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Since the respiratory tract is in continuous contact with the 
external environment, it is particularly prone to invading 
pathogens. Pneumonia is a major cause of morbidity worldwide 
with substantial mortality. Emerging bacterial resistance and 
stagnation of mortality rates urge us to expand our knowledge 
of the host response against bacteria, in the quest to develop 
alternative treatment strategies.
Inflammation and coagulation are two important host defence 
mechanisms that interact to mount an adequate immune 
response against infectious agents. This thesis presents 
experimental studies focused on the role of coagulation 
induced by the tissue factor pathway in the immune 
response against bacterial pneumonia.
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CHAPTER 1
General Introduction





11Introduction

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.
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ABSTRACT

Introduction: Streptococcus (S.) pneumoniae is the most common causative pathogen 
in community-acquired pneumonia. Coagulation and inflammation interact in the host 
response to infection. Tissue Factor (TF) is the main initiator of inflammation-induced 
coagulation.

Objective: To investigate the effect of low TF levels on pulmonary and systemic bacterial 
growth, coagulation and inflammation during S. pneumoniae pneumonia in mice.

Methods: Pneumonia was induced by intranasal inoculation with highly virulent se-
rotype 3 S. pneumoniae in low TF mice (homozygous TF deficient mice, rescued by a 
human TF minigene (mTF-/-, hTF+), and heterozygous (mTF+/-, hTF+) littermates. Samples 
were obtained at 6, 24 and 48 hours after infection.

Results: No impact on bacterial loads was observed between genotypes at any time 
point. Coagulation was attenuated in lungs and plasma of low TF mice 6 and 48 hours 
after infection. Thrombin-antithrombin complexes were similar 24 hours after infection 
between strains. Low TF mice showed elevated lung levels of tumor necrosis factor-α 
and macrophage inflammatory protein-2 associated with attenuated mitogen-activated 
protein kinase phosphatase-1 mRNA expression at this time point, while lung histopa-
thology and neutrophil influx in lung tissue were unaffected by low TF levels.

Conclusions: Reduced TF levels during pneumococcal pneumonia coincide with at-
tenuated infection-induced coagulation with limited impact on lung inflammation or 
antibacterial defense.
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INTRODUCTION

Community-acquired pneumonia (CAP) is a common cause of sepsis, with Streptococcus 
(S.) pneumoniae as the most frequently isolated causative pathogen, being responsible 
for an estimated 10 million deaths annually1, 2. Despite extensive antimicrobial thera-
peutic options and access to well-equipped intensive care units, severe CAP continues 
to carry a high mortality rate3. This, together with an increasing incidence of antibiotic 
resistance of this pathogen2, requires the development of adjunctive treatment mea-
sures in order to improve outcome of patients with pneumococcal pneumonia and 
sepsis.

Activation of the blood coagulation system is a prominent feature during lung inflam-
mation, with concurrent down regulation of anticoagulant pathways and inhibition of 
fibrinolysis, as has been shown in the lung compartment of patients and experimental 
animals with pneumococcal pneumonia4-7. Tissue Factor (TF) is the main initiator of 
inflammation-induced coagulation8 and has been implicated as a key mediator of exces-
sive coagulation, associated with enhanced mortality in sepsis9-11. Upon tissue injury or 
inflammation, TF becomes exposed to blood and triggers the coagulation cascade. TF 
then binds to (activated) factor VII(a) (FVII(a)), forming a complex that is able to activate 
FX, which together with its cofactor FVa enables the conversion of prothrombin into 
thrombin8.

The coagulation system is increasingly being appreciated as part of the innate im-
mune system12, 13. Coagulation may play an important role in containing bacteria at the 
site of infection, as suggested by studies demonstrating that fibrin deposition limits 
the survival and dissemination of streptococci in mice14, 15. Conversely, the local pro-
coagulant changes may ultimately cause intra-alveolar fibrin deposition, jeopardizing 
lung integrity and function16. Coagulation partakes in the early immune defense, as the 
clotting cascade triggers pro- and anti-inflammatory reactions, mediated by the release 
of cytokines and the activation of protease-activated receptors (PARs)12, 17. Notably, data 
suggest that TF is not a mere initiator of coagulation, but also directly contributes to 
the host inflammatory response against invading pathogens through PAR-signaling18. 
The net influence of TF on the host defense during pneumonia is unclear; TF may either 
facilitate clearance of the infection, or exacerbate the inflammatory response leading to 
increased tissue injury.

The present study was undertaken to investigate to what extent TF contributes to 
activation of the coagulation system, inflammation and the antimicrobial response in 
pneumococcal pneumonia. For this, we intranasally introduced viable S. pneumoniae 
into the lower airways of low TF mice expressing only ~1% TF of normal levels.
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MATERIALS AND METHODS

Animals

Homozygous TF-/- mice rescued from embryonic lethality by a human TF minigene 
(mTF-/-, hTF+) that express only ~1% of TF activity19 and therefore called low TF mice, were 
bred at the animal care facility of the Academic Medical Center. Experiments were con-
ducted with 10-12 week old low TF mice and heterozygous littermate controls (mTF+/-, 
hTF+) which express ~50% of normal mouse TF levels20, 21 and low levels of human TF. The 
Institutional Animal Care and Use Committee of the Academic Medical Center approved 
all experiments.

Study design

Highly virulent S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, 
Rockville, MD) relevant to human disease and associated with serious clinical outcome22 
was used to induce pneumococcal pneumonia. Bacteria were grown as described and 
~5 x 104 colony-forming units (CFU) in 50 µL were inoculated intranasally. At predefined 
time points after infection (6, 24 or 48 hours), blood diluted 4:1 with citrate, lungs, liver 
and spleen were harvested. The left lung lobe was fixed in 10% buffered formalin and 
embedded in paraffin. The remaining lung lobes and a part of the liver and the spleen 
were harvested and homogenized as previously described7.

Bacterial quantification

For bacterial quantification undiluted whole blood and serial ten–fold dilutions of organ 
homogenates and whole blood were made in sterile isotonic saline and plated onto 
sheep–blood agar plates. Following 16 hours of incubation at 37°C colony forming units 
(CFU) were counted.

Assays

Thrombin-antithrombin complexes and D-dimer (TATc: Siemens Healthcare Diagnostics, 
Marburg, Germany; D-dimer: Asserachrom D-dimer, Roche, Woerden, the Netherlands), 
macrophage–inflammatory protein (MIP)–2, keratinocyte-derived cytokine (KC), 
tumor necrosis factor (TNF)-α, interleukin (IL)-6, (R&D Systems, Abingdon, UK) and 
myeloperoxidase (MPO; HyCult Biotechnology, Uden, the Netherlands) were measured 
using commercially available ELISA kits. Plasma levels of tumor necrosis factor (TNF)-α, 
interleukin (IL)-6, interferon (IFN)-γ and monocyte chemotactic protein (MCP)-1 were 
measured by cytometric bead array (CBA) multiplex assay (BD Biosciences, San Jose, CA). 
TNF-α and Mitogen-activated protein (MAP) kinase phosphatase-1 (MKP-1) mRNA levels 
were detected in lung samples as described previously23.
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Histopathology

Immediately after mice were sacrificed, the left lobe was fixed in 10% buffered formalin 
for 24 hours and embedded in paraffin in a routine fashion. Four-micrometer sections 
were stained with hematoxylin and eosin (H&E). A pathologist scored all slides in a blind-
ed fashion for the following parameters: interstitial inflammation, endothelialitis, bron-
chitis, edema, pleuritis and thrombus formation. All parameters were rated separately 
from 0 (condition absent) to 4 (most severe condition) and the total histopathological 
score was expressed as the sum of the scores of the individual parameters. Confluent 
(diffuse) inflammatory infiltrate was quantified separately and expressed as percentage 
of the lung surface; the number of thrombi was counted in 5 random microscopic fields. 
Neutrophil stainings were performed using an anti-mouse Ly-6G monoclonal antibody 
(BD Pharmingen, San Diego, CA), as described previously7.

Statistical analyses

Data are expressed as box-and-whiskers depicting the smallest observation, lower 
quartile, median, upper quartile and largest observation. Differences between groups 
were analyzed by Mann–Whitney U tests, using GraphPad Prism (GraphPad Software, 
San Diego, CA, USA). P-values of less than 0.05 were considered statistically significant.

RESULTS

Low levels of TF do not influence local growth or dissemination of S. 
pneumoniae during pneumonia

To investigate the influence of endogenous TF levels on bacterial growth and dissemina-
tion, we quantified bacterial loads in lung, liver and spleen homogenates and whole 
blood. No differences in CFUs counts were observed in any of these organs between low 
TF mice and heterozygous littermates at any studied time point (Figure 1).

Low TF mice demonstrate attenuated local and systemic activation of 
coagulation during S. pneumoniae pneumonia

Numerous experimental studies and clinical trials, in which TF pathway blocking agents 
were used, have provided evidence that TF plays a key role in inflammation-induced 
coagulation4, 6, 7, 24-28. To determine the effect of reduced endogenous levels of TF on pul-
monary and systemic activation of coagulation during pneumococcal pneumonia, we 
measured TATc and D-dimer levels in lung homogenates and plasma (Figure 2). In lungs, 
coagulation was significantly reduced in low TF mice compared with heterozygous lit-
termates, as reflected by reduced TATc (Figure 2A) and D-dimer (Figure 2B) levels early 
(6 hours; TATc) and late (48 hours; TATc and D-dimer) in the course of infection; however 
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at 24 hours no differences in TATc levels were observed between the two genotypes. 
Plasma coagulation was induced 48 hours after infection, and similar to lungs, TATc and 
D-dimer levels were attenuated in low TF mice (Figure 2C and D).

Low TF levels are associated with modestly increased pulmonary cytokine/
chemokine levels in the early phase of S. pneumoniae pneumonia

As described earlier7, pneumococcal pneumonia was associated with increased lung pa-
thology due to interstitial inflammation, endothelialitis, edema, inflammatory infiltrates 
and pleuritis 6, 24 and 48 hours after infection. No thrombi were found in lung tissue of ei-
ther mouse strain and there were no differences in total histopathological scores between 
low TF mice and heterozygous controls at any time point (Figure 3A). Moreover, there were 
no differences in the separate scores for bronchitis, interstitial inflammation, edema or en-
dothelialitis (not shown). To obtain more insight into the impact of low TF levels on inflam-
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Figure 1. Pulmonary and systemic bacterial loads in low TF mice in pneumococcal pneumonia.
Low TF mice (TF-/-, open boxes) and heterozygous littermates (TF+/-, striped boxes) were intranasally infect-
ed with S. pneumoniae. Graphs show the number of colony forming units (CFU) per ml lung homogenates 
(A), liver homogenates (B), whole blood (C), and spleen homogenates (D) 6, 24 and 48 hours after infec-
tion. Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile and largest observation (n=8 per group). Dotted lines indicate detection limits. No 
systemic dissemination was observed 6 hours post-infection.
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mation during pneumococcal pneumonia, we measured the levels of various cytokines 
and chemokines in lung homogenates prepared 6, 24 and 48 hours after infection (Table 
1). In TF-/- mice, IL-6 concentrations (6 hours) and levels of TNFα and MIP-2 (24 hours) were 
increased compared with TF+/- mice, while in the advanced stage of pneumonia (48 hours) 
no differences were observed between the two strains. Furthermore, plasma cytokine and 
chemokine levels (IL-6, TNFα, IFN-γ and MCP-1) were not different between the genotypes 
at any time point in the course of pneumococcal pneumonia (Table 2).

TNFα is an important inflammatory mediator involved in host defense during pneu-
mococcal pneumonia29. In order to determine the mechanism involved in the increased 
pulmonary TNFα production in low TF mice after 24 hours of S. pneumoniae infection 
we first evaluated TNFα transcript levels. Lung TNFα mRNA levels were not elevated in 
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TF-/- mice at 24 hours after infection (Figure 4A). Since TNFα protein expression is highly 
dependent on activation of p3830, which on its turn is tightly regulated by MKP-131, we 
also determined MKP-1 mRNA levels. In TF+/- mice MKP-1 transcripts were upregulated 
after 24 hours of infection, however in low TF mice lung MKP-1 levels did not rise above 
baseline values and were significantly lower compared to infected TF+/- mice (Figure 4B).

Table 1. Pulmonary cytokine and chemokine levels in low TF mice during Streptococcus pneumoniae pneu-
monia

TF+/- TF-/- TF+/- TF-/- TF+/- TF-/-

6h 24h 48h

TNFα (pg/ml) 367 (341-404) 384 (299-468) 49 (33-71) 179 (138-263)*** 748 (479-1853) 1480 (856-2259)

IL-6 (pg/ml) 108 (90-127) 143 (131-165)* 145 (75-237) 287 (63-929) 1295 (695-1901) 1193 (836-3889)

KC (ng/ml) 643 (527-977) 836 (629-1719) 2425 (1489-7324) 3292 (1034-7517) 9148 (5037-11120) 6653 (5632-9240)

MIP2 (ng/ml) 399 (357-480) 462 (382-895) 1073 (655-3315) 2746 (2144-5323) * 9303 (2606-16515) 12192 (2757-21530)

Levels of cytokines and chemokines in lung homogenates of low TF mice (TF-/-) and heterozygous litter-
mates (TF+/-) 6, 24 and 48 hours after induction of pneumococcal pneumonia (n=8 per group). Data are 
expressed as median (interquartile ranges). TNF, tumor necrosis factor; IL, interleukin; KC, keratinocyte-
derived cytokine; MIP-2, Macrophage–inflammatory protein–2. * and *** indicate P < 0.05 and P < 0.001 
compared with TF+/-.
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Figure 3. Lung histopathology in low TF mice in pneumococcal pneumonia.
Total lung histopathology scores of lung hematoxylin and eosin staining (A) in low TF mice (TF-/-, open 
boxes) and heterozygous littermates (TF+/-, striped boxes, B and C) 6, 24 and 48 hours after intranasal in-
fection with S. pneumoniae and representative microphotographs at 24 hours (B). Data are expressed as 
box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and 
largest observation (n=8 per group). Scale bars indicate 200 μm.
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To obtain further insight into the inflammatory response at these early (6 and 24 
hours) time points, we evaluated the neutrophil influx into lung parenchyma, as this is 
one of the prominent features of pneumococcal pneumonia. In line with their similar 
histopathology scores, Ly-6G positivity and pulmonary MPO concentrations, indicative 
for the number of neutrophils in lung tissue, were similar in low TF mice and heterozy-
gous controls at these time points (Figure 5).

