Dade Behring AG, Düdingen, Switzerland).

Assays

PC activity levels were measured by an amidolytic assay23. Thrombin– antithrombin complexes 

(TATc; Behringwerke AG, Marburg, Germany), fibrin degradation products (FDP)24, and kerati-

nocyte-derived chemokine and macrophage inflammatory protein–2 (both from R&D 

Systems, Minneapolis, MN) were measured by ELISA. TNF-μ, IL-6, monocyte chemo- 

attractant protein (MCP) –1, IL-12p70, IFN-γ, and IL-10 were measured by cytometric bead  

array multiplex assay (BD Biosciences, San Jose, CA).

Histology and Immunohistochemistry

Lung sections of 5 μm were stained with hematoxylin and eosin and analyzed by a pathologist 

who was blinded to groups. To score inflammation, the section surface was analyzed with  

respect to the following parameters: bronchitis, interstitial inflammation, edema, endotheliali-

tis, pleuritis and thrombus formation. Each parameter was graded on a scale of 0-4 (0, absent; 

1, mild; 2, moderate; 3, severe; 4, very severe). Histopathological scores were expressed as the 

sum of the scores for the different parameters.

Statistical Analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 

quartile, median, upper quartile, and largest observation, or as survival curves. Differences 

between groups were determined with Mann-Whitney U test or log rank test. P values less than 

0.05 were considered statistically significant.

Results 

PC Levels 

Anti-PC treatment reduced endogenous PC levels to around 30% of control antibody–treated 

mice (P < 0.001) (Table 1).

Viral Load

To investigate a possible role for endogenous PC in the antiviral response during lethal H1N1 

influenza A infection, we determined viral loads in lungs after 48 and 96 hours of infection. 

Anti-PC treatment did not impact viral loads at either time point as compared with control 

antibody treatment (Figure 1).

Activation of Coagulation

To determine the impact of endogenous PC on local activation of coagulation in lethal H1N1 

influenza infection, we deter-mined levels of the thrombin generation marker, TATc (Figure 

2A), and FDP, a marker for fibrin formation and degradation (Figure 2B) in lung homogenates 

from anti-PC and control antibody–treated mice obtained 48 and 96 hours after intranasal 

instillation with H1N1 virus. Lung TATc levels were higher in anti-PC–treated animals as 

compared with control antibody– treated animals at both time points, although this differ-

ence only reached statistical significance at 96 hours (P = 0.13 at 48 h). Pulmonary FDP levels 

were also higher in anti-PC–treated animals as compared with control antibody–treated ani-

mals, although this difference reached statistical significance only at 48 hours (P = 0.23  

at 96 h).

Lung Inflammation

Lethal H1N1 influenza A infection was associated with extensive pulmonary inflammation, as 

evidenced by the occurrence of bronchitis, interstitial inflammation, edema, and endotheli-

alitis in both control (Figure 3A) and anti-PC antibody (Figure 3B)– treated animals. In anti-

PC–treated animals, but not in mice treated with the control antibody, intravascular thrombi 

were found, which is in line with higher lung TATc and FDP levels found in lung homogenates 

16

Table 1. Protein C activily levels in lung homogenates 48 and 96 hours after induction of lethal H1N1 influenze 
 48 h 96 h

 Control Antibody MPC1609 Control Antibody MPC1609

PC activity, %  77 (64–87)  26 (19–31)*  72 (60–81)  24 (21–36)*

Definition of abbreviation: PC, protein C. 

Data are medians (interquartile ranges) of eight mice per group at each time point. 

* Statistical significance as compared to control antibody (P < 0.001, Mann- Whitney U test).
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(Figure 3B, inset). Total pathology scores were higher in anti-PC–treated animals than in con-

trol antibody–treated animals 96 hours after infection (Figure 3C), which was mainly due to a 

difference in thombus formation. However, after exclusion of thrombus formation from the 

score, the difference in histopathology scores still remained statistically significant (P < 0.05). 

To obtain further insight into the impact of endogenous PC on pulmonary inflammation, we 

determined the levels of several cytokines and chemokines in lung homogenates obtained 

from anti-PC– and control antibody–treated mice 48 and 96 hours after infection (Table 2). 

There were no differences in lung levels of the proinflammatory cytokines, TNF-α, IL-6, MCP- 

1, and IFN-γ between treatment groups at either 48 or 96 hours after infection. Moreover, there 

were no differences in levels of the chemokines, keratinocyte-derived chemokine and macro-

phage inflammatory protein–2. IL-10 and IL-12 levels were below detection in most samples at 

both time points (data not shown).

Alveolar Cell Influx

To obtain more specific insight into the role of endogenous PC in the inflammatory reaction in 

the alveolar compartment during lethal H1N1 influenza, we performed a BAL procedure at  

48 and 96 hours after infection in a separate series of experiments. Remarkably, although the 

difference in total cell counts in BALF both after 48 and 96 hours after infection in anti-PC–

treated animals did not reach statistical significance (P = 0.07) (Figure 4A), anti-PC significantly  

reduced neutrophil influx into the alveolar compartment 96 hours after infection (Figure 4B). 

Anti-PC did not influence macrophage or lymphocyte counts in BALF at either time point 

(data not shown).

Protein Leak

To obtain insight into the influence of endogenous PC on the integrity of the epithelial barrier, 

we measured total protein levels in BALF obtained 96 hours after infection. Total protein levels 

in BALF were significantly lower in anti-PC–treated animals as compared with control anti-

body–treated animals (Figure 5).

Survival

To determine whether endogenous PC impacts survival in lethal H1N1 influenza, we observed 

anti-PC– and control antibody– treated animals for 9 days after infection. Remarkably, al-

though anti-PC did not save animals in this 100% lethal model, anti- PC–treated animals 

started dying later than control antibody– treated animals, the difference being highly signifi-

cant (P < 0.001; median survival time, 190 versus 172 h) (Figure 6).

Discussion

Influenza is an important cause of pneumonia, causing 5–10% of all CAP cases3, 4. We recently 

showed that lethal H1N1 influenza A infection is associated with both pulmonary and systemic 

activation of coagulation, and that treatment with rm-APC prevents influenza-induced proco-

agulant derangements without impacting on lung inflammation or survival19, 20. We here 

studied the role of the endogenous PC system during lethal influenza and showed that in lethal 

H1N1 influenza A infection the endogenous PC system decreases activation of coagulation 

and regulates pulmonary inflammation and damage, while adversely impacting survival. 

Figure 1. Endogenous protein C (PC) does not influence pulmonary viral loads in lethal H1N1 influenza. Lung viral RNA 

copies 48 and 96 hours after induction of lethal H1N1 influenza infection in control antibody– (white) and anti-PC antibody 

(gray)–treated mice. Data are expressed as box-and-whisker diagrams depicting the smallest observa-tion, lower 

quartile,median, upper quartile, and largest observation (eight mice per group at each time point). There were no significant 

differences between the groups at each time point (Mann-Whitney U test).

