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CHAPTER 1
General Introduction
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1Infectious diseases are a major cause of morbidity and mortality worldwide1. As the 
respiratory tract is in continuous contact with the external environment, it is particularly 
prone to invading pathogens. Consequently, lower respiratory infections contribute 
strongly to infectious disease related illness and mortality, with over 4 million deaths 
annually2.

Streptococcus (S.) pneumoniae is a Gram-positive diplococcus that resides asymptom-
atically in the nasopharynx of healthy carriers, but may become pathogenic in suscep-
tible individuals. Community-acquired pneumonia (CAP) is a common illness worldwide 
with S. pneumoniae as the most frequently isolated causative pathogen, accounting for 
up to 60% of bacterial cases3, 4. Mortality rates of CAP range from 2 up to 30% as it pro-
gresses into sepsis5. During sepsis, an uncontrolled host response to an infection results 
in tissue injury and organ failure. As such, sepsis is an important risk factor for acute 
lung injury, commonly referred to as the acute respiratory distress syndrome (ARDS), 
with mortality rates ranging between 26 and 40%6-8. Gram-negative pathogens, such as 
Pseudomonas (P.) aeruginosa, are the leading cause of hospital-acquired pneumonia9, 10.

Morbidity and mortality of bacterial pneumonia have not improved over the past de-
cades, despite the availability of an extensive arsenal of antibiotics, and with an emerg-
ing increase in antibiotic resistance3, expanding our understanding of the host response 
to respiratory infection is mandatory. This thesis is focussed on the role of Tissue Factor 
(TF) pathway induced coagulation and its interaction with inflammation during CAP 
caused by S. pneumoniae, mediated in part by Protease-Activated Receptor (PAR)-2.

COAGULATION IN INFECTION

The host inflammatory response to infection comprises activation of coagulation, re-
duced anticoagulant capacity and inhibition of fibrinolysis. The net procoagulant state 
with subsequent fibrin deposition is considered an essential element of host defence 
in its attempt to contain invading pathogens and the inflammatory response at the site 
of infection11, 12. Coagulation is tightly regulated by mechanisms that warrant the blood 
to flow freely through the vasculature, and counterbalance the coagulation response 
upon infection in order to restore homeostasis. However, in severe infection, exagger-
ated inflammation and coagulation, with failing regulatory mechanisms may cause an 
ongoing and uncontrolled host response. Hemostatic misbalance in the lung leads to 
intrapulmonary fibrin deposition and lung injury, which undermines tissue integrity 
and poses a serious challenge to lung function13. In the most fulminant form, this hy-
percoagulable state results in microvascular thrombosis throughout the body, known 
as disseminated intravascular coagulation (DIC), which leads to paradoxical bleeding, 
compromised blood flow and multiple organ failure14. In the last decades intensive 
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research efforts have resulted in better understanding of the intricate triad of infection, 
inflammation and coagulation.

Tissue Factor Pathway

Tissue Factor
TF is the key initiator of infection- and inflammation-induced activation of the coagula-
tion cascade15. TF binds and activates factor (F) VII (a), and the newly formed TF-FVIIa 
complex activates factor IX (FIX) and factor X (FX), which both initiate positive feedback 
loops. Limited quantities of generated FXa catalyse the conversion of trace quantities of 
prothrombin to thrombin. These minute concentrations of thrombin enable feedback 
activation of cofactors FVIII and FV, which increases the efficiency of thrombin genera-
tion tremendously (Figure 1)16. Under physiological circumstances TF does not become 
exposed to circulating blood. TF resides at extravascular sites, yet along all blood-tissue 
barriers, where it can rapidly initiate coagulation upon disruption of the vascular en-
dothelium. However, TF expression can be induced on the surface of endothelial cells, 

Figure 1. Overview of the tissue factor-initiated coagulation cascade and PAR2 activation in the 
airway during lung infection. Abbreviations: S. pneumoniae, Streptococcus pneumoniae; PAR2, protease-
activated receptor-2; TF, tissue factor; TFPI, tissue factor pathway inhibitor; K1, Kunitz-1 (Figure designed and 
drawn by I.E.M. Kos).
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1circulating monocytes and macrophages in response to bacteria or inflammatory 
stimuli, such as chemokines or cytokines15. TF is also abundantly expressed in the lung 
where it plays a pivotal role in activation of coagulation upon lung injury, as illustrated 
by enhanced levels of TF in lavage fluid from the affected lung of healthy volunteers 
challenged with lipoteichoic acid, a major cell wall component of Gram-positive bacte-
ria17, and of patients with pneumonia18-22.