Table 2. Cytokine and chemokine levels in plasma of low TF mice during Streptococcus pneumoniae pneu-
monia

TF+/- TF-/- TF+/- TF-/- TF+/- TF-/-

6h 24h 48h

TNFα (pg/ml) b.d. b.d. b.d. b.d. 58 (13-107) 77 (26-208)

IL-6 (pg/ml) b.d. b.d. 7 (1-28) 16 (4-52) 114 (91-164) 141 (73-505)

IFN-γ (pg/ml) b.d. b.d. 2 (1-3) 3 (2-7) 3356 (10-125) 53 (25-75)

MCP-1 (pg/ml) 13 (12-15) 19 (15-22) 20 (12-97) 31 (12-59) 352 (313-640) 450 (331-746)

Levels of cytokines and chemokines in plasma of low TF mice (TF-/-) and heterozygous littermates (TF+/-) 
6, 24 and 48 hours after induction of pneumococcal pneumonia (n=8 per group). Data are expressed as 
median (interquartile ranges). TNF, tumor necrosis factor; IL, interleukin; IFN, interferon; MCP-1, monocyte 
chemotactic protein; b.d, below detection. No statistical differences between groups at any time point.
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Figure 4. TNFα and MKP-1 mRNA levels in low TF mice during S. pneumoniae-induced pneumonia.
TNFα mRNA levels (A) and MKP-1 mRNA levels (B) in lungs of uninfected naïve mice (grey boxes), low TF 
mice (TF-/-, open boxes) and heterozygous littermates (TF+/-, striped boxes) 24 hours after intranasal infec-
tion with S. pneumoniae. Data are expressed as box-and-whisker diagrams depicting the smallest observa-
tion, lower quartile, median, upper quartile and largest observation (n=8 per group). ** indicates p<0.01.
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DISCUSSION

Coagulation is increasingly being appreciated as a fundamental element of the immune 
response against pathogens. TF has a key role herein, illustrated by attenuated coagu-
lopathy in experimental studies in which the TF pathway was blocked9-11, 25, 32. Moreover, 
TF has been shown to play a major role in activation of the coagulation cascade in the 
alveolar compartment during primary lung injury4-6, 33, 34. In addition, the TF pathway can 
modulate inflammatory cell signaling via PARs18, 35. In the present study we investigated 
the role of TF during pneumonia, using mice expressing low levels of TF, and we dem-
onstrate that TF enhances coagulation, without prominently affecting the inflammatory 
response and leaving bacterial loads unaltered in pneumococcal pneumonia.

TF resides at extravascular sites and becomes exposed to circulating blood due to 
tissue injury or by inflammation-induced expression in endothelial cells and leukocytes, 
when it rapidly activates the extrinsic coagulation cascade. Indeed, in human experi-
mental endotoxemia, enhanced TF expression preceded thrombin generation36, 37, and 
inhibition of the TF pathway attenuated coagulation25. TF is highly expressed by lung 
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epithelial cells and induced in alveolar macrophages during inflammation38-40. Pulmo-
nary activation of the TF pathway is demonstrated by enhanced TF, FVIIa and TATc levels 
in bronchoalveolar lavage fluid from healthy volunteers challenged with lipoteichoic 
acid (LTA), a major cell wall component of Gram-positive bacteria, and from patients 
with pneumonia5, 6, 33, 34, 41, 42. Conversely, the production of the endogenous protein TF 
pathway inhibitor (TFPI), although increased in response to inflammation, is insufficient 
to counterbalance the procoagulant state in the lung43. Further evidence that TF plays 
a key role in activation of the coagulation cascade during pneumonia, was delivered by 
experimental and clinical studies showing attenuated coagulopathy by administration 
of TF pathway blocking agents4, 6, 7, 44. Conversely, we here show that low levels of en-
dogenous TF lead to reduced pulmonary and systemic coagulation in the early (6 hours) 
and late (48 hours) phase of pneumonia, as reflected by decreased lung and plasma 
levels of thrombin-antithrombin complexes and D-dimer, indicative of fibrin generation. 
These observations are in line with previous studies, showing that low TF mice exhibit 
less coagulation during endotoxemia and moreover, had increased lung hemorrhage in 
acute lung injury45, 46. However, in the present S. pneumoniae study, at the intermediate 
time point (24 hours after infection), no difference in TATc levels was observed between 
the two genotypes, suggesting an equal pro-coagulant response in low TF mice com-
pared with their heterozygous littermates, conceivably due to enhanced inflammation 
and associated FXII dependent thrombin generation47 at that time point. Of note, in the 
present study we did not observe lung hemorrhage in low TF mice.

Coagulation and innate immunity are intertwined host defense mechanisms, and TF 
contributes to their interaction via PAR-mediated signaling18, 45. The notion that the TF 
pathway plays a pivotal role in mediating their crosstalk is evident from loss-of-function 
and blocking studies in animal models. Inhibition of the TF pathway in septic baboons 
protected from lethality9-11 and this improved outcome was associated with preserved 
lung function, reflected by reduced lung tissue injury, protein leakage, and inflammatory 
cytokines28, 48, 49. A beneficial effect of reduced TF pathway signaling on lung function 
was also found in rodent models of acute lung injury45, 50, although in pneumococcal 
pneumonia, anti-inflammatory effects were not observed in a pretreatment setting and 
only achieved in already ongoing infection6, 7. In the present study low endogenous TF 
levels did not impact on lung histopathology or neutrophil influx, and had a limited 
effect on cytokine and chemokine levels in the lungs; only in the early phase of pneu-
monia (24 hours after infection) low levels of TF were associated with a modest increase 
in pulmonary cytokine (IL-6, TNFα MIP-2) levels. This could at least in part be explained 
by attenuated MKP-1 expression in lungs at this time point. MKP-1 is an important in-
hibitor of inflammation31, and our data suggest that MKP-1 transcription is induced in 
a TF dependent manner during S. pneumoniae infection. Furthermore, low TF levels did 
not influence systemic inflammation. In humans, blocking the TF pathway has not dem-
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onstrated significant effects on inflammation during experimental endotoxemia51 and, 
disappointingly, has failed to show a benefit on outcome in patients with pneumonia44.

Coagulation has been implicated as an evolutionary preserved mechanism, useful in 
containing invading pathogens at the site of infection. Indeed, in mice infected with 
group A streptococci, fibrin deposition limited the survival and dissemination of the 
bacterium15, and inside fibrin clots S. pyogenes was immobilized and killed14. However, 
the present study showed no impact of reduced endogenous TF levels on local pneumo-
coccal growth, nor resulted in enhanced dissemination in our model of S. pneumoniae 
pneumonia.

In conclusion, low endogenous levels of TF were associated with attenuated coagula-
tion in the early and late phase of pneumonia. A stronger TF-independent procoagulant 
stimulus in the intermediate phase due to increased inflammation may have accounted 
for the abolished difference in coagulation between groups. Furthermore, endogenous 
TF levels did not impact on bacterial growth or dissemination in murine pneumonia 
caused by S. pneumoniae.
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ABSTRACT

Introduction: Streptococcus (S.) pneumoniae is the most common causative pathogen 
in community-acquired pneumonia. Coagulation and inflammation interact in the host 
response to infection. Tissue Factor Pathway Inhibitor (TFPI) is a natural anticoagulant 
protein that inhibits Tissue Factor (TF), the main activator of inflammation-induced 
coagulation.

Objective: To investigate the effect of endogenous TFPI levels on coagulation, inflamma-
tion and bacterial growth during S. pneumoniae pneumonia in mice.

Methods: The effect of low endogenous TFPI levels was studied by administration of 
a neutralizing anti-TFPI antibody to wild-type mice, and by using genetically modified 
mice expressing low levels of TFPI, due to a genetic deletion of the first Kunitz domain 
of TFPI (TFPIK1(-/-)) rescued with a human TFPI transgene. Pneumonia was induced by 
intranasal inoculation with S. pneumoniae and samples were obtained at 6, 24 and 48 
hours after infection.

Results: Anti-TFPI reduced TFPI activity by ~50%. Homozygous lowTFPI mice and 
heterozygous controls had ~10% and ~50% of normal TFPI activity respectively. TFPI 
levels did not influence bacterial growth or dissemination. Whereas lung pathology was 
unaffected in all groups, mice with ~10% (but not with ~50%) of TFPI levels displayed 
elevated lung cytokine and chemokine concentrations 24 hours after infection. None of 
the groups with low TFPI levels showed an altered procoagulant response in lungs or 
plasma during pneumonia.

Conclusions: These data argue against an important role for endogenous TFPI in the an-
tibacterial, inflammatory and procoagulant response during pneumococcal pneumonia.
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INTRODUCTION

Streptococcus (S.) pneumoniae is the leading causative pathogen in community-acquired 
pneumonia (CAP), which frequently progresses into sepsis and is held responsible for 
an estimated 10 million deaths worldwide annually1-3. Despite the availability of wide-
ranging antibiotic resources, outcome has not improved over the past decades and 
urges us to expand our knowledge of the host defence mechanisms that influence the 
outcome of pneumococcal pneumonia and sepsis.

Pneumonia is associated with a local procoagulant state due to enhanced activation 
of coagulation and downregulation of anticoagulant mechanisms and fibrinolysis in 
the alveolar compartment, as has been shown in the lung compartment of patients 
and experimental animals with pneumococcal pneumonia and sepsis4-8. The resulting 
local haemostatic misbalance favours intrapulmonary fibrin deposition and lung injury, 
which compromises tissue integrity and poses a serious challenge to lung function9.

Tissue Factor (TF) is the main initiator of infection- and inflammation-induced activa-
tion of the coagulation cascade10. TF in complex with Factor (F)VIIa activates FX, which 
together with its cofactor FVa generates thrombin, ultimately stimulating fibrin clot 
formation. The natural occurring protein Tissue Factor Pathway Inhibitor (TFPI), controls 
thrombin generation via the TF pathway by initial binding to FXa, and the resulting TFPI-
FXa complex inhibits TF-FVIIa by formation of the quaternary TF-FVIIa-TFPI-FXa complex, 
preventing additional FXa generation11.

In the alveolar spaces of patients with lung injury, TFPI was found to be present mainly 
in a truncated and inactive form12. This functional setback of TFPI results in insufficiency 
to counterbalance the procoagulant state in the lung during pneumonia12-14, and may 
deregulate the local inflammatory response. Conversely, enhanced coagulation may 
be an important element of the host response to prevent bacterial dissemination of an 
invading pathogen15, 16. Several experimental and clinical studies have been undertaken 
to evaluate the effect of restoring the coagulation imbalance by blocking the TF path-
way as adjunctive treatment during lung inflammation and infection. In these studies 
coagulation was effectively attenuated, but the effect on pulmonary inflammation and 
outcome has been inconsistent4, 7, 17-22. However, to date, the role of endogenous TFPI 
during the course of pneumonia remains unclear.

In the present study we used two complementary ways to investigate the role of 
endogenous TFPI on coagulopathy, the host inflammatory response, bacterial loads and 
dissemination in pneumonia. For this, we intranasally instilled viable S. pneumoniae in 
wild-type mice treated with an anti-mouse TFPI antibody and in genetically modified 
mice with low TFPI expression.



Chapter 346

MATERIALS AND METHODS

Animals

TFPIK1(+/-) deficient mice on a C57BL/6 background23, which have a deletion of the 
first Kunitz domain of TFPI in the mutant gene, were intercrossed with mice bearing a 
human TFPIα transgene under control of a Tie2 promoter. Generation of the Tie2-hTFPI 
transgenic mice will be described in more detail elsewhere. Intercrossing of TFPIK1(+/-) 
mice with TFPIK1(+/-)/hTFPI+ mice resulted in TFPIK1(-/-)/hTFPI+ offspring, indicating 
that the hTFPI transgene rescued the described embryonic lethality of homozygous 
TFPIK1(-/-) mice23. TFPIK1(-/-)/hTFPI+ mice (from here on referred to as lowTFPI mice) 
have circulating hTFPIα concentrations of 0.038 nM, increasing to 0.57 nM after heparin 
treatment in vivo. Mice were bred at the animal care facility of the Academic Medical 
Centre. Experiments were conducted with 10-12 week old TFPIK1(-/-) homozygous and 
TFPIK1(+/-) heterozygous offspring bearing the hTFPI transgene and specific pathogen-
free C57BL/6 mice (WT) purchased from Charles River (Maastricht, the Netherlands). The 
Institutional Animal Care and Use Committee of the Academic Medical Centre approved 
all experiments.

Study design

S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, Rockville, 
MD) was used to induce pneumonia. Bacteria were grown as described7, 20, 24 and ~5 
x 104 colony-forming units (CFU) in 50 µL were inoculated intranasally. In separate ex-
periments WT mice were treated with inhibitory polyclonal rabbit anti-murine TFPI IgG 
(anti-TFPI) obtained by immunizing rabbits with murine TFPI (residue1-160) produced in 
Escherichia coli, or control rabbit IgG (100 μg in 200 μl) intravenously at time of infection, 
and every 24 hours. At predefined time points in the early (6 hours), intermediate (24 
hours) or late phase (48 hours, just before the first deaths are expected to occur25) of 
infection,, blood diluted 4:1 with citrate, lungs and spleen were harvested using meth-
ods described previously7, 26. The left lung lobe was fixed in 10% buffered formalin and 
embedded in paraffin. The remaining lung lobes and a part of the spleen were harvested 
and homogenized as previously described20.

Bacterial quantification

For bacterial quantification undiluted whole blood and serial ten–fold dilutions of organ 
homogenates and blood were made in sterile isotonic saline and plated onto sheep–
blood agar plates. Following 16 hours of incubation at 37°C CFU were counted.
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Assays

TFPI activity was measured in mouse plasma using a two-stage chromogenic TFPI assay 
as described previously20, 27. Standard curves were prepared by serial dilution of citrated 
normal mouse plasma and the mean plasma TFPI activity of WT mice was arbitrarily as-
signed a value of 1 U/ml. Thrombin-antithrombin complexes (TATc; Siemens Healthcare 
Diagnostics, Marburg, Germany), D-dimer (Asserachrom D-dimer, Roche, Woerden, the 
Netherlands), macrophage–inflammatory protein (MIP)–2, keratinocyte-derived cyto-
kine (KC), interleukin (IL)-1β (R&D Systems, Abingdon, UK) and myeloperoxidase (MPO; 
HyCult Biotechnology, Uden, The Netherlands) were measured using commercially 
available ELISA kits. Tumour necrosis factor (TNF)-α, interleukin (IL)-6, interferon (IFN)-γ 
and monocyte chemotactic protein (MCP)-1 were measured by cytometric bead array 
multiplex assay (BD Biosciences, San Jose, CA) in accordance with the manufacturers’ 
recommendations.

Histopathology

Immediately after mice had been sacrificed, the left lobe was fixed in 10% buffered 
formalin for 24 hours and embedded in paraffin in a routine fashion. Four-micrometre 
sections were stained with hematoxylin and eosin (H&E). A pathologist scored all slides 
in a blinded fashion for the following parameters: interstitial inflammation, endotheli-
alitis, bronchitis, oedema, pleuritis, thrombus formation and the proportion of the slide 
surface that showed confluent inflammation (pneumonia). All parameters were rated 
separately from 0 (condition absent) to 4 (most severe condition) and the total histo-
pathological score was expressed as the sum of the scores of the individual parameters. 
The number of thrombi was counted in 5 random microscopic fields.

Statistical analysis 

Data are expressed as box-and-whiskers diagrams. Differences between groups were 
analysed by Mann–Whitney U tests, using GraphPad Prism (GraphPad Software, San 
Diego, CA, USA). A p-value of < 0.05 was considered statistically significant.