Figure 2. Endogenous PC lowers pulmonary acti-vation of coagulation in lethal H1N1 influenza. Lung levels of (A) 

thrombin–antithrombin com-plexes (TATc), and (B) fibrin degradation products (FDP) 48 and 96 hours after induction of le-

thal H1N1 influenza infection in control antibody– (white) and anti-PC antibody (gray) –treated mice. Data are expressed as 

box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observa-

tion (eight mice per group at each time point). **Statistical signifi-cance as compared with control antibody (P < 0.01, 

Mann-Whitney U test).
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Many previous studies have described the procoagulant changes in the lungs of patients with 

bacterial pneumonia5. Recently, data have emerged on activation of coagulation during influ-

enza pneumonia. One clinical study in children has indicated that severe influenza can be as-

sociated with disseminated intravascular coagulation25. Also, mice with nonlethal influenza A 

infection displayed a rise in plasma TATc and PAI-1 levels, pointing to concurrent systemic 

activation of coagulation and inhibition of fibrinolysis during mild influenza26. In this study, 

mice with a mutation in their thrombomodulin gene- resulting in a minimal capacity for endog-

enous APC generation-demonstrated increased plasma levels of TATc, which suggests that en-

dogenous PC down-regulates coagulation activation during nonlethal influenza26. Recently, 

we found that lethal H1N1 influenza A infection in mice is associated with both pulmonary 

and systemic activation of coagulation19, 20. We used this lethal model to examine the role of the 

PC system in the associated pulmonary coagulopathy and inflammation. As mentioned previ-

ously here, we established that treatment with rm-APC prevents influenza-induced procoagu-

lant derangements without influencing lung inflammation or mortality19. We further 

investigated the impact of a gain of function mutation in the PC system on influenza patho-

genesis using mice carrying the factor V Leiden mutation, which results in resistance of factor 

Va to inactivation by APC20. In this latter study, we found no differences in procoagulant or 

inflammatory responses, or in survival between heterozygous and homozy-gous factor V 

Leiden carriers in comparison with normal wild-type mice20. We here expanded these data by 

examining the role of endogenous PC in the host response to influenza. We considered this of 

interest, because recent evidence indicates that the effects of pharmacological doses of recom-

binant APC are distinct from those of endogenous PC27. We here demonstrate that endogenous 

PC decreases activation of influenza-induced coagulation, as evidenced by lower pulmonary 

Figure 3. Endogenous PC lowers lung histopathology in lethal H1N1 influenza, mainly by preventing intravascular throm-

bus formation. Representative slides of lung hematoxylin and eosin stainings 96 hours after induction of H1N1 influenza in-

fection in (A) control antibody–treated mice and (B) anti-PC antibody–treated mice (original magnification, x100). The inset 

shows an intravascular thombus. (C) Total histopathology score (described in Materials and Methods) 48 and 96 hours af-

ter induction of lethal influenza A in-fection in control antibody–treated mice (white) and anti-PC antibody–treatedmice 

(gray). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, up-per 

quartile, and largest observation (eight mice per group at each time point). **Statistical significance as compared with 

control antibody (P < 0.01, Mann-Whitney U test).

Figure 4. Endogenous PC does not impact total cell counts in bron-choalveolar lavage fluid (BALF), but enhances neutrophil 

influx in lethal H1N1 influenza. (A) Total cell counts and (B) neutrophil counts in BALF 48 and 96 hours after induction of lethal 

H1N1 infection in control antibody–treated mice (white) and anti-PC antibody–treated mice (gray). Data are expressed as 

box-and-whisker diagrams depicting the small-est observation, lower quartile, median, upper quartile, and largest observa-

tion (eight mice per group at each time point). *Statistical significance as compared with control antibody (P < 0.05, Mann-

Whitney U test).
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Table 2. Cytokine and chemokine levels in lung homogenates 48 and 96 hours after induction of lethal  
H1N1 influenza 
 48 h 96 h

 Control Antibody MPC1609 Control Antibody MPC1609

TNF-α, pg/ml  155 (121–217)  149 (120–180)  98.4 (68.5–109)  73.5 (44.5–126)

IL-6,pg/ml 373 (277–568) 421 (318–612) 339 (205–452) 251 (138–389)

MCP-1, ng/ml 6.36 (3.74–10.1) 6.83 (4.44–8.57) 2.21 (1.24–2.68) 1.35 (0.71–2.20)

IFN-γ, pg/ml 11.0 (2.50–12.6) 8.8 (5.8–12.4) 8.15 (2.50–17.1) 2.50 (2.50–7.95)

KC, ng/ml 8.47 (5.78–13.4) 7.91 (6.71–9.35) 7.71 (6.40–8.62) 8.69 (7.41–10.5)

MIP-2, ng/ml 2.11 (1.83–2.51) 1.80 (1.52–2.19) 1.19 (0.99–1.43) 1.16 (0.91–1.60)

Definition of abbreviation: MCP-1, monocyte chemoattractant protein–1; MIP-2, macrophage inflammatory protein–2; KC, 

keratinocyte-derived chemokine. Data are medians (interquartile ranges) of eight mice per group at each time point.
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TATc and FDP levels in control antibody–treated mice as compared with anti-PC–treated mice, 

and by the prevention of intrava cular thombus formation in control antibody–treated mice, 

a feature that indeed was seen in anti-PC–treated mice. Notably, aside from the report by Keller 

and colleagues26, thus far, our study is the only one to examine the effect of the endogenous PC 

system on respiratory infectious disease. Conceivably, the effects of endogenous PC described 

here are not specific for influenza pneumonia; whether endogenous PC impact other types of 

lung injury warrants further investigation. Our data are in line with earlier studies on the role 

of the endogenous PC system during endotoxemia and sepsis: mice with a single-allele–targeted 

disruption of the PC gene and transgenic mice expressing only 3% of normal PC levels showed 

more activation of coagulation and a more severe diffuse intravascular coagulation, as evi-

denced by higher plasma TATc levels, a greater decrease in fibrinogen level, a larger drop in 

platelet count, and, notably, more fibrin deposition in lungs, kidneys, and livers than wild-

type littermates in Escherichia coli LPS models28, 29. In accordance, the anti-PC antibody used 

here was recently reported to increase the systemic procoagulant and inflammatory response 

to intravenous LPS in mice21.