Tissue Factor Pathway Inhibitor
TF pathway inhibitor (TFPI) is the only known endogenous regulator of the TF-dependent 
pathway of coagulation. It consists of 3 Kunitz domains, that mimic the substrate of the 
target protease, and a carboxy (C)-terminal tail. TFPI targets the initiating procoagulant 
stimulus by forming a quaternary complex with TF-FVIIa-FXa, which prevents additional 
generation of FXa and the subsequent burst of thrombin generation (Figure 1)16. TFPI 
is mainly produced by vascular endothelial cells and is  expressed in the lung, where 
it is present along alveolar septae and epithelium, which allows direct release into the 
alveolar space upon lung injury. Besides its anticoagulant function, TFPI has recently 
been shown to have antibacterial properties, exerted by its carboxy-terminal peptides23. 
Although during infection TFPI expression is upregulated, the TFPI molecule becomes 
inactivated and insufficient to counterbalance the procoagulant state24-26. These ob-
servations prompted studies investigating the effect of treatment with recombinant 
human (rh)-TFPI. In experimental sepsis, primates treated with rh-TFPI were protected 
from lethality27, 28. Despite these promising results, the OPTIMIST and CAPTIVATE trials 
failed to show a treatment benefit of rh-TFPI in septic patients29 or patients suffering 
from CAP30 respectively.

COAGULATION-INDUCED INFLAMMATION: PROTEASE ACTIVATED 
RECEPTORS

Inflammation and coagulation are two important host defence mechanisms that inter-
act to mount an adequate response against infectious agents. Inflammation activates 
coagulation via the TF pathway; conversely, the TF pathway can contribute to inflamma-
tion. PARs are recognised to play a central role in the functional link between coagula-
tion and inflammation31. These seven transmembrane G-protein coupled receptors bear 
their own ligand, which is unmasked by proteolytic cleavage of their extracellular 
amino-terminal domain32. To date four PARs have been identified, each of which can 
be activated by a variety of proteases. From this family of receptors PAR2 is unique in 
its resistance to thrombin cleavage, but has emerged as a key mediator for the cellular 
effects of the coagulation proteases in the TF pathway. PAR2 is a substrate for TF-FVIIa 
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and FXa33; other endogenous serine proteases that can cleave and activate PAR2 include 
trypsin, tryptase and granzyme A, as well as a number of bacteria-derived enzymes (Fig-
ure 1)31. PAR2 is abundantly expressed in the lung by epithelial cells, endothelial cells, 
airway and vascular smooth muscle cells, fibroblasts, and by non-resident cells such as 
macrophages and neutrophils34, and therefore considerable interest has emerged in the 
role of PAR2 in airway inflammation. However, both host protective and detrimental 
effects of PAR2 activation in the lung have been demonstrated depending on the type 
of disease32, and at present our understanding of the role of pulmonary PAR2 during 
pneumonia is still in its infancy.

Tryptase

Tryptase is a trypsin-like protease by which only PAR2 of the PAR family can be activat-
ed35. Inhibition of trypsin reduced inflammation in infectious colitis36, however the role 
of trypsin-like proteases in bacterial lung disease remains to be elucidated. Tryptase is a 
prominent mast cell product, stored in secretory granules along with other preformed, 
fully active proteases that can be released upon activation by invading pathogens or 
inflammatory mediators. In addition, mast cells recognise pathogens and can enhance 
host resistance during bacterial infections, mediated by enhancement of the recruit-
ment or function of inflammatory cells, cytokine production, complement activation 
and phagocytosis37-40. Mast cells are particularly prominent at the host-environment 
barrier and have become increasingly appreciated as important modulators in inflam-
matory lung diseases.