RESULTS

Low TFPI levels do not influence bacterial growth or dissemination in 
pneumococcal pneumonia

Pneumonia was associated with a gradual decline in plasma TFPI activity in WT mice 
(Figure 1). To obtain a first insight into the role of endogenous TFPI in the host response 
to pneumonia, we treated WT mice with a neutralizing anti-mouse TFPI antibody. Anti-
TFPI reduced TFPI activity in plasma of uninfected mice by approximately 50% (p=0.029 
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versus mice treated with control antibody). TFPI activity remained significantly lower in 
anti-TFPI treated mice throughout the course of the infection (Figure 1A).

Considering that the extent of TFPI activity inhibition produced by the anti-TFPI anti-
body might not be sufficient to reveal a role of endogenous TFPI, we also made use of 
genetically modified mice with low (human) TFPI expression, generated by introduction 
of a human TFPI transgene on a TFPIK1 deficient background. Notably, human TFPI trans-
gene expression did not influence TFPI activity in TFPIK1(+/+) mice relative to control 
WT mice (Figure 1B). Uninfected TFPIK1(+/-)/hTFPI+ mice showed an approximately 50% 
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Figure 1. TFPI activity in mice treated with anti-TFPI antibody and low TFPI mice during pneumococ-
cal pneumonia. Plasma TFPI activity of wild-type (WT) mice treated with anti-mouse-TFPI (anti-TFPI, open 
boxes) or control antibody (grey boxes) uninfected and 6, 24 and 48 hours after infection with S. pneumoni-
ae (A), and of naïve WT mice (WT, dark grey boxes), hTFPI expressing WT (TFPI(+/+), light grey boxes), lowT-
FPI mice (TFPI(-/-), open boxes) and heterozygous littermates (TFPI(+/-), striped boxes) uninfected, and 24 
and 48 hours after intranasal infection (B). Data are expressed as box-and-whisker diagrams depicting the 
smallest observation, lower quartile, median, upper quartile and largest observation (n=4 per uninfected 
group, n = 8 per infected group). *** p<0.001, ** p<0.01, *p<0.05.
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reduction in endogenous TFPI activity (p=0.012 versus WT mice, Figure 1B), and at 48 
hours after infection with S. pneumoniae, which resembled the extent of TFPI activity re-
duction in anti-TFPI treated WT mice. However, in lowTFPI mice TFPI activity was reduced 
to ~10% before and at 24 and 48 hours infection (p<0.001 versus WT mice, Figure 1B).

TFPI has been reported to exert antibacterial effects20, 28, 29. To investigate the effect of 
endogenous TFPI levels on bacterial multiplication and dissemination in pneumococcal 
pneumonia, we determined bacterial loads in lung, spleen and blood at various time 
points after infection. Neither anti-TFPI treated mice (Figure  2A-C), nor lowTFPI mice 
(Figure 2D-F) showed differences in bacterial loads when compared to their respective 
controls in any body site tested.

Low TFPI levels do not influence pulmonary or systemic inflammation

Considering that the TF pathway can exert a variety of proinflammatory effects10, we 
next set out to investigate the impact of low TFPI levels on the host inflammatory re-
sponse during pneumococcal pneumonia. Pneumonia was associated with pulmonary 
inflammation as evidenced by the occurrence of bronchitis, interstitial inflammation, 
oedema and endothelialitis at 24 hours and 48 hours after infection with S. pneumoniae 
in all mice. Anti-TFPI treatment did not influence the extent of lung inflammation at ei-
ther 24 or 48 hours infection, as reflected by similar pathology scores determined using 
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Figure 2. Low TFPI levels do not impact on bacterial loads in pneumococcal pneumonia.
Graphs show the number of colony forming units (CFU) per ml lung homogenate (A, D), spleen homog-
enate (B, E), and whole blood (C, F) of wild-type (WT) mice treated with anti-mouse TFPI (anti-TFPI, open 
boxes) or control (grey boxes) antibody (A-C) 6, 24 and 48 hours after infection, and of WT (grey boxes), 
lowTFPI mice (TFPI(-/-), open boxes) and heterozygous littermates (TFPI(+/-), striped boxes) (D-F) 24 and 
48 hours after intranasal infection with S. pneumoniae. Heterozygous littermates were not studies at 24 
hours. Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile and largest observation (n = 8 per group). n.d, not detected.
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the semi-quantitative scoring system described in the Methods (Figure 3A and B). The 
extent of lung pathology tended to be lower in lowTFPI compared with WT mice, how-
ever this difference did not reach significance (p=0.09) (Figure 3C and D). Furthermore, 
MPO concentrations in whole lung homogenates, reflecting the number of neutrophils 
in lung tissue, did not differ between mice treated with anti-TFPI or control antibody or 
between lowTFPI and WT mice (data not shown).

Very low TFPI levels result in a transient increase in lung cytokine levels

To further evaluate the impact of TFPI levels on pulmonary inflammation during 
pneumococcal pneumonia, we measured the levels of various cytokines (TNF-α, IL-6, 
IL-1β) and chemokines (KC, MIP-2) in lung homogenates obtained 24 and 48 hours after 
infection. Whereas anti-TFPI treatment did not influence the levels of these mediators 
(data not shown), lowTFPI mice demonstrated increased lung concentrations relative 
to WT mice at 24 hours after infection (TNF-α, IL-6, IL-1β, MIP-2); these differences had 

subsided at 48 hours (Table 1). Plasma TNF-α, IL-6, IFNγ and MCP-1 concentrations did 
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Figure 3. Lung pathology is not affected by low TFPI levels during pneumococcal pneumonia.
Mice were intranasally infected with S. pneumoniae and samples obtained 24 and 48 hours after infection. 
Total lung histopathology scores (PA) in wild-type (WT) mice treated with anti-mouse TFPI (anti-TFPI, open 
boxes) or control (grey boxes) antibody (A), with representative photomicrographs of lung hematoxylin 
and eosin (H&E) staining 48 hours after infection (B). Total PA scores in WT (grey boxes) and lowTFPI mice 
(TFPI(-/-), open boxes) (C), with representative photomicrographs of lung hematoxylin and eosin (H&E) 
staining 48 hours after infection (D). Data are expressed as box-and-whisker diagrams depicting the small-
est observation, lower quartile, median, upper quartile and largest observation (n=8 per group). Scale bar 
= 200 μm. # p=0.09.
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not differ between mice treated with anti-TFPI or control antibody (data not shown) or 
between lowTFPI and WT mice (Table 2).

Low TFPI levels do not influence the procoagulant response to pneumonia

Infection with S. pneumoniae via the airways resulted in local and systemic activation of 
the coagulation system, as reflected by an increase in lung (Figure 4A) and plasma TATc 
concentrations (Figure  4B), which was especially apparent at 48 hours post infection. 
Anti-TFPI treatment did not influence lung or plasma TATc levels in either uninfected 
mice, or at any time point after induction of pneumonia.

Neither lung (Figure 4C) nor plasma TATc levels (Figure 4D) differed between lowTFPI 
mice, heterozygous and WT controls. We confirmed the absence of an effect on coagu-
lation of low TFPI levels by measuring D-dimer in lungs and plasma of lowTFPI mice, 
heterozygous and WT controls before and 48 hours after infection. While pneumonia 

Table 1. Effect of low TFPI levels on pulmonary cytokine and chemokine levels during Streptococcus pneu-
moniae pneumonia

WT lowTFPI WT lowTFPI

24 h 48 h

TNFα (pg/ml) 77 (56-90) 111 (101-122)** 469 (429-552) 561 (508-782)

IL-1β (pg/ml) 276 (110-1017) 1843 (772-2033)** 989 (462-2024) 838 (270-3386)

IL-6 (pg/ml) 228 (66-653) 946 (311-1438)* 1263 (609-1564) 1252 (319-1673)

KC (ng/ml) 4.0 (0.9-8.1) 11.8 (5.9-16.2) 13.7 (7.3-20.8) 10.3 (4.1-14.6)

MIP2 (ng/ml) 3.7 (3.0-4.3) 7.3 (5.0-10.7)** 27.8 (12.7-46.5) 13.9 (8.1-31.2)

Levels of cytokines and chemokines in lung homogenates in wild-type (WT) and homozygous lowTFPI 
mice, 24 and 48 hours after induction of pneumococcal pneumonia (n=8 per group). Data are expressed 
as median (interquartile ranges). TNF, tumour necrosis factor; IL, interleukin; KC, keratinocyte-derived cyto-
kine; MIP-2, Macrophage–inflammatory protein–2. * and ** indicate p<0.05 and p<0.01 compared with WT.

Table 2. Effect of low TFPI levels on systemic cytokine and chemokine levels during Streptococcus pneu-
moniae pneumonia

WT lowTFPI WT lowTFPI

24h 48h

TNFα (pg/ml) 0.0 (0.0-6.9) 3.8 (2.8-5.6) 23 ( 5-32) 36 (0-48)

IL-6 (pg/ml) 10 (1-48) 45 (29-89) 112 (29-141) 76 (4-91)

IFNγ (pg/ml) 6.0 (2.6-19.1) 9.9 (7.7-29.9) 15 (7-23) 4 (1-14)

MCP-1 (pg/ml) 44 (17-93) 89 (36-133) 280 (53-359) 206 (46-357)

Levels of cytokines and chemokines in plasma of wild-type (WT) and homozygous lowTFPI mice, 24 and 48 
hours after induction of pneumococcal pneumonia (n=8 per group). Data are expressed as median (inter-
quartile ranges). TNF, tumour necrosis factor; IL, interleukin; IFN, interferon; MCP-1, monocyte chemotactic 
protein.
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clearly was associated with a rise in lung and plasma D-dimer concentrations, no differ-
ences were found between mouse strains (Supplementary Figure 1).

DISCUSSION

Activation of the coagulation system via the TF pathway is a hallmark of the host in-
flammatory reaction to tissue injury. The role of TF-induced coagulation during inflam-
mation has been investigated in numerous experimental and clinical studies, mainly 
by administration of exogenous inhibitors of this pathway, resulting in attenuation of 
inflammation-induced coagulopathy19, 21, 30-35. Moreover, effective blockade of the activ-
ity of TF prevents local activation of coagulation in pneumonia4, 7, 19, 20. At the same time, 
pulmonary levels of endogenous TFPI increase during lung inflammation, while its activ-
ity becomes compromised due to truncation and inactivation by serine proteases12, 16. In 
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Figure 4. Low TFPI levels do not impact on coagulation during pneumococcal pneumonia.
Thrombin-antithrombin complexes (TATc) levels in lung homogenates (A, C) and plasma (B, D) of wild-type 
(WT) mice treated with anti-mouse-TFPI (anti-TFPI, open boxes) or control antibody (grey boxes) uninfected 
and 6, 24 and 48 hours after infection with S. pneumoniae (A, B), and of WT mice (WT, grey boxes), lowTFPI 
mice (TFPI(-/-), open boxes) and heterozygous littermates (TFPI(+/-), striped boxes) 24 and 48 hours after 
intranasal infection (C, D). Data are expressed as box-and-whisker diagrams depicting the smallest obser-
vation, lower quartile, median, upper quartile and largest observation (n=4 per uninfected group, n=8 per 
infected group).
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the present study we aimed to evaluate the role of endogenous TFPI during pneumonia 
on local and systemic coagulation, inflammation and bacterial loads. We demonstrate 
that a reduction of endogenous TFPI levels, with concurrently decreased TFPI activity, 
does not affect bacterial numbers and modestly influences the host inflammatory re-
sponse, while leaving inflammation-induced coagulation unaffected in a murine model 
of pneumococcal pneumonia.

TF is abundantly expressed in the lung by alveolar epithelial cells and macrophages, 
where it has a major role in activating coagulation upon tissue injury or stimulation by 
inflammatory mediators36. Indeed, enhanced levels of TF, FVIIa and TATc were found in 
lavage fluid from the affected lung of healthy volunteers challenged with lipoteichoic 
acid, a major cell wall component of Gram-positive bacteria, and of patients with pneu-
monia5, 7, 37-40. Further evidence for a key role of TF in pulmonary coagulopathy during 
pneumonia, is provided by animal studies, in which administration of TF pathway 
blocking agents attenuated procoagulant changes4, 7, 20. In line with these reports, in 
the present study, we found enhanced pulmonary and systemic coagulation in infected 
animals, as reflected by increasing TATc levels in lung homogenates and plasma in the 
course of pneumonia.

TFPI is the only known endogenous regulator of the TF-dependent pathway of coagu-
lation and is of crucial physiological importance, clearly demonstrated by the fact that 
TFPI-null mouse embryos lacking the Kunitz-1 domain do not survive embryogenesis23. 
In addition, to date, no patients with TFPI-deficiency have been identified. Reportedly, 
from various organs, the human lung expresses the highest quantities of TFPI mRNA41. In 
the lung, TFPI is present along alveolar septae and in the alveolar epithelium, suggesting 
that TFPI may be important in the setting of lung injury, when it can be released into the 
alveolar space12. Indeed, elevated levels of TFPI were measured in lavage fluid of patients 
suffering from the acute respiratory distress syndrome (ARDS) or pneumonia5, 12, 37. In line 
with previous reports in patients suggesting a decline in TFPI activity in lung inflamma-
tion12-14, we observed diminished TFPI activity in the course of pneumonia. We sought 
to obtain more insight into the functional role of endogenous TFPI during pneumonia, 
using two complementary experimental strategies. First, we treated WT mice with a TFPI 
inhibiting antibody, using a dosing regimen that previously achieved total inhibition of 
plasma TFPI activity42. In contrast, in our studies TFPI activity was inhibited to an extent 
of ~50% by this treatment. In a second set of experiments, we used genetically modified 
lowTFPI mice with a Tie2 promoter containing hTFPI transgene. TFPIK1(+/-)/hTFPI+ mice, 
similar to TFPIK1(+/-) mice lacking the human TFPI transgene43, had endogenous TFPI 
activity ~50% of normal levels, while lowTFPI mice demonstrated ~10% of WT TFPI activ-
ity. Even in mice with a 90% reduction in TFPI activity, coagulation activation was not 
affected, as reflected by unaltered TATc and D-dimer levels in lung and plasma. Together 
these results suggest that either very low levels of TFPI activity are sufficient to attenuate 
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inflammation-induced coagulation during pneumococcal pneumonia, or in contrast, 
that endogenous TFPI does not play a key role herein.