Aside from anticoagulant and profibrinolytic properties, APC has been found to exert anti-in-

flammatory activity (re-viewed in Ref. 5). However, although rm-APC was able to effectively 

decrease coagulation activation during lethal influenza A infection, it did not have a major 

impact on lung inflammation, as indicated by similar histopathology scores of lung tissue, a 

similar influx of neutrophils to the site of infection, and largely similar cytokine and chemok-

ine concentrations in lung homogenates19. We show here that the endogenous PC system, like 

exogenous APC, does not impact lung cytokine production, as evidenced by equal levels of 

TNF-α, IL-6, MCP- 1, and IFN-γ in lung homogenates harvested from anti-PC– and control 

antibody–treated animals. However, in contrast to exogenous APC, we found here that endog-

enous PC limits lung histopathology. The aggravation of the lung histopathology score by 

anti-PC treatment can partially be explained by intravascular thrombus formation (which was 

not present in control antibody treated mice). However, even after exclusion of thrombus 

formation from the score, the difference in histopathology scores remained statistically signifi-

cant. Together, these data suggest that endogenous PC attenuates pulmonary inflammation 

during lethal influenza A, which is in line with the anti-inflammatory properties ascribed to 

APC (reviewed in Ref. 5). Remarkably, we demonstrate here that endogenous PC increases 

neutrophil influx into the alveolar compartment during influenza, which is in contrast with 

previous studies suggesting that (exogenous) APC inhibits neutrophil recruitment and acti-

vation in the lungs30, 31. Notably, these earlier studies used LPS as challenging agent30, 31. In an-

other investigation, in which Pseudomonas aeruginosa was administered via the airways, 

intravenous APC enhanced neutrophil influx into BALF32. Together, these data suggest that the 

PC system may influence neutrophil recruitment to the bronchoalveolar space in different 

ways, at least in part depending on the severity and type of the challenge. In line with the at-

tenuated neutrophil influx, anti-PC–treated mice had lower total protein levels in BALF, sug-

gesting that the lung barrier function is compromised by endogenous PC. Such a detrimental 

effect was previously reported in rats challenged with Pseudomonas intratracheally and admin-

istered rh-APC intravenously32. Anti-PC–treated animals in our study had a survival advantage 

of 18 hours as compared with control animals. To our knowledge, this is the first study in 

which a beneficial effect of PC inhibition on outcome is shown. Although the exact mecha-

nism underlying this effect remains to be established, the reduced neutrophil influx into the 

bronchoalveolar space and the diminished protein leak in anti-PC–treated mice may have 

contributed. Improved lung barrier function as a result of anti-PC treatment could have re-

sulted in preservation of lung function, and hence a longer survival. Unfortunately, lung 

function, blood oxygenation, and pulmonary blood pressures were not measured in our study. 

We do not propagate evaluation of anti-PC strategies in severe influenza based on our current 

Figure 5. Endogenous PC increases total protein levels in BALF in lethal H1N1 influenza. Total protein level in BALF 96 hours 

after induction of lethal H1N1 infection in control antibody–treated mice (white) and anti-PC antibody–treated mice (gray). 

Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, 

and largest observation (eight mice per group at each time point). *Statistical significance as compared with control anti-

body (P < 0.05, Mann-Whitney U test).

Figure 6 Endogenous PC accelerates mortality in lethal H1N1 in-fluenza. Survival of control antibody–treated mice (open 

circles, n = 13) and anti-PC antibody–treated mice (closed circles, n = 13) in lethal H1N1 influenza infection. ***Statistical 

significance as compared with control antibody (P < 0.001, log rank test).
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findings. Clearly, the procoagulant effects of this intervention may have adverse consequences 

in patients. Further work and confirmation are required to explore the clinical potential of 

such a strategy. In conclusion, we show that endogenous PC in lethal H1N1 pneumonia on the 

one hand decreases pulmonary activation of coagulation and lung histopathology, and on the 

other hand increases neutrophil influx and protein leakage into the alveolar compartment, 

which is associated with an accelerated mortality. These findings point to an important role for 

the endogenous PC in the pathogenesis of severe influenza A.
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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 

Summary  and General discussion

274

Chapter 

275

17



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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Longziekten zijn een groeiend probleem wereldwijd. Astma en longontsteking (pneumonie) 

zijn twee veelvoorkomende aandoeningen van de luchtwegen en hebben veel impact op 

patiënt en maatschappij. In Nederland zijn er meer dan een half miljoen astmapatiënten 

(meer dan 3% van de bevolking) en lijden 172.000 mensen per jaar aan een pneumonie (bron: 

Longfonds). Zowel astma als pneumonie wordt gekenmerkt door ontsteking van de long. 

Onderliggende moleculaire mechanismen zijn complex en nog niet volledig bekend. Beter 

begrip van de processen die ten grondslag liggen aan de onstekingsmechanismen van astma 

en pneumonie kunnen bijdragen aan het ontwikkelen van betere anti-inflammatoire therapie. 

In dit proefschrift hebben we het anticoagulant Proteïne C (PC) systeem in allergische en 

niet-allergische longinflammatie onderzocht en evalueerden we het PC systeem als een poten-

tieel therapeutisch aangrijpingspunt in de context van astma en pneumonie.

De meeste astmapatiënten hebben klachten van atopie en zijn gevoelig voor bepaalde aller-

genen. Dit heeft tot gevolg dat de inflammatoire respons in astmapatiënten allergisch van aard 

is en gestimuleerd wordt door de blootstelling aan allergenen in de lucht, zoals huidschilfers 

van zoogdieren, pollen of huisstofmijt(HSM)-allergenen. Allergische longinflammatie in ast-

mapatiënten varieert in ernst, is meestal chronisch, en kan leiden tot blijvende longfunctiev-

ermindering als deze inadequaat wordt behandeld. In contrast met allergische longinflammatie 

is longontsteking van bacteriële of virale origine gekaraktiseerd door een meer acute inflam-

matoire respons. Veel voorkomende pathogenen die pneumonie veroorzaken zijn Streptococcus 

pneumoniae en het H1N1 influenza virus. 

Inflammatoire responsen in de long zijn gecompliceerde biochemische processen, geregeld 

door verschillende componenten van het immuunsysteem, waardoor voor de gastheer een 

adequate verdediging wordt verschaft in antwoord op alarmsignalen, zoals een binnendrin-

gende bacterie of een geïnhaleerd allergeen. In de laatste jaren is bewijs geleverd van een disba-

lans in stollings- en antistollingseiwitten in de longen van patiënten met astma en pneumonie, 

resulterend in een pulmonaal procoagulant milieu. Experimentele studies hebben laten zien 

dat dit procoagulante milieu in de luchtwegen geen epifenomeen is, maar bijdraagt aan de 

ernst van inflammatie en herstel van longweefsel. Echter, de exacte rol van stollingseiwitten in 

allergische en niet-allergische longinflammatie is nog niet volledig opgehelderd.

Stolling is een strikt gereguleerd proces in een normaal fysiologische situatie. De observaties 

van een disbalans in stollingseiwitten gedurende astma of pneumonie zouden daarom 
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veroorzaakt kunnen worden door een verminderde regulatie van het stollingsysteem door 

anticoagulante mechanismen. In dit proefschrift onderzochten we het belang van het endog-

een anticoagulant PC systeem op de inflammatoire respons tijdens astma en pneumonie.

In het eerste deel van dit proefschrift wordt het PC systeem onderzocht in een setting van al-

lergische longinflammatie. In hoofdstuk 2 vatten wij de huidige kennis samen van de rol van 

stolling op astma. We beschrijven verschillende potentiële aangrijpingspunten voor anti-in-

flammatoire therapie betreffende de verstoorde stollingsbalans, inclusief het PC systeem, 

thrombocyten en de groep van Protease-geactiveerde receptoren (PARs). 