Granzyme A

Granzymes are a family of serine proteases stored in secretory granules of cytotoxic lym-
phocytes. Granzyme A (GzmA) can be classified as a tryptase based on the preferential 
amino acid at which it cleaves, and as such is a potential activator of PAR2. GzmA is 
constitutively expressed in Natural Killer cells and lymphocytes; however, the cytotoxic 
potential of GzmA is subject of debate. Instead, mounting evidence suggests a pro-
inflammatory role for GzmA41. Extracellular GzmA was shown to induce secretion and 
activation of cytokines42, 43 and elevated levels of plasma GzmA were found in patients 
with various infectious diseases44, 45. Of interest for lung disease, GzmA expression was 
recently observed in lung epithelial cells, pneumocytes and alveolar macrophages46 
and increased levels of GzmA were demonstrated in bronchoalveolar lavage fluid from 
patients with inflammatory lung disease47.
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1
PLATELETS

Platelets are mainly known as the chief cellular effectors of hemostasis. They immediately 
form a physical plug at the site of injury and propagate further coagulation by providing 
a suitable surface for the activation of clotting factors. However, it has become clear that 
platelets exert activities that extend beyond their traditional hemostatic properties and 
they are increasingly appreciated as key components of the inflammatory response48. 
Next to their immunomodulatory effects mediated through coagulation, platelets are 
able to act on the host inflammatory response via several ways: they can release pre-
formed proinflammatory peptides from their granules and interact with other inflam-
matory cells49. In addition, platelets produce antimicrobial mediators50, and can bind to 
and internalize microorganisms51. In critically ill patients thrombocytopenia is common, 
and is associated with a worse outcome52, 53. Moreover, lower platelet counts were an 
independent risk factor of mortality in patients admitted to the ICU for severe CAP54.
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AIM AND OUTLINE OF THIS THESIS

The overall aim of this thesis is to expand our knowledge on the interaction between 
coagulation and inflammation in lung injury, with a special focus on the TF pathway and 
signalling via PAR2 during pneumonia caused by Streptococcus pneumoniae.

After the general introduction, Part I describes the role of coagulation in pneumococcal 
pneumonia, focusing on the TF pathway. In chapter 2 and 3 the role of endogenous TF 
and TFPI respectively during murine pneumococcal pneumonia is addressed, which is 
followed by chapter 4 studying the treatment effect of rh-TFPI either or not as an add-
on to antibiotic treatment in this model. Next, chapter 5 and 6 report on the feasibility 
and treatment effect of intra-alveolar administration of rh-TFPI by nebulization in rat 
models of pneumococcal pneumonia and Gram-negative lung injury respectively.

Since PAR2 has been described to mediate the interaction between TF-induced coagula-
tion and inflammation, in Part II we aim to gain more insight in the role of PAR2 and 
various (cellular sources) of its archetypal activating proteases during pneumococcal 
pneumonia: in chapter 7 we report on the effects of deficiency of PAR2, and in chapter 
8 we investigate the role of mast cells, which are able to release prestored tryptase, the 
main endogenous activating protease of PAR2. In chapter 9 we report on the role of the 
protease granzyme A, another potential endogenous activator of PAR2, in pneumonia.

Finally, in Part III we extend our research on the interaction between coagulation and 
inflammation to the role of platelets herein, by investigating the effect of thrombocyto-
penia in murine pneumococcal pneumonia in chapter 10.

Chapter 11 provides a general summary and discussion of the preceding chapters.



17Introduction

1
REFERENCES

 1 Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, Abraham J, Adair T, Aggarwal R, 
Ahn SY, Alvarado M, Anderson HR, et al. Global and regional mortality from 235 causes of death 
for 20 age groups in 1990 and 2010: a systematic analysis for the Global Burden of Disease Study 
2010. Lancet. 2012; 380: 2095-128.

 2 Schlipköter U, Flahault A. Communicable Diseases: Achievements and Challenges for Public 
Health. Public Health Rev. 2010; 32: 90-119.

 3 Jones RN, Jacobs MR, Sader HS. Evolving trends in Streptococcus pneumoniae resistance: impli-
cations for therapy of community-acquired bacterial pneumonia. Int J Antimicrob Agents. 2010; 
36: 197-204.

 4 van der Poll T, Opal SM. Pathogenesis, treatment, and prevention of pneumococcal pneumonia. 
Lancet. 2009; 374: 1543-56.

 5 Bartlett JG, Dowell SF, Mandell LA, File Jr TM, Musher DM, Fine MJ. Practice guidelines for the man-
agement of community-acquired pneumonia in adults. Infectious Diseases Society of America. 
Clin Infect Dis. 2000; 31: 347-82.