Coagulation and inflammation interact via the TF pathway, at least in part mediated 
by protease-activated receptor (PAR)1 and PAR244, 45. An important contribution of TF 
to the host inflammatory response was implicated by early studies, showing reduced 
lung injury with preserved lung function and improved outcome in septic baboons 
treated with TF blocking agents21, 31, 32, 46. In models of direct lung injury, inhibition of 
the TF pathway has yielded inconsistent effects on inflammation. In rats with acute 
lung injury, blocking the TF pathway attenuated vascular leakage, neutrophil influx and 
levels of cytokines and chemokines18, 19. In studies from our group, these parameters 
were only affected by treatment with recombinant human (rh)-TFPI during already 
ongoing infection in murine pneumococcal pneumonia20, but not when animals were 
pre-treated with rh-TFPI or other TF blocking agents4, 7. Of clinical importance, rh-TFPI 
failed to show a beneficial effect in patients with severe CAP22. However, these afore-
mentioned studies investigated the effect of exogenous inhibitors of the TF pathway. In 
the present study, we found increased levels of cytokines and chemokines in lungs of 
mice expressing ~10% of normal TFPI levels 24 hours after infection, but not in mice with 
less extensive TFPI inhibition, suggestive of a temporary proinflammatory effect of the 
TF pathway during pneumococcal pneumonia that becomes apparent only at very low 
endogenous TFPI concentrations. These data suggest that TFPI dampens TF-mediated 
proinflammatory effects early in the course of the infection; while its contribution to the 
inflammatory response in the advanced phase of pneumonia may be obscured by other 
inflammatory mechanisms. Notably, the proinflammatory effect of low TFPI levels only 
becomes apparent in the lung compartment, which is the predominant site of TF expres-
sion. The modulating effect on inflammation appears to be mediated independently of 
coagulation, and may be attributed to TF-PAR2-signalling47. PAR2 is widely expressed in 
the airways and is a ligand for TF/FVIIa and FXa in the ternary TF-FVIIa-X complex (43).

Containment of invading pathogens at the site of entry may be an important role 
played by the coagulation system in the initial host response. Recently, it was shown 
that neutrophil serine protease–induced TFPI cleavage supports coagulation during 
systemic infection, contributing to the retention of bacteria inside microvessels16. Stud-
ies of mice infected with streptococci showed that fibrin deposition limited the survival 
and dissemination of bacteria48, 49. In addition, recent in vivo and in vitro studies have 
revealed antibacterial properties of the carboxy-terminal peptides of the rh–TFPI mol-
ecule20, 29, 50. However, in vivo only about 10% of plasma TFPI circulates in a full-length 
free form, and truncated forms of TFPI lack most of their C-terminal11. This, together with 
unaltered coagulation in mice with low TFPI activity, may explain for the current obser-
vation, that reduced TFPI levels exhibited no effect on bacterial loads or dissemination 
in pneumococcal pneumonia.
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In conclusion, we used WT mice treated with an anti-TFPI antibody and geneti-
cally modified lowTFPI mice rescued by a human TFPI transgene to evaluate the role 
of endogenous TFPI in pneumococcal pneumonia. The data presented argue against 
an important role for endogenous TFPI in bacterial growth and dissemination, or in at-
tenuation of local or systemic coagulation activation during respiratory tract infection 
caused by S. pneumoniae.
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Supplementary Figure 1. Pulmonary and systemic levels of D-dimer in lowTFPI mice during pneumo-
coccal pneumonia. D-dimer levels in lung homogenates (A) and plasma (B) of wild-type (WT, grey boxes), 
heterozygous (TFPI(+/-), striped boxes) and homozygous (TFPI(-/-), open boxes) lowTFPI mice uninfected 
and 48 hours after intranasal infection with S. pneumoniae. Data are expressed as box-and-whisker dia-
grams depicting the smallest observation, lower quartile, median, upper quartile and largest observation 
(n=4 per uninfected group, n = 8 per infected group).
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ABSTRACT

Background: Streptococcus (S.) pneumoniae is the most common causative pathogen 
in community-acquired pneumonia and a major cause of sepsis. Recombinant human 
tissue factor pathway inhibitor (rh-TFPI) attenuates sepsis-induced coagulation and has 
been evaluated in clinical trials involving patients with sepsis and community-acquired 
pneumonia.

Objective: To examine the effect of rh-TFPI on coagulation, inflammation and bacterial 
outgrowth in S. pneumoniae pneumonia in mice, with or without concurrent antibiotic 
treatment.

Methods: Pneumonia was induced by intranasal inoculation with S. pneumoniae. Mice 
were treated with placebo, rh-TFPI, ceftriaxone or rh-TFPI combined with ceftriaxone. 
Early (8 hours) and late (24 hours) initiated treatments were evaluated. Samples were 
obtained 24 or 48 hours after infection, for early and late initiated treatment respec-
tively. In vitro, placebo or rh-TFPI was added to a suspension of S. pneumoniae.

Results: Rh-TFPI reduced pneumonia-induced coagulation; rh-TFPI with ceftriaxone 
further attenuated coagulation relative to ceftriaxone alone. Rh-TFPI inhibited accu-
mulation of neutrophils in lung tissue and reduced the levels of several cytokines and 
chemokines in lungs and plasma in mice not treated with antibiotics; in these animals, 
rh-TFPI initiated 24 hours after infection decreased pulmonary bacterial loads. In vitro, 
rh-TFPI also inhibited growth of S. pneumoniae.

Conclusions: Therapeutic rh–TFPI attenuates coagulation, inflammation and bacterial 
growth during pneumococcal pneumonia, whereby the latter two effects only become 
apparent in the absence of concurrent antibiotic treatment.
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INTRODUCTION

Sepsis remains a major challenge to clinicians, with high mortality rates despite 
adequate use of antibacterial treatment and instillation of well-equipped intensive 
care units1. Community-acquired pneumonia (CAP) is a common cause of sepsis, with 
Streptococcus (S.) pneumoniae as the most frequently isolated causative pathogen2, 3. As 
antimicrobial therapies alone are not sufficient to avert mortality in many patients with 
severe CAP, a need for adjunctive measures exists to further optimize treatment and 
improve outcome.

Pulmonary infection generally elicits a procoagulant state in the lung caused by 
concurrent activation of coagulation, down-regulation of anticoagulant pathways and 
inhibition of fibrinolysis4-7. These local hemostatic changes may ultimately lead to intra-
alveolar fibrin deposition, while abundantly present coagulation proteases can aggra-
vate inflammation via protease-activated receptor (PAR) signalling8, 9. As such there is an 
intimate interaction between coagulation and inflammation within the lung upon entry 
of respiratory pathogens into the airways5, 8. Tissue Factor (TF) is the main initiator of 
infection- and inflammation-induced activation of the coagulation cascade10. TF binds 
to (activated) factor VII(a) (FVII(a)), forming a complex that is able to activate factor X 
(FX), which enables the conversion of prothrombin into thrombin. Thrombin generation 
via the TF pathway is controlled by TF Pathway Inhibitor (TFPI), a protein predominantly 
produced by endothelial cells, that prevents further FXa generation by inhibiting the 
TF-FVIIa complex in a FXa dependent manner11.

TF has been implicated as an important mediator of excessive coagulation and 
lethality in sepsis. Blocking the TF pathway prevented activation of coagulation in en-
dotoxemic humans12 and chimpanzees13, 14, whereas in baboons with lethal sepsis these 
TF directed interventions not only mitigated disseminated intravascular coagulation 
but also reduced mortality15-17. These promising preclinical data led to the design and 
performance of clinical trials evaluating recombinant human (rh)-TFPI as a potential new 
therapy in patients with severe sepsis18-20. Unfortunately, the pivotal phase III “OPTIMIST” 
trial, which examined the effect of rh-TFPI on 28-day all cause mortality in severe sepsis, 
did not show a beneficial effect on outcome in the study population as a whole18. Post-
hoc analysis of this trial suggested that treatment with rh-TFPI might improve survival of 
patients with severe CAP requiring intensive care admission in whom a causative patho-
gen is identified18, 20. Moreover, a negative interaction between rh-TFPI and concurrent 
heparin treatment was suggested. These analyses then led to the design of a new phase 
III clinical trial investigating the effect of rh-TFPI in patients with severe CAP in whom 
concurrent heparin treatment was withheld20.

Our group previously investigated the effect of TF inhibition in rodent models of pneu-
mococcal pneumonia6, 21. In these studies pretreatment with either recombinant nema-
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tode anticoagulant protein c2 (rNAPc2), a selective inhibitor of the TF/FVIIa pathway, or 
rh-TFPI attenuated activation of coagulation in the lung without influencing pulmonary 
inflammation6, 21. Importantly, however, these investigations did not mimic the clinical 
scenario of TF inhibition during an already established respiratory tract infection and/or 
in the context of antibiotic therapy. In the present study we used our established mouse 
model of pneumococcal pneumonia6, 22 to investigate the effects of rh-TFPI on bacterial 
outgrowth, coagulopathy and the host inflammatory response in two therapeutic set-
tings in which rh-TFPI was initiated with or without concurrent ceftriaxone early in the 
time course of pneumonia (8 hours postinfection) or in a model mimicking severe CAP 
(24 hours postinfection).

MATERIALS AND METHODS

Animals

Specific pathogen-free C57BL/6 female mice were purchased from Harlan Sprague-
Dawley (Horst, The Netherlands). All experiments were conducted with 11–week old 
mice. The Institutional Animal Care and Use Committee of the Academic Medical Center 

approved all experiments.

Pharmacokinetic study

The dosing regimen of rh-TFPI (350 mg/kg by intraperitoneal injection every 8 hours: 
see below) was based on a previous study in which rh-TFPI given at a similar dose was 
found to reduce mortality in models of superantigen-induced shock and polymicrobial 
intra-abdominal sepsis in mice23. To study the pharmacokinetics of this dosage of rh-TFPI 
in mice in vivo, we conducted pharmacokinetic studies in our laboratory. For this, naive 
mice were sacrificed at several time points after intraperitoneal administration of 350 
mg/kg rh-TFPI (n=4 per time point) to obtain citrated (1:4) blood and lung samples.

Experimental study design

Pneumonia was induced by intranasal inoculation with S. pneumoniae serotype 3 
(American Type Culture Collection, ATCC 6303, Rockville, MD; 2 x 105 colony forming 
units (CFU) in 50 µL, exactly as described [7;22]. Rh-TFPI (Tifacogin®) was obtained from 
Novartis (East Hanover, NJ). Ceftriaxone was purchased from Pharmachemie BV (Haar-
lem, the Netherlands). An early and delayed initiation of treatment was studied in two 
separate experiments. Treatment was initiated 8 hours (early treatment) or 24 hours (late 
treatment) after induction of pneumonia. In both experiments four groups of mice (n = 
8 per group) were treated intraperitoneally with rh-TFPI (350 mg/kg) or placebo control 
every 8 hours, combined with either ceftriaxone (20 mg/kg) or saline control twice daily. 
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Blood diluted 1:4 with citrate, bronchoalveolar lavage fluid (BALF), lungs and spleen 
were harvested 24 hours (early treatment) or 48 hours (late treatment) after induction 
of pneumonia using methods described previously6, 22. Total cell numbers in BALF were 
determined by an automated cell counter (Coulter Counter, Coulter Electronics, Hialeah, 
FL). Differential cell counts were performed on cytospin preparations stained with a 
modified Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland). The left 
lung lobe was fixed in 10% buffered formalin and embedded in paraffin. The remaining 
lung lobes and a part of the spleen were harvested and homogenized as previously 
described6, 22, 24.

Bacterial outgrowth

For bacterial quantification undiluted whole blood and serial ten–fold dilutions of organ 
homogenates, BALF and whole blood were made in sterile isotonic saline and plated 
onto sheep–blood agar plates. Following 16 hours of incubation at 37°C colony forming 
units (CFU) were counted.

Assays

TFPI activity was measured in mouse plasma employing the two-stage chromogenic 
TFPI assay originally described by Sandset et al25, with the modification that only mouse 
coagulation factors were used. As source of mouse TF a lysate was prepared of MLE-15 
(mouse lung epithelial cell line) cells. Briefly, MLE-15 cells were scraped from the culture 
flask and washed extensively with PBS, the cell pellet was taken up in sterile saline 
(5x106/ml) and a lysate was prepared by 3 freeze/thaw cycles. In the first stage of the 
mouse TFPI assay 30 μl of diluted plasma sample was incubated with 50 μl containing 
limited mouse FX (15 ng/ml) generously provided by Ryan Dorfman (Haematologic 
Technologies, Essex Junction, VT), 1 nM mouse FVIIa (kindly provided by Dr Lars C. Pe-
tersen, NovoNordisk, Bagsvaerd, Denmark) and 5 ul MLE-15 lysate. To measure residual 
TF activity excess mouse FX was added in the second stage (40 μl of 15 μg/ml) and 
FXa generation was determined using S2222. Standard curves were prepared by serial 
dilution of citrated normal mouse plasma. Rh-TFPI concentration was measured by an 
enzyme-linked immunosorbent assay (ELISA), using a mouse monoclonal antibody 
directed against the human TFPI Kunitz-2 domain (amino acids 88-160; Sanquin, Am-
sterdam, the Netherlands) as capture antibody, polyclonal rabbit anti-rh-TFPI (kind gift 
of Dr Walter Kisiel, University of New Mexico, Albuquerque, NM) as detection antibody 
and rh-TFPI as standard. Thrombin-antithrombin complexes (TATc) were measured using 
a commercially available enzyme-linked immunosorbent assay (ELISA) (TATc: Behrin-
gwerke AG, Marburg, Germany). Plasminogen activator inhibitor (PAI)-1 was measured 
by ELISA26. Tumor necrosis factor alpha (TNF-α,), interleukin (IL)–6, IL–10, monocyte 
chemotactic protein (MCP)–1 and interferon–gamma (IFN–γ) were determined using a 
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commercially available cytometric beads array multiplex assay (BD Biosciences, San Jose, 
CA; detection limits: 3 pg/ml, 5 pg/ml, 25 pg/ml, 20 pg/ml and 2 pg/ml respectively). 
Macrophage–inflammatory protein (MIP)–2, keratinocyte-derived cytokine (KC) and 
lipopolysaccharide-induced CXC chemokine (LIX) were measured using commercially 
available ELISA kits (R&D Systems, Abingdon, UK; detection limits 80 pg/ml, 10 pg/ml 
and 20 pg/ml respectively). Total protein was measured using Bradford Protein Assay 
(Bio-Rad, Hercules, CA).

Histopathology

Four-micrometer sections of the left lung lobe were stained with hematoxylin and eosin 
(H&E). All slides were coded and scored by a pathologist who was blinded for group 
identity for the following parameters: interstitial inflammation, endothelialitis, bronchi-
tis, edema, pleuritis and presence of thrombi. Confluent (diffuse) inflammatory infiltrate 
was quantified separately and expressed as percentage of the lung surface, the number 
of thrombi was counted in five non-overlapping random microscopic fields. The remain-
ing parameters were rated separately on a scale from 0 (condition absent) to 4 (present 
in massive amounts). Neutrophil stainings were performed using an anti-mouse Ly-6G 
monoclonal antibody (BD Pharmingen, San Diego, CA), as described previously24.

Killing assay

To test a direct effect of rh-TFPI on S. pneumoniae a bacterial suspension was prepared 
as described above. Anticoagulant-free venous blood was drawn from a healthy 
medication-free volunteer and clot formation was allowed at room temperature for 30 
minutes. After centrifugation serum was collected and stored at -80°C. Cultures of 1300 
CFU/ml of S. pneumoniae with 10% serum were incubated with or without 100 μg/ml 
rh-TFPI (both n=6 samples) in RPMI/Hepes in a humidified atmosphere at 37°C. Bacterial 
numbers were quantified after 20 hours.