Een groot deel van dit proefschrift beschrijft experimenten waarin gebruik gemaakt is van 

muismodellen. Klassieke muis-astmamodellen gebruiken het kippeneiwit ovalbumine (OVA) 

om allergische longinflammatie te induceren. In onze studies hebben we daarentegen getracht 

om allergenen te gebruiken van meer klinische relevantie (allergenen die vaker beschreven 

zijn als initiators van symptomen van astma). Om deze reden ontwikkelden wij een muis-ast-

mamodel gebaseerd op provocatie met HSM-allergenen. De inflammatoire en pathologische 

karakteristieken zijn beschreven in Hoofdstuk 3. In dit hoofdstuk is ook een serie van experi-

menten beschreven waarin werd uitgezocht hoe lipopolysaccharide (LPS), een component 

van huisstof waarvan een associatie met astma-symptomen gesuggereerd wordt, de HSM-

geïnduceerde longinflammatie kan beïnvloeden. Inderdaad vonden wij in het muismodel dat 

gecombineerde blootstelling aan HSM en LPS een versterkt effect heeft in vergelijking met 

blootstelling van de luchtwegen aan HSM alleen. Bovendien observeerden wij dat de aller-

gische aspecten van de ontstekingsreactie verminderde door verhoging van de dosis van LPS.

We wilden bevestigen dat de allergische longinflammatie in het HSM muismodel vergelijkbaar 

was met allergische longinflammatie zoals deze optreedt in de longen van astmapatiënten. 

Verschillende componenten van het immuunsysteem werden onderzocht in het HSM model, 

inclusief mestcellen. Mestcellen zijn cellen die verblijven in het longweefsel en bekend staan 

om bij te dragen aan de inflammatoire respons tegen allergenen. In Hoofdstuk 4 bestudeer-

den we de rol van mestcellen in HSM-geprovoceerde allergische longinflammatie en vonden 

dat sommige responsen, zoals de aantrekking (chemotaxie) van eosinofielen en een IgE re-

spons, belangrijk verminderd waren in mestcelloze muizen. In contrast met eerdere studies die 

deze mestcelloze muizen bestudeerden had mestcel-deficiëntie in ons HSM model geen effect 

op longpathologie en mucusproductie.

Het is aannemelijk dat verschillen tussen HSM en OVA modellen allergeen-specifieke effecten 

zijn. Behalve de grote hoeveelheid aan antigene motieven, bevat de groep van HSM-allergenen, 

in tegenstelling tot OVA, ook allergene enzymen met een sterk proteolytische activiteit. PARs 

zijn een groep van receptoren in zoogdieren die geactiveerd kunnen worden door specifieke 

proteases en daarom beschouwd worden als sensoren voor extracellulaire proteolytische activ-

iteit. In Hoofdstuk 5 beschrijven wij een studie waarin we aantonen dat PAR2-deficiënte mui-

zen een verminderde HSM-geïnduceerde longinflammatoire respons vertoonden. Dit resultaat 

onderstreept dat de proteolytische activiteit die ten toon wordt gespreid door HSM-allergenen 

bijdraagt aan de inflammatoire respons in de luchtwegen door een effect dat in ieder geval 

deels gereguleerd wordt via PAR2.

Na de eerste exploraties van het HSM model bestuurden wij of verscheidene modulaties van 

het stollingssysteem en het PC systeem van invloed waren op parameters van allergische 

longinflammatie. Een belangrijk serine protease binnen de stollingscascade is thrombine, 

omdat het fibrinogeen omzet in fibrine. In Hoofdstuk 6 behandelden wij muizen met de 

nieuwe orale directe trombineremmer Dabigatran. Behandeling met Dabigatran had geen be-

langrijk effect op HSM-geïnduceerde allergische longinflammatie. Hierna verschoof onze focus 

naar het PC systeem; de endotheliale PC receptor (EPCR) is belangrijk voor de activering van 

PC in geactiveerd PC (APC). In Hoofdstuk 7 observeerden wij muizen met een genetische 

overexpressie van EPCR in het HSM-muismodel en zagen dat EPCR-overexpressie de chemo-

taxie van eosinofielen remt en de concentratie van de chemoattractant eotaxine verlaagd.       

Hoofdstuk 8 en 9 beschrijven onderzoeken met de vraag of APC negatieve of positieve inv-

loed heeft op de inflammatoire respons, respectievelijk in een LPS bronchoscopie-studie in 

gezonde vrijwilligers en het HSM-muismodel. In beide studies zagen wij een proinflammatoir 

effect door pulmonale behandeling met APC. Dit pleit sterk tegen het gebruik van lokale ap-

plicatie van APC in patiënten met astma of andere longziekten.

In een bronchoscopie-studie in Hoofdstuk 10 hebben wij de ontstekingsmechanismen van 

HSM en LPS verder bestudeerd. De resultaten van deze studie laten zien dat LPS de HSM-

geïnduceerde eosinofiele luchtweginflammatie promoot in astmapatiënten, ondanks dat deze 

patiënten onderhoudstherapie met inhalatiecorticosteroïden gebruikten. Dit is complemen-

tair aan de gegevens van muizen die blootgesteld zijn aan LPS en HSM in Hoofdstuk 3. 

Hoofdstuk 11 beschrijft een bronchoscopie-studie in allergisch astmapatiënten. In deze 

studie wordt een gecontroleerde HSM en LPS provocatie gedaan met een allergisch inflamma-

toire respons in de luchtwegen tot gevolg. Tijdens deze procedure werden patiënten behandeld 

met intraveneus APC of placebo om te onderzoeken of APC een mogelijk anti-inflammatoir of 

anticoagulant effect had. Intraveneus APC verminderde de HSM- en LPS geïnduceerde neu-

trophil migratie en proteïne-uitscheiding; opvallend was dat dit effect onafhankelijk was van 

anticoagulante effecten van APC, aangezien APC geen invloed had op de activatie van stolling 

in de luchtwegen.



288

In het tweede deel van het proefschrift onderzochten wij de rol van het PC systeem in niet-al-

lergische lonfinflammatie. Als een introductie op dit onderdeel beschrijven wij huidig bekende 

bewijzen voor dwarsverbanden tussen stollingsmechanismen en het immuunsysteem in 

Hoofdstuk 12. In Hoofdstuk 13 laten wij data zien van een pneumoccocen-pneumonie en 

sepsis model met gebruikmaking van muizen met differentiële expressie van EPCR. Transgene 

overexpressie van EPCR benadeelde de antibacteriële verdediging in zowel pneumococcen-

pneumonie als pneumococcen-sepsis. Daarna laten wij in Hoofdstuk 14 studies zien met 

muizen die een genetisch verhoogde expressie van APC hebben. In de experimenten hadden 

deze muizen een verbeterde uitkomst van pneumococcen-pneumonie.