 6 Rubenfeld GD, Caldwell E, Peabody E, Weaver J, Martin DP, Neff M, Stern EJ, Hudson LD. Incidence 
and outcomes of acute lung injury. N Engl J Med. 2005; 353: 1685-93.

 7 Erickson SE, Martin GS, Davis JL, Matthay MA, Eisner MD. Recent trends in acute lung injury 
mortality: 1996-2005. Crit Care Med. 2009; 37: 1574-9.

 8 Matthay MA, Ware LB, Zimmerman GA. The acute respiratory distress syndrome. J Clin Invest. 
2012; 122: 2731-40.

 9 Koulenti D, Rello J. Gram-negative bacterial pneumonia: aetiology and management. Curr Opin 
Pulm Med. 2006; 12: 198-204.

 10 Barbier F, Andremont A, Wolff M, Bouadma L. Hospital-acquired pneumonia and ventilator-
associated pneumonia: recent advances in epidemiology and management. Curr Opin Pulm Med. 
2013; 19: 216-28.

 11 Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med. 2010; 38: S26-S34.

 12 Schouten M, Wiersinga WJ, Levi M, van der Poll T. Inflammation, endothelium, and coagulation in 
sepsis. J Leukoc Biol. 2008; 83: 536-45.

 13 Wygrecka M, Jablonska E, Guenther A, Preissner KT, Markart P. Current view on alveolar coagula-
tion and fibrinolysis in acute inflammatory and chronic interstitial lung diseases. Thromb Haemost. 
2008; 99: 494-501.

 14 Levi M, Schultz M, van der Poll T. Sepsis and thrombosis. Semin Thromb Hemost. 2013; 39: 559-66.

 15 van der Poll T. Tissue factor as an initiator of coagulation and inflammation in the lung. Crit Care. 
2008; 12 Suppl 6: S3.

 16 Crawley JT, Lane DA. The haemostatic role of tissue factor pathway inhibitor. Arterioscler Thromb 
Vasc Biol. 2008; 28: 233-42.

 17 Hoogerwerf JJ, de Vos AF, Levi M, Bresser P, van der Zee JS, Draing C, von Aulock S, van der Poll T. 
Activation of coagulation and inhibition of fibrinolysis in the human lung on bronchial instillation 
of lipoteichoic acid and lipopolysaccharide. Crit Care Med. 2009; 37: 619-25.



Chapter 118

 18 Gunther A, Mosavi P, Heinemann S, Ruppert C, Muth H, Markart P, Grimminger F, Walmrath D, 
Temmesfeld-Wollbruck B, Seeger W. Alveolar fibrin formation caused by enhanced procoagulant 
and depressed fibrinolytic capacities in severe pneumonia. Comparison with the acute respira-
tory distress syndrome. Am J Respir Crit Care Med. 2000; 161: 454-62.

 19 Rijneveld AW, Weijer S, Bresser P, Florquin S, Vlasuk GP, Rote WE, Spek CA, Reitsma PH, van der Zee 
JS, Levi M, van der Poll T. Local activation of the tissue factor-factor VIIa pathway in patients with 
pneumonia and the effect of inhibition of this pathway in murine pneumococcal pneumonia. Crit 
Care Med. 2006; 34: 1725-30.

 20 Choi G, Schultz MJ, van Till JW, Bresser P, van der Zee JS, Boermeester MA, Levi M, van der Poll 
T. Disturbed alveolar fibrin turnover during pneumonia is restricted to the site of infection. Eur 
Respir J. 2004; 24: 786-9.

 21 Enkhbaatar P, Okajima K, Murakami K, Uchiba M, Okabe H, Okabe K, Yamaguchi Y. Recombinant 
tissue factor pathway inhibitor reduces lipopolysaccharide-induced pulmonary vascular injury 
by inhibiting leukocyte activation. Am J Respir Crit Care Med. 2000; 162: 1752-9.

 22 Schultz MJ, Millo J, Levi M, Hack CE, Weverling GJ, Garrard CS, van der Poll T. Local activation of 
coagulation and inhibition of fibrinolysis in the lung during ventilator associated pneumonia. 
Thorax. 2004; 59: 130-5.