Statistical analysis

Data are expressed as box-and-whiskers or (for bacterial loads) medians with individual 
data points. Differences between groups were analyzed by Mann–Whitney U tests, using 
GraphPad Prism version 4.00 (GraphPad Software, San Diego, CA, USA). A P-value of < 
0.05 was considered statistically significant.
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RESULTS

Human TFPI levels and TFPI activity after intraperitoneal rh-TFPI administration 
in mice

To validate the dosage regimen used previously to study the impact of rh-TFPI on 
superantigen-induced shock and polymicrobial intra-abdominal sepsis in mice23, we 
determined rh-TFPI antigen and TFPI activity levels in mice at various time points after 
intraperitoneal administration of 350 mg/kg (Figure 1). At 30 minutes after administra-
tion rh-TFPI plasma levels were 3047 [585- 3937] ng/mL, gradually decreasing to 1485 
[1435 - 1705] ng/mL at 8 hours (Figure 1A). Rh-TFPI levels in lung homogenates were 
11839 [9203-21369] ng/mL at 30 minutes and 836 [683-1032] ng/mL at 8 hours in lung 
samples (Figure 1B). Furthermore, to study the actual effect of human TFPI administra-
tion to mice on the TF inhibitory capacity reached in plasma of the treated mice, we 
determined TFPI activity in plasma samples with an assay containing only mouse coagu-
lation proteins. The activity is represented relative to normal mouse plasma containing 
1 unit/ml TFPI activity. Thirty minutes after administration TFPI activity was enhanced 
8-fold by rh-TFPI and was still increased 4-fold at 8 hours (Fig. 1C), demonstrating the 
bio-activity of human TFPI in mouse in vivo.
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Fig. 1. Rh-TFPI antigen and activity levels after intraperitoneal administration.
Mice were intraperitoneally injected with 350 mg/kg rh-TFPI. At several time points the concentrations of 
rh-TFPI in plasma (A) and lung homogenate (B) were measured by ELISA (n=4 per time point). TFPI activity 
measured in plasma was enhanced ~8-fold after 30 min and gradually decreased towards 2-fold activity 
after 24 h (C).
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Rh-TFPI does not influence the antimicrobial activity of ceftriaxone but inhibits 
local growth of S. pneumoniae during advanced pneumonia

To determine the effect of rh-TFPI on the host response to pneumococcal pneumonia 
in clinically relevant models, we used two distinct treatment schedules: one in which 
rh-TFPI was initiated 8 hours after infection (early treatment) and one in which rh-TFPI 
was started 24 hours post infection (late treatment). In both models rh-TFPI effects were 
established in the presence and the absence of concurrent antibiotic therapy. Mice were 
euthanized either 24 hours (early treatment) or 48 hours (late treatment) after induction 
of pneumonia.

First, we quantified bacterial loads at the primary site of infection (BALF and lung 
homogenates) and distant body sites (blood and spleen homogenates) in both models 
(Figure  2). As expected, ceftriaxone strongly reduced bacterial loads at all body sites 
tested in both the early (Figure 2, left panels) and late treatment setting (Figure 2, right 
panels). In the early treatment setting, ceftriaxone reduced lung bacterial counts from 
~106 CFU/mL (mice not treated with antibiotics) to < 102 CFU/mL (Figure 2A, P <0.001), 
whereas in the late treatment setting ceftriaxone reduced lung bacterial counts from 
~108 CFU/mL to ~104 CFU/mL (Figure 2D, P<0.001). This marked local antimicrobial effect 
was accompanied by a strongly diminished dissemination of the infection, as reflected 
by prevention of bacteremia and reduced bacterial loads in spleens in all ceftriaxone 
treated mice (Figure 2E, F, G, H). Although a trend towards an increase in bacterial loads 
was seen in the late treatment setting for BALF and spleen for the rh-TFPI and ceftriaxone 
treatment group compared to the ceftriaxone treated mice, this did not reach statistical 
significance (both P = 0.07). Remarkably, in the late treatment setting rh-TFPI reduced 
lung bacterial loads ~10-fold in mice not treated with antibiotics (Figure 2D, P < 0.01) 
without influencing the dissemination of pneumococci to blood or spleen (Figure 2F, H).

Rh-TFPI inhibits local and systemic activation of coagulation

Several preclinical and clinical studies have demonstrated that TFPI is a potent inhibitor 
of systemic thrombin generation in sepsis15, 16, 18, 19, 21, 27, 28. To determine the local and 
systemic anticoagulant properties of rh-TFPI alone or in the presence of antibiotic treat-
ment in murine pneumococcal pneumonia, TATc levels (a marker for thrombin genera-
tion) were measured in lung homogenates and plasma (Figure 3). Ceftriaxone reduced 
lung and plasma TATc levels in both treatment settings, likely due to markedly lower 
bacterial loads in mice administered with this antibiotic (all P < 0.01 versus mice not 
treated with ceftriaxone). Both early and late treatment with rh-TFPI attenuated local 
and systemic coagulation activation in both mice treated with or without ceftriaxone, 
as reflected by reduced levels of TATc in lung homogenates and plasma compared to 
controls matched with regard to antibiotic therapy, although in the early treatment set-
ting rh-TFPI did not further reduce lung TATc levels in mice treated with ceftriaxone to a 
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statistically significant extent, likely due to the fact that at this time point ceftriaxone per 
se already lowered lung TATc concentrations to near baseline levels.
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Fig. 2. Treatment effect of rh-TFPI and/or ceftriaxone on local and systemic bacterial outgrowth in 
pneumococcal pneumonia. Mice were infected intranasally with S. pneumoniae; treatment with ceftriax-
one and/or rh-TFPI was initiated after either 8 h (early treatment, with harvest of samples 24 h postinfec-
tion) or 24 h (late treatment, with harvest of samples 48 h postinfection). Graphs show the effect of treat-
ment with placebo (open spheres), rh-TFPI (closed spheres), ceftriaxone (open quadrangles) and combined 
treatment (closed quadrangles) on the number of colony forming units (CFU) per mililitre bronchoalveolar 
lavage fluid (BALF) (A and B), lung homogenates (C and D), whole blood (E and F) and spleen homogenates 
(G and H) in the early (left panel) and late (right panel) treatment settings. Ceftriaxone reduced the bacterial 
numbers locally and systemically in both treatment settings. Rh-TFPI reduced the bacterial number ~10-
fold in lung homogenate in the late treatment setting. Each symbol represents an individual mouse with 
horizontal lines showing medians. Dotted lines indicate detection limits. *** P<0.001, ** P<0.01, *P<0.05 
compared with controls.
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Rh-TFPI does not influence PAI-1 release

Our model of pneumococcal pneumonia is associated with inhibition of fibrinolysis due 
to enhanced release of PAI-1 in lungs and the circulation29, which resembles changes in 
patients with pneumonia4, 7, 29. Here we confirmed that S. pneumoniae pneumonia results 
in elevated levels of PAI-1 in lung homogenates and plasma (Figure 4). Both early and 
late treatment with ceftriaxone reversed these pneumonia induced changes in PAI-1 
levels (all P <0.01 versus mice not treated with antibiotics), while rh-TFPI did not influ-
ence PAI-1 levels.

Rh-TFPI attenuates lung inflammation

As described earlier6, 22, 24 pneumococcal pneumonia was associated with interstitial 
inflammation, endothelialitis, edema, inflammatory infiltrates and pleuritis, of which the 
latter was only present in the late treatment setting (Figure 5). No thrombi were found in 
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Fig. 3. Treatment effect of rh-TFPI and/or ceftriaxone on local and systemic activation of coagulation 
in pneumococcal pneumonia. Mice were infected intranasally with S. pneumoniae; treatment with ceftri-
axone and/or rh-TFPI was initiated after either 8 h (early treatment, with harvest of samples 24 h postinfec-
tion) or 24 h (late treatment, with harvest of samples 48 h postinfection). Thrombin-antithrombin complex 
(TATc) levels in uninfected mice (grey open box) and the effect of treatment with placebo (open box), rh-
TFPI (open striped box), ceftriaxone (grey box) and combined treatment (grey striped box) on TATc levels in 
lung homogenate (A and B) and plasma (C and D), in the early (left panel) and late (right panel) treatment 
settings. Both rh-TFPI and ceftriaxone reduced TATc levels locally and systemically in either treatment set-
ting. Rh-TFPI in combination with ceftriaxone further reduced TATc levels in plasma in the early treatment 
setting and in lung homogenate and plasma in the late treatment setting compared with either treatment 
alone. Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile and largest observation (n = 8 per group). *** P<0.001, ** P<0.01, *P<0.05 com-
pared with controls. $$$ P<0.001, $$ P<0.01, $ P<0.05 compared with ceftriaxone treatment.
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lung tissue of the mice in the different treatment groups. In the early treatment setting 
ceftriaxone reduced total histopathology scores (P = 0.06), which, however, became 
statistically significant only in combination with rh-TFPI; in the late treatment setting 
ceftriaxone reduced total histopathology scores without any additional influence of 
rh-TFPI on the extent of lung inflammation. Late treatment with rh-TFPI alone (without 
antibiotics) tended to reduce the extent lung inflammation albeit not to a statistically 
significant extent (P = 0.13 versus control).

To further evaluate the inflammatory response in the lung, we determined the number 
and type of cells present in BALF (Table 1). Remarkably, although ceftriaxone diminished 
the extent of inflammation in lung tissue (Figure 5), this antibiotic did not influence the 
cellular composition of BALF, which was primarily characterized by an influx of neutro-
phils. However, in the late treatment setting rh-TFPI given without ceftriaxone tended 
to diminish neutrophil influx in BALF (P = 0.08) and significantly reduced neutrophil 
accumulation in lung tissue (P < 0.05, Figure 6), as did both ceftriaxone-treated groups. 
In addition, rh-TFPI not given with ceftriaxone reduced protein leakage, as reflected 
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Fig. 4. Treatment effect of rh-TFPI and/or ceftriaxone on local and systemic PAI-1 levels in pneumo-
coccal pneumonia. Mice were infected intranasally with S. pneumoniae; treatment with ceftriaxone and/
or rh-TFPI was initiated after either 8 h (early treatment, with harvest of samples 24 h postinfection) or 24 
h (late treatment, with harvest of samples 48 h postinfection). Plasminogen activator inhibitor (PAI)-1 in 
uninfected mice (grey open box) and the effect of treatment with placebo (open box), rh-TFPI (open striped 
box), ceftriaxone (grey box) and combined treatment (grey striped box) on levels of PAI-1 in lung homog-
enate (A, C and E, G) and plasma (B, D and F, H) in the early (left panel) and late (right panel) treatment 
settings. Ceftriaxone reduced levels of PAI-1 locally and systemically in both treatment settings. Rh-TFPI did 
not influence PAI-1 levels. Data are expressed as box-and-whisker diagrams depicting the smallest observa-
tion, lower quartile, median, upper quartile and largest observation (n = 8 per group). *** P<0.001 and ** 
P<0.01 compared with controls.
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by lower protein concentrations in BALF in the late treatment setting (Table 1). Protein 
concentrations in BALF of ceftriaxone-treated mice were lower too, yet this effect did 
not reach statistical significance.

Cytokines and chemokines play an eminent role in host defense against pneumonia30, 

31. Therefore, we measured the levels of proinflammatory cytokines (TNF-α, IL-6, IFN-γ), 
an anti-inflammatory cytokine (IL-10) and chemokines (MCP-1, MIP-2, KC and LIX) in 
lungs and plasma (Table 2). Antibiotic treatment with ceftriaxone profoundly reduced 
all levels of proinflammatory cytokines and chemokines in BALF (except for TNF-α and 
LIX levels in the early and late treatment setting respectively), lung homogenates and 
plasma in both treatment settings. This effect is likely to be explained by local and 
systemic reduction of bacterial loads and corresponded with the attenuated inflamma-
tion in the lungs of mice treated with ceftriaxone. Although no effect of rh-TFPI on lung 
pathology was observed, rh-TFPI exhibited significant anti-inflammatory properties, as 
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Fig. 5. Treatment effect of rh-TFPI and/or ceftriaxone on lung histopathology in pneumococcal pneu-
monia. Mice were infected intranasally with S. pneumoniae; treatment with ceftriaxone and/or rh-TFPI was 
initiated after either 8 h (early treatment, with harvest of samples 24 h postinfection) or 24 h (late treatment, 
with harvest of samples 48 h postinfection). Total lung histopathology scores (E and J) and representative 
microphotographs of haematoxylin and eosin stained lung sections of mice treated with placebo (A and 
F), rh-TFPI (B and G), ceftriaxone (C and H) and ceftriaxone combined with rh-TFPI (D and I) in the early 
(left panel) and late (right panel) treatment settings, respectively. In the early treatment setting ceftriaxone 
reduced total histopathology scores only in combination with rh-TFPI; in the late treatment setting ceftri-
axone with or without rh-TFPI reduced total histopathology scores. Data are expressed as box-and-whisker 
diagrams depicting the smallest observation, lower quartile, median, upper quartile and largest observa-
tion (n = 8 per group). Magnification 200 times. ** P<0.01, *P<0.05 compared with controls.
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reflected by reduced levels of several cytokines and chemokines both in the pulmonary 
and systemic compartment; in the early treatment setting rh-TFPI lowered levels of LIX 
in BALF and IFN-γ in plasma; in the late treatment setting IL-6, IFN-γ, LIX and MCP-1 
in BALF, IL-6, TNF-α and MCP-1 in lung homogenates and IL-6 and TNF-α in plasma all 
were reduced by rh-TFPI. In addition, rh-TFPI increased levels of the anti-inflammatory 
cytokine IL-10 in BALF in both treatment settings. Furthermore, levels of IFN-γ, KC and 
MIP-2 in lung homogenates were also reduced by rh-TFPI in the late treatment setting; 
however this did not reach statistical significance (all P < 0.1). Addition of rh-TFPI to 
treatment with ceftriaxone did not further increase (apart from an additional reduc-
tion of LIX levels in BALF in the late treatment setting) the anti-inflammatory effects 
prompted by treatment with ceftriaxone alone.

Rh-TFPI inhibits growth of S. pneumoniae in vitro

To further investigate whether rh-TFPI affects growth of S. pneumoniae, we incubated S. 
pneumoniae with rh-TFPI in the presence of serum. Indeed, after overnight incubation, 
bacterial numbers were reduced by rh-TFPI versus control in the presence of human 
serum (122 [55-200] x103 versus 650 [595-1130] x103 CFU/ml, P=0.002, Fig 7). However, 
in the presence of murine serum no growth inhibition of S. pneumoniae by rh-TFPI was 
observed (data not shown).