Van het lectine-achtige domein van de trombomoduline (TM) receptor, samen met EPCR de 

activerende co-receptor van het PC systeem, wordt gesuggereerd dat het effecten heeft op de 

immuunrespons onafhankelijk van het aandeel van TM aan PC activatie. In Hoofdstuk 15 

onderzochten we de impact van een mutatie in het lectine-achtige domein van TM in muizen 

gedurende pneumococcen-pneumonie en lieten zien dat muizen met een deficiëntie van dit 

domein een verbeterde uitkomst hadden.

Influenza is verantwoordelijk voor 5-10% van dat deel van de pneumoniën die ontstaan in de 

thuissituatie. In Hoofdstuk 16 bestudeerden we H1N1-influenza en observeerden dat anti-

PC behandelde muizen een (in principe) letale inocolatie van H1N1-influenza beter door-

stonden dan placebo-behandelde muizen.

Nederlandse samenvatting
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Het is af! Een groot aantal mensen heeft mij geholpen tijdens mijn promotietijd en de vervaar-

diging van dit proefschrift. Enkelen van hen zou ik hier graag bij naam willen bedanken. 

Allereerst mijn promotor. Beste Tom, ik heb ontzettende bewondering voor je brede kennis, 

scherpe geheugen en de helderheid van je schrijven. Je was voor mij de ideale motivator, je deur 

stond altijd open voor overleg of de nodige relativatie. Ik heb altijd met veel plezier met je over de 

data gediscussieerd. Dat je voor zoveel mensen altijd evenveel tijd weet te schapen is waanzinnig. 

Ontzettend bedankt voor alles wat je mij geleerd hebt!

Ik wil uiteraard alle leden van de leescommissie bedanken voor het bereidwillig en grondig 

lezen van mijn proefschrift.

jaring, je uitgebreide kennis over astma en over het doen van bronchoscopiestudies is 

menigmaal erg belangrijk geweest. Je stond aan de basis van de beurs en hebt veel energie 

gestopt in het onderzoeksveld dat zich richt op de mogelijke rol van stolling bij astma. Dank 

voor de kans die je mij met Tom gegeven hebt!

Kees, altijd heb ik kunnen terugvallen op je kennis van de stolling. Je bood niet alleen je hulp 

bij het bespreken van de opzet en uitkomst van experimenten, maar was ook goed voor een 

gezonde dosis humor, een even-aanstekelijke passie voor wetenschap, het houden van goede 

borrels, legendarische voetbalwedstrijden (Olympisch stadion!) en uitleg over hoe ik op de 

juiste manier zagers op een vishaakje moet krijgen! Heel erg bedankt voor de mooie tijd!

Alex, ik wil je bedanken voor al die goede ideeën van jouw kant die mijn experimenten 

vooruit brachten. Zo waren je adviezen tijdens het opzetten van het muismodel, de eosinofiel-

kleuring en de mestcelloze muizen erg waardevol. Je ervaring hielp enorm bij de voorbereiding 

van de bronchoscopiestudie, je was altijd aardig en bereid me te helpen, ook als je zelf gigan-

tisch druk was, dankjewel!

Tijmen, paranimf, de promotietijd heeft een mooie vriendschap doen ontstaan. Dat is niet 

moeilijk, want naast de nodige lab- en inoculeersteun, kon ik voor een goed gesprek of avond 

lachen, voor mooie muziek of lekker eten altijd bij je terecht. Dank dat je werkelijk elk moment 

van de dag voor alles en iedereen klaarstaat, zowel binnen als buiten het lab! 

 DANKWOORD



292 293

Marcel, het eerste deel van mijn promotietijd heb ik me kunnen laten enthousiasmeren door 

de geestdrift waarmee jij, meestal opera’s zingend en met veel humor, je door de proeven heen 

pipetteerde als een straaljagerpiloot. Je hebt me veel geholpen en daar ben ik je erg dankbaar 

voor! Liesbeth, hardwerkend zoefde jij door tientallen experimenten, je discipline was dikwijls 

imponerend, maar daar heb ik uiteindelijk ook veel van geleerd! Dieptepunt was de tennispot 

die Marcel en ik van jou en Floor bedroevend verloren, met knikkende knietjes stonden we op 

de baan. Nee, dan was vooraan staan meeschreeuwen bij Golden Earring of die cocktailbar in 

Neurenberg een heel wat betere ervaring! Floor, ook jij heel erg dank voor je vrolijke relativa-

tievermogen, het keihard trainen voor de halve marathon, de goeie labtijd en de congressen in 

Zeeland en Japan!  

Katja, hoe had ik mijn promotietijd kunnen doen zonder de goede gesprekken en je gezellige 

koffietjes? Dank voor alle support! Sacha, lief en aardig mens, wat een leuke congressen en 

onderzoekstijd hebben we gehad, dank voor je gezelligheid en onbegrensde positivisme! 

Dana, nooít mocht ik in je mooie sportcabrio rijden, voor de rest ben je een superaardige col-

lega ;)! Gezellig dat je ook in Hoorn werkt! Arjan, thanks voor alle lol en hulp op het lab! 

Hoogtepunten Airbourne en, natuurlijk, het gala in Munchen! Heel veel succes in Brazil! jan 

Willem, naast je hulp op het lab, dank voor alles van samen honderden kilometers fietsen tot 

autobanden verwisselen. Je Chinese kippensoep is geniaal! Adam, ik heb je leren kennen als 

zowel heel intelligente als sociale collega, ik hoop dat je proeven met astma een mooi einde  

krijgen! Achmed, je kon me aardig dollen op het lab, dank voor alle lol! Anne, bedankt voor 

je gezelligheid en mooie filosofische en wetenschappelijke inzichten. Miriam, collega van 

het begin, bedankt voor de leuke tijd! brendon, thanks for all the fun! (“Do you know why I 

used the yellow pipet points? Because I was ...!”)

Er waren er nog veel meer die het werken op het G2-lab tot een aangename bezigheid maakten. 

Rianne, Tassili, Mischa, Lonneke, Maryse, Alex, Alexander, jeroen, Lauren, joris, 

jacqueline, Wytske, Luigi, Gavin en Akueni, bedankt voor alle hulp en gezelligheid! 

Danielle, bedankt voor alle hulp bij mijn experimenten op het lab. Regina, zonder jou 

waren al die kleuringen nooit gelukt, bedankt! Hakima, dank voor je gezelligheid op het lab! 

Marieke, wat heb je toch veel geholpen bij alle muizenproeven, thanks! joost, je was vaak 

(af-)luisterend oor, ik genoot van de plagerijen (o.a. het ‘met-Joost’-belpoultje) heen- en weer. 

Je bent een constante factor op het lab, dank voor al je hulp! Sanne, wat een lange uren maakte 

je voor mijn bronchoscopiestudie, bedankt! Wat een luxe was het dan dat je ook nog eten 

kookte voor die lange studiedagen. Het was het fijnste moment van de studiedag om eindelijk 

bij jou te arriveren aan het einde van de dag met een volle ijsbak! Monique, dank voor de 

‘koude dates’, waarop je mijn samples altijd wel wist terug te vinden!