 23 Papareddy P, Kalle M, Kasetty G, Morgelin M, Rydengard V, Albiger B, Lundqvist K, Malmsten M, 
Schmidtchen A. C-terminal peptides of tissue factor pathway inhibitor are novel host defense 
molecules. J Biol Chem. 2010; 285: 28387-98.

 24 Bastarache JA, Wang L, Wang Z, Albertine KH, Matthay MA, Ware LB. Intra-alveolar tissue factor 
pathway inhibitor is not sufficient to block tissue factor procoagulant activity. Am J Physiol Lung 
Cell Mol Physiol. 2008; 294: L874-L81.

 25 de Moerloose P, De Benedetti E, Nicod L, Vifian C, Reber G. Procoagulant activity in bronchoal-
veolar fluids: no relationship with tissue factor pathway inhibitor activity. Thromb Res. 1992; 65: 
507-18.

 26 El Solh AA, Choi G, Schultz MJ, Pineda LA, Mankowski C. Clinical and hemostatic responses to 
treatment in ventilator-associated pneumonia: role of bacterial pathogens. Crit Care Med. 2007; 
35: 490-6.

 27 Carr C, Bild GS, Chang AC, Peer GT, Palmier MO, Frazier RB, Gustafson ME, Wun TC, Creasey AA, 
Hinshaw LB. Recombinant E. coli-derived tissue factor pathway inhibitor reduces coagulopathic 
and lethal effects in the baboon gram-negative model of septic shock. Circ Shock. 1994; 44: 126-
37.

 28 Creasey AA, Chang AC, Feigen L, Wun TC, Taylor FB, Jr., Hinshaw LB. Tissue factor pathway inhibi-
tor reduces mortality from Escherichia coli septic shock. J Clin Invest. 1993; 91: 2850-60.

 29 Abraham E, Reinhart K, Opal S, Demeyer I, Doig C, Rodriguez AL, Beale R, Svoboda P, Laterre 
PF, Simon S, Light B, Spapen H, et al. Efficacy and safety of tifacogin (recombinant tissue factor 
pathway inhibitor) in severe sepsis: a randomized controlled trial. JAMA. 2003; 290: 238-47.

 30 Wunderink RG, Laterre PF, Francois B, Perrotin D, Artigas A, Vidal LO, Lobo SM, Juan JS, Hwang SC, 
Dugernier T, LaRosa S, Wittebole X, et al. Recombinant tissue factor pathway inhibitor in severe 
community-acquired pneumonia: a randomized trial. Am J Respir Crit Care Med. 2011; 183: 1561-8.

 31 Shpacovitch V, Feld M, Hollenberg MD, Luger TA, Steinhoff M. Role of protease-activated recep-
tors in inflammatory responses, innate and adaptive immunity. J Leukoc Biol. 2008; 83: 1309-22.



19Introduction

1
 32 Sokolova E, Reiser G. A novel therapeutic target in various lung diseases: airway proteases and 

protease-activated receptors. Pharmacol Ther. 2007; 115: 70-83.

 33 Camerer E, Huang W, Coughlin SR. Tissue factor- and factor X-dependent activation of protease-
activated receptor 2 by factor VIIa. Proc Natl Acad Sci USA. 2000; 97: 5255-60.

 34 Cocks TM, Moffatt JD. Protease-activated receptor-2 (PAR2) in the airways. Pulm Pharmacol Ther. 
2001; 14: 183-91.

 35 Moffatt JD, Page CP, Laurent GJ. Shooting for PARs in lung diseases. Curr Opin Pharmacol. 2004; 4: 
221-9.

 36 Hansen KK, Sherman PM, Cellars L, Andrade-Gordon P, Pan Z, Baruch A, Wallace JL, Hollenberg 
MD, Vergnolle N. A major role for proteolytic activity and proteinase-activated receptor-2 in the 
pathogenesis of infectious colitis. Proc Natl Acad Sci USA. 2005; 102: 8363-8.

 37 Echtenacher B, Mannel DN, Hultner L. Critical protective role of mast cells in a model of acute 
septic peritonitis. Nature. 1996; 381: 75-7.

 38 Malaviya R, Ikeda T, Ross E, Abraham SN. Mast cell modulation of neutrophil influx and bacterial 
clearance at sites of infection through TNF-alpha. Nature. 1996; 381: 77-80.