Table 1. Treatment effect of rh-TFPI and/or ceftriaxone on cell influx and protein leakage in bronchoalveo-
lar lavage fluid during Streptococcus pneumoniae pneumonia.

control rh-TFPI ceftriaxone rh-TFPI and ceftriaxone

24 h

Total cell 3.6 (2.2-4.5) 2.0 (1.6-2.5) 3.0 (2.2-3.7) 2.4 (2.3-3.0)

Neutrophil 0.5 (0.5-0.8) 0.6 (0.2-0.8) 0.6 (0.4-1.2) 0.8 (0.7-1.1)

Macrophage 2.7 (1.6-4.2) 1.4 (1.0-1.9) 2.5 (0.1-2.7) 1.6 (1.4-1.9)

MPO (ng/ml) 4.1 (3.0-5.8) 3.8 (2.8-4.1) 0.8 (0.7-1.7) ** 1.2 (0.9-1.3) *

Protein (mg/ml) 0.24 (0.22-0.26) 0.19 (0.18-0.30) 0.21 (0.19-0.23) 0.19 (0.17-0.23)

48 h

Total cell 5.3 (3.4-6.0) 3.6 (3.0-4.1) 4.2 (3.2-4.8) 4.3 (3.2-4.9)

Neutrophil 2.5 (1.7-4.4) 1.6 (1.1-1.9) 1.9 (1.0-2.3) 1.9 (1.5-2.5)

Macrophage 1.5 (1.2-3.1) 2.0 (1.7-2.5) 2.0 (1.6-2.6) 2.0 (1.2-2.5)

MPO (ng/ml) 5.1 (2.9-7.6) 4.9 (2.6-5.9) 1.9 (0.9-2.5) * 4.1 (1.7-5.8)

Protein (mg/ml) 0.60 (0.30-0.76) 0.26 (0.22-0.31) * 0.29 (0.25-0.38) 0.33 (0.25-0.43)

Cell counts x 105/ml, protein concentration in bronchoalveolar lavage fluid and myeloperoxidase (MPO) 
levels in lung homogenates 24 and 48 h after induction of pneumococcal pneumonia. Data are expressed 
as median (interquartile range) of n = 8 per group. MPO, myeloperoxidase.
* and ** indicate P < 0.05 and P < 0.01 vs. control.
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Table 2. Treatment effect of rh-TFPI and/or ceftriaxone on levels of cytokines and chemokines in the pul-
monary and systemic compartment during Streptococcus pneumoniae pneumonia.

control rh-TFPI ceftriaxone
rh-TFPI and 
ceftriaxone

BALF t=24

IL-6 (pg/ml) 49 (35-75) 50 (11-95) < *** < ***

IL-10 (pg/ml) 45 (42-50) 64 (49-71)** 61 (48-64) 61 (52-68) **

IFNγ (pg/ml) 12 (5-21) 3 (0-12) < ** < **

TNFα (pg/ml) 134 (111-173) 148 (101-194) 179 (125-215) 164 (130-186)

KC (pg/ml) 179 (150-211) 131 (66-210) 57 (42-72) ** 47 (45-55) ***

LIX (pg/ml) 744 (671-811) 323 (193-430) * 358 (172-532) ** 81 (18-237) **

MCP-1 (pg/ml) < < < <

MIP-2 (pg/ml) 285 (276-305) 300 (197-356) 271 (119-331) 298 (264-372)
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Fig. 6. Treatment effect of rh-TFPI and/or ceftriaxone on neutrophil accumulation in lung tissue dur-
ing pneumococcal pneumonia. Mice were infected intranasally with S. pneumoniae; treatment with ceftri-
axone and/or rh-TFPI was initiated after either 8 h (early treatment, with harvest of samples 24 h postinfec-
tion) or 24 h (late treatment, with harvest of samples 48 h postinfection). Neutrophil accumulation in lung 
tissue is expressed as total Ly-6G scores (E and J) and representative slides of Ly-6G staining in mice treated 
with placebo (A and F), rh-TFPI (B and G), ceftriaxone (C and H) and ceftriaxone combined with rh-TFPI (D 
and I) in the early (left panel) and late (right panel) treatment settings, respectively. In the early treatment 
setting mice treated with rh-TFPI showed a modest increase in Ly-6G scores, whereas in the late treatment 
setting these mice showed a significant reduction in the Ly-6G score compared with controls. Data are 
expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper 
quartile and largest observation (n = 8 per group). Magnification 400 times. * indicates P<0.05 compared 
with controls.
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Table 2. Treatment effect of rh-TFPI and/or ceftriaxone on levels of cytokines and chemokines in the pul-
monary and systemic compartment during Streptococcus pneumoniae pneumonia. (Continued)

BALF t=48

IL-6 (pg/ml) 366 (104-594) 54 (31-124) * 12 (3-33) ** 14 (7-55) **

IL-10 (pg/ml) 39 (28-43) 52 (44-55) * 43 (37-53) 63 (48-76) *

IFNγ (pg/ml) 18 (13-36) < *** < *** < ***

TNFα (pg/ml) 268 (213-377) 258 (206-380) 136 (83-181) ** 150 (88-292) *

KC (pg/ml) 268 (166-537) 197 (125-221) 68 (43-166) * 103 (54-151) **

LIX (pg/ml) 285 (166-343) 83 (26-164) * 332 (107-673) 85 (6-99) * $

MCP-1 (pg/ml) 492 (278-731) 33 (30-124) *** < *** 94 (39-131) **

MIP-2 (pg/ml) 440 (359-586) 491 (366-595) 174 (0-335) ** 386 (276-562) $

Lung t=24

IL-6 (pg/ml) 1046 (626-1991) 1234 (202-1921) 7 (4-11) *** 5 (3-9) ***

IFNγ (pg/ml) 20 (14-29) 11 (6-20) < ** < **

TNFα (pg/ml) 151 (116-185) 89 (30-332) 5.4 (4.0-7.0) *** 3.7 (3.1-5.2) ***

KC (μg/ml) 8.6 (5.5-11.9) 10.1 (7.0-13.0) 1.2 (0.9-1.4) *** 1.4 (1.2-1.6) ***

MCP-1 (pg/ml) 2190 (1503-2683) 1942 (1329-3091) 440 (322-891) ** 820 (775-1068) *

MIP-2 (ug/ml) 2.8 (2.1-4.8) 5.2 (0.2-8.8) 10.0 (0.8-1.2) * 10.0 (8.1-1.1) *

Lung t=48

IL-6 (pg/ml) 2099 (1500-2454) 817 (389-1154) ** 32 (15-46) *** 30 (11-55) ***

IFNγ (pg/ml) 27 (14-39) 14 (7-26) < *** < ***

TNFα (pg/ml) 538 (194-785) 105 (79-195)** 7 (5-16) *** 20 (7-34) ***

KC (ug/ml) 9.8 (7.9) 6.2 (4.4-9.2) 0.9 (0.8-1.2) *** 1.3 (0.9-1.3) ***

MCP-1 (pg/ml) 5374 (4484-5831) 3171 (2256-4107) ** 522 (357-633) *** 1097 (939-1259) ** $

MIP-2 (ug/ml) 44 (18-48) 17 (9-27) 0.8 (0.0-1.2) *** 0.7 (0.5-1.1) ***

Plasma t=24

IL-6 (pg/ml) 147 (79-208) 164 (88-245) 5 (2-16) * 12 (9-26) *

TNFα (pg/ml) 10 (7-11) 9 (6-12) 3 (3-8) < **

IFNγ (pg/ml) 20 (14-29) 10 (6-14) * < *** < ***

MCP-1 (pg/ml) 194 (106-244) 184 (141-273) 46 (23-187) 168 (141-235)

Plasma t=48

IL-6 (pg/ml) 342 (233-841) 177 (91-260) * < *** 7 (4-8) *** $

TNFα (pg/ml) 61 (41-74) 39 (14-58) * < *** < ***

IFNγ (pg/ml) 18 (13-36) 22 (5-31) < *** < ***

MCP-1 (pg/ml) 492 (277-731) 492 (366-569) 26 (22-36) *** 124 (79-160) *** $$$

Levels of cytokines and chemokines in bronchoalveolar lavage fluid (BALF), lung homogenates and plasma 
24 and 48 h after induction of pneumococcal pneumonia. Data are expressed as median (interquartile 
range) of n = 8 per group. IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; KC, keratinocyte-derived 
cytokine; LIX, lipopolysaccharide-induced CSC chemokine; MCP-1, monocyte chemotactic protein-1; MIP-2, 
Macrophage–inflammatory protein–2. *, ** and *** indicate P < 0.05, P < 0.01 and P < 0.001 .vs control; $ 
and $$$ indicate P < 0.05 and P < 0.001 .vs ceftriaxone. < Below detection limit (see Materials and methods).
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DISCUSSION

The importance of the TF/FVIIa pathway as the main initiator of coagulation during 
severe inflammation has been well recognized. Inhibition of the TF pathway has been 
studied in preclinical and clinical models of endotoxemia and Gram-negative sepsis, 
which unanimously showed effective attenuation of inflammation-induced coagu-
lopathy12, 13, 15-18, 27, 28, 32. In addition, blocking the TF pathway strongly inhibited activation 
of coagulation in the pulmonary compartment in models of sterile or infectious lung 
inflammation6, 21, 33-35. Moreover, post-hoc analysis of the clinical phase III OPTMIST trial 
suggested a survival benefit from rh-TFPI therapy for severe sepsis patients with CAP in 
whom a causative microorganism was identified and who had not received concomitant 
heparin treatment18, 20, further suggesting that the lung is an important target for TF 
directed interventions. In the present study, we sought to mimic the clinical scenario 
of administration of rh-TFPI in established pneumococcal pneumonia in the context of 
concurrent antibiotic therapy. We here confirm the anticoagulant properties of rh-TFPI in 
a murine model of advanced CAP and further show that rh-TFPI exerts anti-inflammatory 
effects, which, however, were only demonstrable in animals not treated with antibiotics.

TF is highly expressed in the lungs by alveolar macrophages and epithelial cells and 
under physiological circumstances does not become exposed to blood5, 8, 10. However, 
when TF expression is upregulated by mononuclear and/or endothelial cells in response 
to inflammatory or microbial mediators, or alternatively when physical tissue damage 
allows for direct TF-blood contact, it is able to rapidly initiate coagulation. Indeed, el-
evated concentrations of soluble TF, FVIIa and TATc were found in patients with unilateral 
pneumonia in the infected lung compared with the uninfected site6, 7, 36. Of relevance for 
CAP, lipoteichoic acid, a major cell wall component of Gram-positive bacteria, was able 
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Fig. 7. Growth inhibitory effect of rh-TFPI on S. pneumoniae in the presence of serum.
S. pneumoniae was incubated with or without rh-TFPI in the presence of serum. After 20 h bacterial num-
bers were quantified. Cultures incubated with rh-TFPI showed significantly lower counts of S .pneumoniae 
compared with cultures incubated without rh-TFPI in presence of human serum. Data are expressed as 
box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and 
largest observation (n = 6 per condition). ** indicates P<0.01 compared with control.
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to induce activation of coagulation in the bronchoalveolar space of mice37, 38 and healthy 
volunteers39. The current findings are in accordance with our previous observations of 
enhanced coagulation during experimental and clinical S. pneumoniae pneumonia6, 

21, as reflected by elevated TATc levels in lungs and plasma, indicating simultaneous 
local and systemic activation of coagulation. These earlier investigations also pointed 
to a crucial role for TF in pulmonary coagulation during pneumococcal pneumonia, as 
indicated by enhanced TF expression in infected lung tissue and by reduced TATc levels 
in animals treated with rNAPc2 or rh-TFPI6, 21. Importantly, in these studies animals were 
pretreated with rNAPc2 or rh-TFPI and antibiotics were withheld, leaving the question 
whether TF inhibition is capable of attenuating coagulation in a more clinically relevant 
setting (i.e. after induction of pneumonia and in the context of antibiotic therapy) un-
answered. We here show that postponed rh-TFPI therapy, initiated either 8 or 24 hours 
after induction of S. pneumoniae pneumonia, still exerts potent anticoagulant effects 
independent of concurrent antibiotic therapy. Rh-TFPI did not influence lung or plasma 
PAI-1 levels, which is in accordance with previous investigations12, 21. Of note, ceftriaxone 
strongly inhibited the rise in TATc and PAI-1, probably due to a reduction of bacterial 
loads and a concurrent reduction of inflammation. Rh-TFPI treatment in combination 
with ceftriaxone attenuated generation of TATc more than either treatment alone, which 
underlines the strong coagulant response during advanced CAP.

Although consensus exists on the interconnection between coagulation and inflam-
mation40, the exact role of the TF/FVIIa pathway in inflammation during lung infection 
and injury has not been fully elucidated. The TF pathway can impact on inflammation 
via interaction with protease activated receptor (PAR)1 and PAR28, 9. Inhibition of the TF 
pathway in experimentally induced sepsis in baboons was associated with strongly re-
duced lung injury, as reflected by histopathology, protein leak and wet/dry weights, and a 
largely preserved lung function28, 32. In addition, treatment with rh-TFPI or site-inactivated 
FVIIa reduced vascular leakage, neutrophil influx and levels of several cytokines in lungs 
of rats with acute lung injury34, 35. In the present experiments rh-TFPI attenuated the host 
inflammatory response, as reflected by lower cytokine and chemokine levels in BALF 
and plasma, less neutrophil infiltration into lung tissue and less protein leakage in BALF. 
Lower histopathology scores were observed in the rh-TFPI treatment group (late treat-
ment), but without reaching statistical significance (P = 0.13 versus controls). The effect 
of rh-TFPI on lung histology appears less overt than on the actual anti-inflammatory state 
and more reflects the tissue damage that has been caused during the preceding hours. 
A clear attenuation of the host inflammatory response by rh-TFPI, although in line with 
anti-endotoxic effects demonstrated for C-terminal TFPI peptides in a murine model of 
LPS-shock41, contrasts with our previous reports on the effect of TF inhibition during 
experimental pneumococcal pneumonia, in which pretreatment with either rNAPc2 or 
rh-TFPI did not have an impact on lung inflammation in spite of a strong anticoagulant 
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effect6, 21. Together these data suggest that inhibition of TF-mediated coagulation only 
influences inflammation during an ongoing procoagulant/proinflammatory response and 
not when activation of coagulation is inhibited prior to infection, suggesting redundancy 
of the mechanism by which inflammation is amplified. Of note, in mice with endotoxemia 
or polymicrobial sepsis an amplification of inflammation by coagulation could only be 
demonstrated in the late phase after the injury, whereas in the early phase inflamma-
tion proceeded independently of coagulation42. Rh-TFPI did not affect inflammation in 
mice also treated with ceftriaxone, probably because antibiotic treatment per se already 
strongly inhibited inflammation due to a profound reduction in bacterial loads.

Rh-TFPI exerted a modest antibacterial effect in lung tissue while it did not impact on 
bacterial loads in BALF, nor in blood or spleen when given 24 hours after infection with-
out antibiotics. This may in part be explained by a relatively large endothelial surface 
in lung tissue to which rh-TFPI attaches via its C-terminal part. Indeed, levels of rh-TFPI 
measured in lung homogenate were ~5-fold higher than in plasma (Fig 1). Furthermore, 
a lack of antibacterial effect in blood and spleen may be due to the presence of other 
antibacterial mechanisms in the systemic compartment, possibly obscuring the more 
modest antibacterial effect of rh-TFPI. Of note, by reducing the host anti-inflammatory 
response rh-TFPI could actually provide a more growth stimulating environment for S. 
pneumoniae31, therefore the actual growth inhibiting properties of rh-TFPI in vivo may 
even be larger than those we measured here. Recently C-terminal TFPI peptides were 
shown to exert antimicrobial activity against several pathogens; C-terminal fragments 
were able to kill Escherichia coli via the complement system ex vivo41, 43 and in a direct 
manner at higher concentrations possibly by permeabilizing bacterial membranes41. 
C-terminal peptides also showed antimicrobial effects against another Gram-negative 
bacterium (Pseudomonas aeruginosa) and in addition against the Gram-positive bacteria 
Bacillus subtilis and Staphylococcus aureus and certain fungi41. In accordance with these 
findings we confirmed a growth inhibitory effect of rh-TFPI on S. pneumoniae in the 
presence of human serum in vitro; whether this effect was solely due to antibacterial 
properties of C-terminal TFPI fragments remains to be established. Of note, rh-TFPI did 
not inhibit growth of S. pneumoniae in the presence of murine serum. This phenomenon 
was also previously observed by Papareddy et al41 in a murine model of E.coli peritonitis 
human TFPI peptides prolonged survival, though in vitro killing of E.coli was not en-
hanced by these peptides in the presence of murine serum. Other factors in vivo than 
those present in murine serum ex vivo may play a role in the observed growth inhibitory 
effect on S. pneumoniae in mice in vivo. To further address this issue more research on 
the physiological role of (C-terminal peptides of ) rh-TFPI is warranted.