Tim en Lara, bedankt voor al jullie gezelligheid afgelopen jaren! Het was een eer om je para-

nimf te zijn en jullie mooie bruiloft mee te maken. We hebben fantastisch door Florida gereisd 

na het congres in Miami. Tim, het is altijd lachen met je en het was een erg leuke tijd in de 

L01-kamer, dank voor je warme vriendschap!

Ik ben gezegend geweest met twee superfijne en slimme studenten: jack, ‘Jumping-Jack-

Flash!’, wat heb je toch gigantisch veel werk verzet en wat een gezellige avonden in Diemen 

hebben we gehad! Leuk dat je nu weer bij CEMM werkt en dat je nog steeds zo gepassioneerd 

over wetenschap bent! Lea, het was fantastisch om te zien hoe snel het je lukte om zelfstandig, 

nauwkeurig en met je Westfriese no-nonsense attitude mooie data te genereren!

Marieke, je bent een schat van een collega en ik had geen betere samenwerking kunnen 

voorstellen, wat heb je me toch geholpen! Aan het eind van onze beider promoties staat al heel 

lang een eetafspraak met Wagyu-beef, dat wordt een legendarische maaltijd! Christof, niet 

alleen alle uitgevoerde bronchoscopiën, maar ook als sparring partner ontwikkelde gedurende 

de jaren een goede en vruchtbare werkrelatie! De mysterieuze sfeer van het hardlopen door een 

leeg en wakker wordend Kyoto staan vers in mijn geheugen! 

Arnold en Hella, bedankt voor alle gezelligheid! Arnold, je slimme steekpasen hebben me na 

4 onsuccesvolle toernooien eindelijk die zaalvoetbalcup gebracht! joost en joppe, jullie zijn 

voor mij erg inspirerende internisten en onderzoekers, mooi en waardevol hoe jullie ook na 

jullie promotie bij de jongere onderzoekers zoals ik betrokken zijn gebleven! Ingrid, wat leuk 

dat je erbij kwam en wat fijn hoe je geholpen hebt met het astmamodel! Heleen en Moniek, 

jullie hebben mij ontelbaar vaak geholpen met allerhande regelwerk, formulieren die ik ver-

keerd invulde en nóg belangrijker: het was verademend om even tussen de proeven door met 

jullie te kunnen kletsen! Jullie waren altijd nieuwsgierig naar hoe het met mij (én Miranda) 

ging!

joris, je hebt ontzettend geholpen met mijn werk, onder ander met het in kaart brengen van 

de pathologie van het muizenmodel. Je voorstel om PAS-D toe te voegen als parameter was een 

erg goed idee! Lionel, Vlaamse zwemkampioen, je hielp veel met genotyperen, dank voor de 

fijne samenwerking! Onno, je hebt een grote hoeveelheid coupes ingescand, dank daarvoor!

Sacha en Diana, dank voor al jullie hulp, ik was altijd welkom op het lab bij Sanquin en het 

heeft mijn experimenten altijd verder geholpen! Gerard, ik heb veel geleerd in die paar keer 

dat ik te gast was, en meer dan dat je een goede muzieksmaak hebt!

Dankwoord
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Dankwoord

joost, bedankt voor de fijne samenwerking met jou en het G1 lab, je reageerde altijd enthou-

siast en was altijd geïnteresseerd hoe het met mijn studies en proeven ging!

Ik wil graag mijn collega’s in het WFG bedanken voor de support de afgelopen anderhalf 

jaar.

Peter, Marlijn, lieve vrienden van het eerste uur! Ik wil jullie bedanken voor al jullie geduld 

en steun bij mijn werk. Peter, goede kameraad, we hebben al ontzettend veel meegemaakt, 

zowel op als naast de racefiets, en hoop en weet zeker dat er nog veel mooie momenten zullen 

volgen! Marlijn, ‘buuv’, super hoe jij altijd voor iedereen klaar staat, wat hebben we mooie  

tijden in Soesterberghof gehad, ik beloof je hierbij plechtig dat ik veel meer theetjes kom 

drinken!

Frank, Sanne, ik ken je al lang als hele goede vriend en heb groot respect voor meer dan al-

leen je muzikale talent. Je hebt me menigmaal met de benen op de grond kunnen zetten tijdens 

een schaakpartijtje met een potje bier. Sanne, wat super dat je er sinds een paar jaar bij bent, je 

bent een schat. 

jeffrey, josephine, je vriendelijkheid en goeigheid zijn erg fijn! Het is tevens heerlijk dat er 

iemand bij is die in de bergen op normaal tempo fietst (altijd maar die rappe Bregmannetjes!). 

Noor, ik ken je al sinds de Studentenraad en we hebben al veel meegemaakt, je bent een een 

lieverd! Martijn, dank voor je goede vriendschap, die Afrika-reis moet er komen! Oliver, 

Kim, lief stel, altijd zijn jullie oprecht geïnteresseerd geweest in mijn werk, dank! Thierry, 

Annemarie, de tijd in Zambia en Soesterberghof waren erg mooi! Kees, je stond aan de basis 

van de pret op de Eyckenstein en de studie die leidde tot het onderzoeksleven, dank je wel!

Ik moet iedereen van de band ‘Hard en ziel’ bedanken voor alle keren dat ik heb kunnen 

springen en ontstressen bij het heerlijke rockgeluid van ‘P-bee’, ‘Frankie Fingers’, ‘Rockin 

Roel’ en ‘Marktronoom’, met als hoogtepunt het optreden op ons huwelijk! Na een op-

treden weer helemaal opgeladen voor het labwerk!

Kalin, man van de wereld, als ik van iemand geleerd heb dat je je kansen moet grijpen, en heel 

hard moet werken om een droom te kunnen verwezelijken, dan is het wel van jou. Jij en Dana 

zijn er altijd als jullie nodig zijn, jullie zijn lieverds. Gijs (Onno), jij ook bent mijn vriend al 

sinds de middelbare school en een voorbeeld van een noest werker en lieve kerel met het hart 

op de goede plek, samen met je Marije. Kalin, Gijs, ik hoef niet uit te leggen hoe goede vrienden 

jullie zijn, dat weten jullie. Dank voor jullie jarenlange interesse en steun in alles wat ik doe! 

Laura, lieve studievriendin, wat hebben we een boel meegemaakt en wat leuk dat ik je paranimf 

mocht zijn en dat jij ceremoniemeester was op mijn huwelijk! Dank dat je altijd ruggesteun geeft!

Karin, je bent zelf een echte doorzetter, maar ook altijd geïntereseerd hoe het met mijn 

onderzoek gaat. Te vaak ben ik ‘sjaak-afhaak’ geweest, maar de keren dat het wel lukte was het 

erg gezellig, zeker nu Berend erbij is! 

baranyootjes, Ilka, Roland, en familie ‘blokjes’; dank voor jullie jarenlange support! 