 39 Sutherland RE, Olsen JS, McKinstry A, Villalta SA, Wolters PJ. Mast cell IL-6 improves survival from 
Klebsiella pneumonia and sepsis by enhancing neutrophil killing. J Immunol. 2008; 181: 5598-605.

 40 Abraham SN, St John AL. Mast cell-orchestrated immunity to pathogens. Nat Rev Immunol. 2010; 
10: 440-52.

 41 Anthony DA, Andrews DM, Watt SV, Trapani JA, Smyth MJ. Functional dissection of the granzyme 
family: cell death and inflammation. Immunol Rev. 2010; 235: 73-92.

 42 Metkar SS, Menaa C, Pardo J, Wang B, Wallich R, Freudenberg M, Kim S, Raja SM, Shi L, Simon 
MM, Froelich CJ. Human and mouse granzyme A induce a proinflammatory cytokine response. 
Immunity. 2008; 29: 720-33.

 43 Sower LE, Klimpel GR, Hanna W, Froelich CJ. Extracellular Activities of Human Granzymes. Cell 
Immunol. 1996; 171: 159-63.

 44 Lauw FN, Simpson AJ, Hack CE, Prins JM, Wolbink AM, van Deventer SJ, Chaowagul W, White NJ, 
van Der Poll T. Soluble granzymes are released during human endotoxemia and in patients with 
severe infection due to gram-negative bacteria. J Infect Dis. 2000; 182: 206-13.

 45 Zeerleder S, Hack CE, Caliezi C, van MG, Eerenberg-Belmer A, Wolbink A, Wuillenmin WA. Acti-
vated cytotoxic T cells and NK cells in severe sepsis and septic shock and their role in multiple 
organ dysfunction. Clin Immunol. 2005; 116: 158-65.

 46 Vernooy JH, Moller GM, van Suylen RJ, van Spijk MP, Cloots RH, Hoet PH, Pennings HJ, Wouters EF. 
Increased granzyme A expression in type II pneumocytes of patients with severe chronic obstruc-
tive pulmonary disease. Am J Respir Crit Care Med. 2007; 175: 464-72.

 47 Tremblay GM, Wolbink AM, Cormier Y, Hack CE. Granzyme activity in the inflamed lung is not 
controlled by endogenous serine proteinase inhibitors. J Immunol. 2000; 165: 3966-9.

 48 Bozza FA, Shah AM, Weyrich AS, Zimmerman GA. Amicus or adversary: platelets in lung biology, 
acute injury, and inflammation. Am J Respir Cell Mol Biol. 2009; 40: 123-34.

 49 Coppinger JA, Cagney G, Toomey S, Kislinger T, Belton O, McRedmond JP, Cahill DJ, Emili A, 
Fitzgerald DJ, Maguire PB. Characterization of the proteins released from activated platelets 



Chapter 120

leads to localization of novel platelet proteins in human atherosclerotic lesions. Blood. 2004; 103: 
2096-104.

 50 Tang YQ, Yeaman MR, Selsted ME. Antimicrobial peptides from human platelets. Infect Immun. 
2002; 70: 6524-33.

 51 Youssefian T, Drouin A, Masse JM, Guichard J, Cramer EM. Host defense role of platelets: engulf-
ment of HIV and Staphylococcus aureus occurs in a specific subcellular compartment and is 
enhanced by platelet activation. Blood. 2002; 99: 4021-9.

 52 Strauss R, Wehler M, Mehler K, Kreutzer D, Koebnick C, Hahn EG. Thrombocytopenia in patients 
in the medical intensive care unit: bleeding prevalence, transfusion requirements, and outcome. 
Crit Care Med. 2002; 30: 1765-71.

 53 Vanderschueren S, De WA, Malbrain M, Vankersschaever D, Frans E, Wilmer A, Bobbaers H. Throm-
bocytopenia and prognosis in intensive care. Crit Care Med. 2000; 28: 1871-6.

 54 Brogly N, Devos P, Boussekey N, Georges H, Chiche A, Leroy O. Impact of thrombocytopenia on 
outcome of patients admitted to ICU for severe community-acquired pneumonia. J Infect. 2007; 
55: 136-40.