Although it is possible that the modestly reduced bacterial loads in the lung (pro-
viding a less potent proinflammatory stimulus) contributed to the local inhibition of 
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inflammation in the late treatment group, such an effect cannot explain the systemic 
diminished inflammation, or the anti-inflammatory effects in the early treatment group.

The rh-TFPI dose used in the current study was based on previous investigations in 
which rh-TFPI was found to reduce mortality in models of superantigen-induced shock 
and polymicrobial intra-abdominal sepsis in mice23. We here not only established that this 
dosing regimen resulted in rh-TFPI plasma levels that were 3-10 fold higher than those 
measured in sepsis patients administered with rh-TFPI by continuous intravenous infu-
sion12, 18, but also demonstrated the effect of these levels on TFPI activity in the mouse in 
vivo.

Streptococcus pneumoniae is the most common causative pathogen in CAP and a 
frequent cause of sepsis. The current study is the first to report on the effect of TF inhibi-
tion administered during an already ongoing infection and in the context of antibiotic 
therapy. We show that postponed administration of rh-TFPI to mice with established 
pneumococcal pneumonia inhibits coagulation, inflammation and growth of S. pneu-
moniae whereby the anti-inflammatory and antibacterial effects only become apparent 
in the absence of concurrent antibiotic treatment.
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ABSTRACT

Pulmonary coagulopathy is intrinsic to pulmonary injury including pneumonia. Antico-
agulant strategies could benefit patients with pneumonia, but systemic administration 
of anticoagulant agents may lead to suboptimal local levels and may cause systemic 
hemorrhage. We hypothesized nebulization to provide a safer and more effective route 
for local administration of anticoagulants. Therefore, we aimed to examine feasibil-
ity and safety of nebulization of recombinant human tissue factor pathway inhibitor 
(rh-TFPI) in a well-established rat model of Streptococcus (S.) pneumoniae pneumonia. 
Thirty minutes before and every 6 hours after intratracheal instillation of S. pneumonia 
causing pneumonia, rats were subjected to local treatment with rh-TFPI or placebo, 
and sacrificed after 42 hours. Pneumonia was associated with local as well as systemic 
activation of coagulation. Nebulization of rh-TFPI resulted in high levels of rh-TFPI in 
bronchoalveolar lavage fluid, which was accompanied by an attenuation of pulmonary 
coagulation. Systemic rh-TFPI levels remained undetectable, and systemic TFPI activity 
and systemic coagulation were not affected. Histopathology revealed no bleeding in 
the lungs. We conclude that nebulization of rh-TFPI seems feasible and safe; local antico-
agulant treatment with rh-TFPI attenuates pulmonary coagulation, while not affecting 
systemic coagulation in a rat model of S. pneumoniae pneumonia.
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INTRODUCTION

Pneumonia is associated with a local procoagulant state due to enhanced activation 
of coagulation, reduced anticoagulant capacity and inhibition of fibrinolysis in the 
alveolar compartment1-3. Intrapulmonary fibrin deposition and inflammation-induced 
coagulopathy aggravate lung injury and ultimately compromise pulmonary function4. 
As activation of coagulation is both a consequence and a contributor to ongoing lung 
injury, pulmonary coagulopathy has been suggested as a target for therapeutic inter-
vention in patients with pneumonia1.

Tissue factor (TF) is appreciated as the main initiator of coagulation with infection. 
Results from animal and human studies suggest that pathological expression of TF by 
inflammatory cells plays a detrimental role on the outcome of community-acquired 
pneumonia (CAP)3, 5, 6. At the same time, tissue factor pathway inhibitor (TFPI), the en-
dogenous inhibitor of the TF pathway, is overwhelmed by increased TF procoagulant 
activity7, 8. In several models of lung injury it is shown that blocking the TF pathway 
during lung injury prevents local coagulation and preserves lung function9-11. Moreover, 
systemic TF inhibition reduces pulmonary and systemic coagulation in rodent models of 
pneumonia5, 12, 13.

One important drawback of systemic administration of anticoagulants is the increased 
risk of bleeding complications14-16. In addition, it is uncertain how well the systemically 
administered drugs penetrate into lung tissue during pneumonia17. Notably, TFPI in 
pulmonary edema fluid in patients with the acute respiratory distress syndrome (ARDS) 
has been shown to be truncated and inactive7. Considering these issues, local treatment 
with anticoagulant agents is an appealing strategy as local treatment may be safer, while 
at the same time potentially leading to higher alveolar concentrations18.

There are no preclinical studies that have investigated the effects of local treatment 
with TFPI in pneumonia so far. We here hypothesize that local administration of recom-
binant human (rh)-TFPI by means of nebulization efficiently attenuates pulmonary 
coagulopathy while leaving systemic coagulation unaffected. Therefore we infected 
healthy rats with Streptococcus pneumoniae, the most common causative pathogen of 
CAP19, and treated them locally with rh-TFPI or placebo.

MATERIAL AND METHODS

Animals

The Institutional Animal Care and Use Committee of the Academic Medical Center of the 
University of Amsterdam approved all experiments. Animals were handled in accordance 
with the guidelines prescribed by the Dutch legislation, and international guidelines 
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on protection, care, and handling of laboratory animals. Male Sprague–Dawley rats 
(250 – 300 g; 8-10 weeks old) (Harlan, The Hague, The Netherlands) were allowed to 
acclimatize to laboratory conditions for at least 7 days (12:12 h day–night cycle at 22ºC) 
before handling.

Study design

Pneumonia was induced by intratracheal instillation under light sedation with 5% iso-
flurane of 8,5 x 105 colony-forming units (CFU) S. pneumoniae (serotype 3, ATCC 6303) 
in a total volume of 250 μL of bacterial suspension, which was cultured as described 
previously12, 13. Rats were randomized to nebulization with rh−TFPI 10 mg/kg (Tifacogin, 
Novartis, Chiron, Emeryville, CA) or vehicle (300 mM L−arginine, 20 mM trisodium citrate 
dihydrate, pH 5.5) (n = 7 per group). Uninfected rats were nebulized with vehicle (n = 3) 
to evaluate the effect of nebulization alone. Uninfected untreated rats served as naïve 
controls (n = 5). Per group rh−TFPI or vehicle was administered by nebulization in a total 
volume of 5 mL at 30 minutes before and every 6 hours after induction of pneumonia. 
The dosing strategy was based on data from previous studies with rh−TFPI administered 
intravenously in S. pneumoniae pneumonia12 and an estimation of the efficacy provided 
by the nose–only exposure system, as described below.

Nebulization

For local treatment with rh-TFPI we used an adapted dynamic airflow, nose–only ex-
posure system, which allows direct exposure of nebulized agents to the noses of the 
animals, as described before20. In short, this system consists of a concentric manifold 
connected to the necks of bottle–like restraint tubes (CHT 249 restraint tube, CH tech-
nologies Inc., Westwood, New Jersey) in which the animals were confined with their 
noses adjacent to the bottlenecks. The bottles are detachable allowing disassembly of 
the device for cleaning. The inhalation chamber is suitable to accommodate up to 7 rats 
at once. The aerosolized agent was supplied to the upper end of the manifold, flowed 
adjacent to the noses of the individual animals, and then was drawn out through the 
bottom of the manifold. The aerosol atmosphere was generated using the AeronebPro 
Micropump Nebulizer (Aerogen Ltd.). The Aeroneb Pro Nebulizer uses a vibrating mesh 
with multiple apertures to generate a fine–particle, low–velocity aerosol and produces 
aerosols with an average size of 2.1 μm. At a constant oxygen flow (2 L/min) the aerosols 
were directed to the inhalation chamber. The animals were accommodated to restraint 
tubes at several occasions in the week before the experiments.

Blood and tissue sampling

At 42 hours after induction of pneumonia, rats were sacrificed with an intramuscular 
injection of ketamine 45 mg/kg (Eurovet, Bladel, The Netherlands) and medetomidine 
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0.25 mg/kg (Novartis, Arnhem, The Netherlands). Blood was collected from the inferior 
vena cava in citrated (0.109 M) vacutainer tubes. The right lung was ligated, and the 
left lung was lavaged three times with 2 mL ice–cold saline, 0.3% BSA, 1 mM EDTA. The 
right superior lobe was fixed in 10% buffered formalin and embedded in paraffin. The 
remaining lung lobes were weighed and homogenized in 4 volumes (i.e., 4 x lung weight 
in μL) of sterile saline using a tissue homogenizer (Biospec Products, Bartlesville, OK).

Measurements

Plasma and cell–free supernatants from bronchial lavage fluids (BALF) were used for 
measuring levels of rh-TFPI, TFPI activity and coagulation. Total cell numbers in lavage 
fluid were determined using an automated cell counter (Z2 Coulter Pariticle Counter, 
Beckman Coulter Corporation, Hialeah, FL). Neutrophil counts in lavage fluids were 

performed on cytospin preparations stained with a modified Giemsa stain (Diff-Quick; 

Dade Behring AG, Düdingen, Switzerland). Commercially available ELISA’s were used to 
measure levels of tumor necrosis factor (TNF)−α, interleukin (IL)–6, and cytokine induced 
neutrophil chemoattractant (CINC)–3 (all R&D Systems, Abingdon, United Kingdom) and 
myeloperoxidase (MPO; HyCult biotechnology b.v., Uden, The Netherlands).

To quantify bacterial numbers in lungs and blood, serial ten–fold dilutions of lung 
homogenates, lavage fluid and whole blood were made in sterile isotonic saline and 
plated onto sheep–blood agar plates. After 16 hours of incubation at 37°C in 5% CO2, the 
numbers of CFU were counted.

Assays
To determine the efficacy of local delivery of rh−TFPI, by measuring total rh-TFPI im-
munogen levels in the lung and in plasma of rats nebulized with rh-TFPI, we developed 
an enzyme-linked immunosorbent assay (ELISA) using monoclonal mouse anti−human 
TFPI directed against the Kunitz domain 2 (Sanquin, Amsterdam, the Netherlands) as a 
coating antibody and polyclonal rabbit anti-human TFPI (kind gift of Dr. Walter Kisiel, 
University of New Mexico, Albuquerque NM, USA) as a detecting antibody.

Furthermore, to determine if nebulization with rh-TFPI affected the overall systemic 
TFPI activity, we employed the two-stage chromogenic TFPI assay originally described 
by Sandset et al by measuring its inhibitory activity in a factor Xa-generation assay21. 
In brief, heat−inactivated plasma was incubated with a mixture of recombinant FVIIa 
(Novoseven, Novo Nordisk A/S, Bagsvaerd, Denmark), a limited amount of FX (kind gift 
of Dr. Walter Kisiel, University of New Mexico, Albuquerque NM, USA) and relipidated 
recombinant TF (Innovin, Dade Behring, Surrey, UK) in order to form TF−FVIIa−FXa−TFPI 
complexes. To measure residual TF activity excess FX was added in the second stage and 
FXa generation was determined using S2222. Standard curves were prepared by serial 
dilution of citrated normal rat plasma.
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Thrombin−antithrombin complexes (TATc) and fibrin degradation products (FDP) 
were measured using commercially available ELISA (TATc: Behringwerke AG, Marburg, 
Germany, FDP; Asserachrom D–Di, Diagnostica Stago, Asnières–sur–Seine, France); 
antithrombin (AT), plasminogen activator activity (PAA), and plasminogen activator 
inhibitor (PAI)–1 activity were measured by automated amidolytic assays22.

Histopathology

Immediately after rats were killed, lung samples were fixed in 10% buffered formalin 
for 24h and embedded in paraffin in a routine fashion. Four−micrometer sections 
were stained with hematoxylin and eosin (H&E). All slides were coded and scored for 
the following parameters: interstitial inflammation, endothelialitis, bronchitis, edema, 
pleuritis and thrombus formation, and bleeding by a pathologist who was blinded for 
group identity. Confluent (diffuse) inflammatory infiltrate was quantified separately and 
expressed as percentage of the lung surface; the number of thrombi was counted in 5 
random microscopic fields. The remaining parameters were rated separately on a scale 
from 0 (condition absent) to 4 (present in massive amounts).

Statistical analyses

Comparisons between the experimental rat groups and vehicle–treated placebo rat 
group were performed using Kruskal–Wallis tests, followed by Mann−Whitney U−tests 
where appropriate. Data are expressed as individual data or as median with interquartile 
ranges. A p–value < 0.05 was considered statistically significant. Statistical analyses were 
performed with GraphPad Prism (GraphPad Software, San Diego, CA).

RESULTS

Levels of rh-TFPI in BALF and plasma

In previous studies nebulization of anticoagulants attenuated pulmonary coagulopathy, 
but also affected systemic coagulation18. To verify whether rh−TFPI delivery by nebuli-
zation was restricted to the lung compartment, we measured rh−TFPI levels in lavage 
fluid and plasma. Rh−TFPI levels were significantly increased in lavage fluid of rh−TFPI 
treated rats, and no rh-TFPI was detected in lavage fluid of vehicle treated rats (Fig. 1A). 
Rh-TFPI levels remained undetectable in plasma of rh-TFPI treated rats (Fig. 1B), con-
firming containment of rh-TFPI delivery within the lung compartment when nebulized. 
Systemic TFPI activity was also not altered by nebulization of rh−TFPI (Fig. 1C), further 
suggesting local administration of rh-TFPI does not have a systemic effect.
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Pulmonary and systemic activation of coagulation

Pneumonia is associated with an increase in coagulation activity2, 3. Accordingly, we 
demonstrated a procoagulant state in infected rats as reflected by increased levels of 
TATc and FDP with a concurrent drop in AT levels in BALF (Fig. 2 A-C) and elevated TATc 
levels in plasma (Fig. 2D). Systemic treatment with rh−TFPI is known to reduce activation 
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Figure 1. Nebulization with rh−TFPI increases levels of rh-TFPI in bronchoalveolar lavage fluid but 
not in plasma. Levels of rh−TFPI measured in bronchoalveolar lavage fluid (BALF) (A), and plasma (B), and 
TFPI activity in plasma (C) after nebulization of rh−TFPI (rh-TFPI) or vehicle (control) in rats 42 hours after 
intratracheal instillation of S. pneumoniae (SP). Data are represented as individual data with median. ***p 
< 0.001 versus control.
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Figure 2. Nebulization with rh-TFPI attenuates coagulation in bronchoalveolar lavage fluid but not in 
plasma.  Levels of thrombin–antithrombin complexes (TATc) (A), antithrombin activity (AT) (B), fibrin deg-
radation products (FDP) (C) measured in bronchoalveolar lavage fluid (BALF), and levels of TATc measured 
in plasma (D) of rats nebulized with rh−TFPI (rh-TFPI, open bars) or vehicle (control, black bars) 42 hours 
after intratracheal instillation of S. pneumoniae (SP) and in naïve control rats (control, grey bars). Bars depict 
median ± IQR; **p < 0.01 versus SP control, ##p < 0.01 versus naïve controls.
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of coagulation in both pre-clinical and clinical pneumonia studies9, 12, 13, 23. Nebulization 
of rh−TFPI significantly attenuated the infection-induced increase in TATc and FDP levels 
and reduction of AT levels in lavage fluid compared to rats treated with vehicle (Fig. 2A-
C). At the same time, nebulization of rh−TFPI did not alter systemic coagulation (Fig. 2D). 
No differences in coagulation were observed between uninfected naïve and uninfected 
vehicle nebulized rats (data not shown). Together, these data confirm the efficacy of 
nebulized rh-TFPI to attenuate pulmonary coagulopathy in pneumonia and suggest 
that local administration of rh-TFPI does not pose a risk of systemic hemorrhage.