Altijd vragen jullie hoe het met het onderzoek gaat! Ilka, van weekenden logeren tot het infame 

incident met de vermeende botwond en de olifant, je bent sinds mijn jeugd erg belang-rijk 

geweest! Zou dat ‘nerderige’ (laten we het bij uitzondering nu dan inderdaad maar zo noemen) 

begonnen zijn bij het urenlange Nibbles op de pc? 

Erik, broertje, een lievere broer kan ik me niet wensen! Het is fijn ook als vakbroeders gedeelde 

interesses te hebben. Je bent een inspirerende onderzoeker, ik heb veel van je geduld en  

gedrevenheid geleerd. Je staat altijd aan mijn zijde, nu dus uiteraard ook! Marle, al meer dan 

10 jaar ben jij erbij, dank voor je support (zeker bij gezelschapsspelletjes/-ruzies tussen je-weet-

wel-wie) en onmisbare liefdevolle rol in de familie!

Wim, Anneke, dank voor jullie continue interesse in mijn werk. Het is de laatste jaren hart-

verwarmend geweest hoe begaan jullie met mij zijn en hoe vaak ik op het laatste moment kon 

aanschuiven! Hoe koud het buiten ook was, jullie staken altijd op de juiste momenten de BBQ 

aan! Mark, Marlene, ook jullie dank voor de interesse in mijn werk en de warme opname in 

de familie Versloot!

Lieve ouders, jullie hebben mij altijd in alles gestimuleerd en gesteund, alles stond voor ons 

in het teken, en jullie hebben altijd alle zeilen bijgezet en hard gewerkt om een warm nest te 

vormen voor Erik en ik. Jullie hadden dit niet beter kunnen doen. Oneindig bedankt voor 

alles.

Lieve Mirtje, een lievere vrouw bestaat niet, dank je dat je me altijd zo steunt en geduldig met 

me bent. Al die uren dat ik achter mijn bureautje kroop en je alleen maar mijn rug zag krijg je 

dubbel-en-dwars terug. Ik hou van je.
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De schrijver van dit proefschrift werd geboren op 10-6-1984 in Zaanstad en behaalde in 2002 

aan het Zaanlands Lyceum zijn gymnasiumdiploma. Aansluitend begon hij de studie 

Geneeskunde aan de Universiteit van Amsterdam. Tijdens zijn studie was hij betrokken bij de 

Studentenraad ter verbetering van het studentenonderwijs (2003-2004). Hij raakte betrokken 

bij het wetenschappelijk onderzoek: eerst bij de afdeling Chirurgische Oncologie, daarna bij 

de afdeling Oncologie. Zijn wetenschappelijke stage voerde hij uit in Katete, Zambia, met 

onderzoek naar het Burkitt’s lymfoom. Zijn oudste co-schap deed hij op de afdeling 

Niertransplantatie van het AMC, waarna hij in 2009 zijn artsexamen cum laude behaalde.

Vervolgens begon hij zijn promotie bij het Centrum voor Experimentele en Moleculaire 

Geneeskunde van het AMC (prof. T. van der Poll, Dr. J.S. van der Zee, Dr. C. van ‘t Veer), waar 

hij onderzoek deed naar de rol van geactiveerd Proteïne C bij allergische longontsteking en 

astma, met een beurs van het Astmafonds. Voor het onderzoek ontving hij een Science Prize en 

de Jean Stibbe Award van de Nederlandse Vereniging van Trombose en Hemostase en een 

Young Investigator Award van the International Society on Thrombosis and Haemostasis. 

Sinds 1 oktober 2013 werkt de auteur als arts in opleiding tot internist in de regio Amsterdam 

in het Westfries gasthuis in Hoorn (Dr. W.G. Meijer) en vanaf 1 oktober 2015 zal hij dit 

voortzetten in het AMC (Dr. S.E. Geerlings). Daan is getrouwd met Miranda en woont met haar 

in Amstelveen.

 CuRRICuLuM VITAE
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1. PHD TRAINING Year workload

   (Hours/ECTS)

 General courses 

 Practical biostatistics  2012 2

 The AMC World of Science 2009 1

 Basic Laboratory Safety 2009 0,5

 Specific courses 

 nVTh AIO course bleeding 2012 1

 nVTh AIO course venous thrombosis  2011 1

 nVTh AIO course arterial thrombosis 2010 1

 Basic Course Legislation and Organisation for 

 Clinical Researchers (‘BROK’) 2009 0,9

 Laboratory animal course (‘article 9’) 2009 3,8

 

 Activated Protein C inhibits lung inflammation in asthma

patients after intrabronchial allergen challenge. Oral  

presentation, Congress Nederlandse Vereniging voor 

Trombose en hemostase, Koudekerke.

 Activated Protein C inhibits lung inflammation in asthma

patients after intrabronchial allergen challenge. Oral  

presentation, Congress International Society for  

Thrombosis and Haemostasis, Amsterdam. 

 Transgenic overexpression of endothelial protein C 

receptor or human activated protein C protects mice  

against allergic lung inflammation in an asthma model  

induced by house dust mite extract. Poster, ShOCK  

congress, Miami, VS.

 Pulmonary coagulation activation elicited by airway 

exposure to house dust mite and lipopolysaccharide  

in a new murine asthma model and asthma patients.  

Oral presentation. Congress Nederlandse Vereniging  

voor Trombose en hemostase, Koudekerke.

 2013 0,5

 2013 0,5

 2012 0,5

 2012 0,5

PRESENTATIONS Year workload

  (Hours/ECTS)

 2011 0,5

 2011 0,5

 2011 0,5

 2011 0,5

 2011 0,5

 

 2011 0,5

   Year workload

  (Hours/ECTS)

  endothelial Protein C Receptor overexpression protects 

mice against allergic lung inflammation in an asthma  

model with intranasal inoculation of house dust mite  

extract. Oral presentation, Congress International  

Society for Thrombosis and Haemostasis, Kyoto, Japan. 

  high Activated Protein C levels attenuate allergic 

lung inflammation in a murine asthma model using  

intranasal inoculation of house dust mite extract.  

Poster, Congress International Society for Thrombosis  

and Haemostasis, Kyoto, Japan. 

  Pulmonary coagulation is increased dependent on mast 

cells in a murine asthma model using intranasal  

inoculation of house dust mite extract. Poster,  

Congress International Society for Thrombosis and 

Haemostasis, Kyoto, Japan. 

  Coagulation and complement activation after 

intrapulmonary challenge with house dust mite derived 

allergen Der p1 and/or lipopolysaccharide in asthma 

patients. Poster, Congress International Society for 

Thrombosis and Haemostasis, Kyoto, Japan. 

  The Activated Protein C anticoagulant system

protects against allergic lung inflammation in a mouse 

asthma model using high Activated Protein C and 

endothelial Protein C receptor overexpression mice  

and intranasal inoculation of house dust mite extract.  

Oral presentation, Congress Nederlandse Vereniging  

voor Trombose en hemostase, noordwijk.

  The Activated Protein C anticoagulant system protects

against allergic lung inflammation in a mouse asthma 

model using high Activated Protein C and endothelial 

Protein C receptor overexpression mice and intranasal  

inoculation of house dust mite extract. Poster, 3rd Spring 

Meeting Netherlands Respiratory Society, Utrecht.
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(INTER)NATIONAL CONFERENCES Year workload

  (Hours/ECTS)

 Lecturing
 SHOCK congress, Miami, VS. 2012 0,6

 International Society for Thrombosis and Haemostasis,  

 Kyoto, Japan.  2011 0,5

 Congress Nederlandse Vereniging voor Trombose en  

 hemostase, noordwijk, neurenberg, Koudekerke. 2010 - 13 0,5

 Congress on Trauma, Shock, Inflammation and Sepsis,  2010 0,75 

 Munich, Germany.

2.  TEACHING Year workload

   (Hours/ECTS)

 Lecturing
 national Post academic education for Pharmacists 2012, 2013 0,6

 Supervising 
 Lea Berkhout, the role of the anticoagulant protein C  2013 1

system in allergic asthma, CEMM. Internship,  

Health Sciences.

 Jack Yang, Pathogenesis of allergic asthma in mouse  2010 1,3

models using house dust mite extract, CeMM.  

Internship, Medicine.

3. PARAMETERS OF ESTEEM Year

 Awards and Prizes
 Young Investigator Award, International Society for Thrombosis   2013 

 and Haemostasis, Amsterdam

 Science Prize, Nederlandse Vereniging voor Trombose en Hemostase 2011

 Jean Stibbe Award, nederlandse Vereniging voor Trombose en   2011 

 hemostase for Best PhD-student presentation

 Young Investigator Award, International Society for Thrombosis and  2011 

 Haemostasis, Kyoto

 Second place Pathology contest ‘het mooiste beeld’, nederlands   2011

 Tijdschrift voor Geneeskunde, ref 2011;155:C1179.

4. PUBLICATIONS
  Year

2014

2014

2014

2014

2013

2013

2013

2013

2013

2012

2011

Peer reviewed
 M Berger, de Boer JD, Bresser P, van der Poll T, Lutter R, Van der Zee JS. LPS 

amplifies eosinophilic inflammation after segmental challenge with house-

dust-mite in asthmatics. Allergy. 2014. Epub Nov 10.

 de Boer J, Kager LM, Roelofs J, Meijers J, de Boer OJ, Weiler h, Isermann B, van ’t

Veer, van der Poll T. Overexpression of activated protein C hampers baceterial 

dissemination during pneumococcal pneumonia. BMC Infect Dis. 2014. 14(1):559.

 Schouten M, de Boer JD, Kager LM, Roelofs JJ, Meijers JC, Esmon CT, Levi M,

van ’t Veer C, van der Poll T. The endothelial protein C receptor impairs the  

antibacterial response in murine pneumococcal pneumonia and sepsis.  

Thromb Haemost. 2014. 111(5):970-80. 

 de Boer JD, Yang J, Van den Boogaard FE, Hoogendijk AJ, De Beer R, Van der Zee

JS, Roelofs JJ, van ’t Veer C, de Vos AF, Van der Poll T. Mast cell-deficient kit  

mice develop house dust mite-induced lung inflammation despite impaired 

eosinophil recruitment. J Innate Immun. 2014. 6(2):219-26.

 de Boer JD, van ’t Veer, C, Stroo I, van der Meer AJ, de Vos AF, van der Zee JS, 

Roelofs JJ, van der Poll T. Protease-activated receptor-2 deficient mice have  

reduced house dust mite-evoked allergic lung inflammation. Innate Immun. 

2013. 20(6):618-25.

 Kager LM, Schouten M, Wiersinga WJ, de Boer JD, Lattenist LC, Roelofs JJ, 

Meijers JC, Levi MM, esmon CT, van ’t Veer C, van der Poll T. Overexpression of 

the endothelial protein C receptor is detrimental during pneumonia-derived 

gram-negative sepsis (Melioidosis). PloS Negl Trop Dis. 2013. 11;7(7):e2306.

 Kager LM, de Boer JD, Bresser P, van der Zee JS, Zeerleder S, Meijers JC, van ’t 

Veer C, van der Poll T. Intrabronchial activated protein C enhances lipopolysac-

charide-induced pulmonary responses in humans. Eur Respir J. 2013. 42:188-97.

 Schouten M, de Boer JD, van ’t Veer C, Roelofs JJ, Meijers JC, Levi M, Conway 

eM, van der Poll T. The lectin-like domain of thrombomodulin impairs host  

defense in murine pneumococcal pneumonia. Eur Respir J. 2013. 41(4):935-42. 

 Daan de Boer J, Roelofs JJ, de Vos AF, de Beer R, Schouten M, hommes TJ, 

Hoogendijk AJ, de Boer OJ, van der Zee JS, Veer CV, van der Poll T. 

Lipopolysaccharide inhibits Th2 lung inflammation induced by house dust  

mite allergens in mice. Am J Respir Cell Mol Biol. 2013. 48(3):382-9.

 de Boer JD, Majoor CJ, van ’t Veer C, Bel eh, van der Poll T. Asthma and 

coagulation. Blood. 2012 119:3236-44. 

 van der Poll T, de Boer JD, Levi M. The effect of inflammation on coagulation 

and vice versa. Curr opin Inf Dis. 2011 24(3):273-8.
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2011

2011

2008

2006

 Schouten M, de Boer JD, van der Sluijs KF, Roelofs JJ, van ’t Veer C, Levi M, 

esmon CT, van der Poll T. Impact of endogenous protein C on pulmonary coagu-

lation and injury during lethal h1n1 influenza in mice. Am J Respir Cell Mol Biol. 

2011 45(4):789-94. 

 hoogerwerf JJ, Leendertse M, Wieland CW, de Vos AF, de Boer JD, Florquin S,

van der Poll T. Loss of suppression of tumorigenicity 2 (ST2) gene reverses sep-

sis-induced inhibiton of lung host defense in mice. Am J Respir Crit Care Med. 

2011 183(7):932-40. 

 Lagarde SM, de Boer JD, ten Kate FJ, Busch OR, Obertop h, van Lanschot JJ. 

Postoperative complications after esophagectomy for adenocarcinoma of the 

esophagus are related to timing of death due to recurrence. Ann Surg. 2008 

247(1):71-76.

 Lagarde SM, ten Kate FJ, de Boer DJ, Busch OR, Obertop h, van Lanschot JJ. 

extracapsular lymph node involvement in patients with adenocarcinoma of  

the distal esophagus and gastroesophageal junction. Am J Surg Pathol. 2006 

30(2):171-176.

Other
  Year

 J.D. de Boer, J.S. van der Zee, T. van der Poll. Astma en stolling.   2011 

 Nederlands Tijdschrift voor Allergie en Astma. 2011 11:3-10.

 de Boer JD, Boellaard TN, Parkinson S, Blanchard E, Heij HA.   2009

Patient compliance in the treatment of Burkitt’s lymphoma  

in rural Zambia. African Journal of Paediatric Surgery. 2009 6:3-6. 

  Year