Pulmonary and systemic fibrinolysis

The used model of pneumococcal pneumonia is associated with inhibition of fibrinolysis 
due to enhanced release of PAI-112, 20, which resembles changes in patients with pneu-
monia2, 24, 25. In accordance, we measured elevated levels of PAI-1 in BALF and decreased 
levels of PAA in BALF and in plasma. Nebulization with rh-TFPI did not influence local 
or systemic fibrinolysis (Fig. 3). No differences in fibrinolysis were observed between 
uninfected naïve and uninfected vehicle treated rats (data not shown).
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Figure 3. Nebulization with rh-TFPI does not influence local or systemic fibrinolysis.
Plasminogen activator activity (PAA) and plasminogen activator inhibitor (PAI)–1 activity in bronchoalveo-
lar lavage fluid (BALF) (A and B) and PAA in plasma (C) in rats nebulized with rh−TFPI (rh-TFPI, open bars) 
or vehicle (control, black bars) 42 hours after intratracheal instillation of S. pneumoniae (SP) and in naïve 
control rats (control, grey bars). Bars depict median ± IQR; ##p < 0.01 versus naïve controls.
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Pulmonary and systemic bacterial loads

To examine the effect of nebulized rh−TFPI on local bacterial loads and dissemination 
we quantified bacterial numbers in BALF, lung homogenate and whole blood. Bacterial 
loads were not different between the study groups (Fig. 4).

Inflammatory response

A pulmonary inflammatory response was elicited by pneumococcal pneumonia 42 
hours after intratracheal challenge with S. pneumoniae in the lungs of rats, as shown by 
a significant increase in cell influx in BALF, mainly consisting of neutrophils compared to 
uninfected control rats (Table 1) and the presence of interstitial inflammation, bronchitis 
and edema seen in lung histopathology slides represented as total histopathology scores 
(Fig. 5). Inhalation of nebulized rh−TFPI did not affect total cell numbers or absolute or 
relative neutrophil counts in BALF. However the level of MPO, a marker of neutrophil 
activity, was reduced in BALF of rats nebulized with rh−TFPI compared to rats treated 
with vehicle (p = 0.03, table 1). Furthermore, lung weight and cytokines/chemokines 
(TNF−α, IL–6, CINC–3) were not influenced by nebulization of rh-TFPI (supplemental 
Fig. 1). No differences in cell counts were observed between uninfected naïve and unin-

SP control SP rh-TFPI
1
2
3
4
5
6
7
8
9

10
lo

g 
C

FU
/m

l

SP control SP rh-TFPI
1
2
3
4
5
6
7
8
9

10
lo

g 
C

FU
/m

l

BALF Lung Blood

SP control SP rh-TFPI
1

2

3

4

10
lo

g 
C

FU
/m

l

A. B. C.

Figure 4. Nebulization with rh-TFPI does not influence bacterial loads in the pulmonary or systemic 
compartment. Numbers of S. pneumoniae colony forming units (CFU) were quantified in bronchoalveolar 
lavage fluid (BALF) (A), lung homogenates (B), and whole blood (C) of rats nebulized with rh−TFPI (rh-TFPI) 
or vehicle (control) 42 hours after intratracheal instillation of S. pneumoniae (SP). Bars depict median ± IQR. 
No statistical difference between groups was observed.

Table 1. Influence of nebulized rh-TFPI on lung inflammation and injury during rat Streptococcus pneu-
moniae pneumonia.

Control SP control SP rh-TFPI

Total cells 28 (12-50) 123 (91-451)## 112 (72-187)

PMN 0 (0-0) 88 (24-666)## 62 (49-143)

MPO [pg/ml] 88 (86-89) 131 (125-150) 87 (73-99)*

Total cell and neutrophil (PMN) counts x 104/ml in bronchoalveolar lavage fluid and myeloperoxidase (MPO) 
levels in lung homogenates of rats nebulized with rh−TFPI (SP rh-TFPI) or vehicle (SP control) 42 hours after 
intratracheal instillation of S. pneumoniae (n=7 per group), or of naïve rats (control, n=5). Data are expressed 
as median (interquartile range)##p < 0.01 versus control, *p < 0.05 versus SP control.
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fected vehicle treated rats (data not shown). No lung tissue protective effect was seen 
from nebulization with rh−TFPI compared to vehicle treated rats reflected by unaltered 
total histopathology scores (Fig. 5).

Local Bleeding

To examine the effect of nebulized rh−TFPI on local bleeding, we specifically looked for 
bleeding in histopathology slides. Nebulization of rh-TFPI did not result in local bleed-
ings, neither in unchallenged rats, nor in rats with pneumonia.

DISCUSSION

The present study shows that local administration of rh-TFPI by nebulization is feasible 
and safe in a well-established rat model of S. pneumoniae pneumonia. Indeed, nebuliza-
tion of rh-TFPI inhibited bronchoalveolar coagulation, and this treatment did not result 
in measurable levels of rh-TFPI in plasma, did not affect systemic coagulation, and did 
not result in local bleedings.

Coagulation is an essential part of host defense that interacts with the inflammation 
system to mount an adequate response. This was reflected by a local procoagulant state 
and systemic coagulopathy caused by infection with S. pneumoniae in the present rat 
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Figure 5. Effects of nebulized rh-TFPI on histopathology. Total histopathology (PA) scores of lung tissue 
(A) from rats nebulized with rh-TFPI (rh-TFPI) or vehicle (control) 42 hours after intratracheal instillation of 
S. pneumoniae with representative microphotographs (B and C). No bleedings were observed. Bars depict 
median ± IQR. Scale bar = 200 μm. No statistical difference was observed between groups.
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pneumonia model, which is in accordance with observations from previous studies5, 

12, 13, 26. Notably, these findings resemble the clinical situation, as increased pulmonary 
coagulation2, 5, 27 and systemic coagulation abnormalities28 are common findings in 
patients with pneumonia.

Coagulation activation is primarily driven by the TF pathway, and, interference with 
the TF pathway consistently reduces coagulopathy, both in studies of systemic infection 
and in studies of local infection, like pneumonia5, 6, 9, 10, 12, 14, 29-36. Moreover, in previous 
rodent studies of pneumococcal pneumonia, blocking the TF pathway strongly inhib-
ited alveolar thrombin generation5, 12, 13. In these studies, TF pathway inhibitors were 
administered systemically, bearing the risk of bleeding complications. Recently, studies 
have been undertaken to explore the feasibility of local delivery of anticoagulant agents 
and its effectiveness in the pulmonary compartment.

In the present study, we demonstrate that nebulized rh-TFPI attenuated FDP and 
TATc levels and largely preserved AT levels in lavage fluid, without affecting TATc levels 
in plasma, indicating that the anticoagulant effect of nebulized rh-TFPI is restricted 
to the alveolar compartment. Likewise, in other preclinical studies of local treatment 
with anticoagulant agents, rh-activated protein C, anti-thrombin, and heparin reduced 
pulmonary coagulation without affecting systemic coagulation, however, nebulized 
danaparoid also exerted systemic effects on coagulation26, 37. Furthermore, local rh-TFPI 
treatment did not influence fibrinolysis, as reflected by unaltered PAI-1 or PAA levels in 
lavage fluid and plasma, which is in accordance with earlier reports13. Interfering with 
the procoagulant response elicited by infection has shown inconsistent effects on host 
defense. In rat models of direct lung injury blocking the TF pathway attenuated vascular 
leakage, neutrophil influx and levels of cytokines and chemokines10, 38. However, a re-
duced coagulant response may undermine host defense, as low TF mice demonstrated 
increased lung haemorrhage with concurrent increased inflammation during acute 
lung injury39. In the present study we did not observe lung haemorrhage in either study 
group and nebulization of rats with rh-TFPI did not importantly affect inflammation or 
lung pathology, which was in line with previous reports on pneumococcal pneumonia 
in rodents5, 12. Furthermore, thrombi could raise a barrier for bacteria. Although systemic 
dissemination has been suggested as a potential drawback of anticoagulant treatment 
in pneumonia40, local treatment with rh-TFPI did not influence bacterial counts in the 
lung or systemic compartment.

Large clinical trials have been carried out to study the effect of restoration of im-
paired anticoagulant pathways as adjunctive treatment in human sepsis14-16. Although 
inflammation-induced coagulation was attenuated by treatment with anticoagulant 
agents, these studies did not convincingly show a beneficial effect on outcome41. The 
OPTIMIST trial, investigating rh-TFPI in sepsis patients, suggested a protective effect 
from rh-TFPI in a subgroup of CAP patients14. TFPI was found to be in a mainly truncated 
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and inactive form in lavage fluid of patients with ARDS7, and TFPI activity was reduced 
in patients with pneumonia, suggesting rh-TFPI may be of therapeutic value in this 
setting12, 42. The ensuing CAPTIVATE trial, specifically designed to investigate the effect 
of rh-TFPI in severe CAP, demonstrated attenuation of coagulation, however failed to 
show a beneficial effect on outcome23. In these clinical trials anticoagulant agents were 
administered systemically, consequently increasing the incidence of bleeding complica-
tions. Indeed, the OPTIMIST trial reported more adverse events with bleeding in patients 
treated with rh-TFPI than in placebo treated patients (24% versus 19%)14, which may 
have counterweighed potentially favorable effects. Recently, the first small studies of 
nebulized heparin treatment have been conducted in patients with ARDS and report 
inconsistent anticoagulant effects18, 43, 44.

There are several limitations to our experimental study. The chosen dosage for nebu-
lization was based on data from previous studies combined with a calculation of the 
efficacy of the nose-only exposure system. Importantly, rh-TFPI was only detectable 
in the pulmonary compartment and did not influence systemic TFPI activity. However, 
lower concentrations of rh-TFPI may suffice and yield the same anticoagulant effect, 
whereas higher treatment concentrations may be needed for local anti-inflammatory 
or antibacterial effects. Furthermore, we did not investigate functional endpoints, 
such as pulmonary function parameters. Reduced pulmonary coagulopathy may allow 
for improved alveolar gas exchange. In our study we investigated the effect of pre-
treatment with local rh-TFPI, which does not resemble the clinical situation and may 
elicit different effects. For instance, in a murine model of ongoing pneumonia, delayed 
rh-TFPI treatment inhibited accumulation of neutrophils in lung tissue and reduced 
cytokine and chemokine levels, suggesting that TF-mediated coagulation might only 
influence inflammation during an ongoing procoagulant/proinflammatory response13. 
Notably, delayed rh-TFPI treatment showed a modest antibacterial effect in the lung, 
and a growth inhibiting effect on S. pneumoniae in the presence of human serum in vitro 
was observed13. Recent studies describe antimicrobial activity of C-terminal peptides 
of the rh-TFPI molecule against several pathogens via the complement system45, 4646. In 
addition, rh-TFPI in combination with antibiotic treatment improved survival in mice 
challenged with Gram-negative bacteria47. In our study pre-treatment with nebulized 
rh-TFPI did not influence bacterial loads in the lung or plasma in our model. Therefore, it 
will be of interest to investigate the therapeutic value of delayed treatment with nebu-
lized rh-TFPI or C-terminal derived peptides, and the effect of concomitant antibiotic 
treatment, mimicking the clinical situation.
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CONCLUSIONS

In conclusion, the TF-mediated procoagulant environment within the lung compart-
ment during pneumonia provides a rationale for local treatment with rh-TFPI. We show 
that local treatment with rh-TFPI has clear anticoagulant effects, which are restricted to 
the lung compartment, thereby minimizing the risk of potential harmful adverse effects. 
Finally, local treatment with rh-TFPI did not induce local bleedings.
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Supplemental Figure 1. Nebulization with rh-TFPI does not influence lung weight or cytokine/ che-
mokine levels in lungs in rat pneumococcal pneumonia. Lung weight (A) and lung homogenate levels 
of cytokine–induced neutrophil chemoattractant (CINC)–3 (B), interleukin (IL)–6 (C), and tumor necrosis 
factor (TNF)–α (D) of uninfected, naïve rats (control, grey bars, n=2-4) or rats treated with nebulized vehicle 
(control, black bars, n=7) or rh–TFPI (open bars, rh-TFPI, n=7) 42 hours after intratracheal instillation of S. 
pneumoniae (SP) and in naïve control rats (control, grey bars). Bars depict median ± IQR; ** P < 0.01 versus 
SP control, ## P < 0.01 versus naïve controls.
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ABSTRACT

Background: Critically ill patients are at a constant risk of direct (e.g., by pneumonia) or 
indirect lung injury (e.g., by sepsis). Excessive alveolar fibrin deposition is a prominent 
feature of lung injury, undermining pulmonary integrity and function.

Objectives: We examined the effect of local administration of recombinant human tis-
sue factor pathway inhibitor (rh–TFPI), a natural anticoagulant, in two well-established 
models of lung injury in rats.

Methods: Rats received intratracheal instillation of Pseudomonas (P.) aeruginosa, causing 
direct lung injury, or received an intravenous injection of Escherichia coli lipopolysac-
charide (LPS), causing indirect lung injury. Rats were randomized to local treatment with 
rh–TFPI or placebo through repeated nebulization. In addition, antibacterial effects of 
rh−TFPI on P. aeruginosa were studied in vitro.

Results: Challenge with P. aeruginosa or LPS was associated with increased coagulation 
and decreased fibrinolysis in bronchoalveolar lavage fluid (BALF) and plasma. Rh–TFPI 
levels in BALF increased after nebulization, while plasma rh–TFPI levels remained low and 
systemic TFPI activity was not affected. Nebulization of rh–TFPI attenuated pulmonary 
and systemic coagulation in both models, without affecting fibrinolysis. Nebulization of 
rh–TFPI reduced the inflammatory response and bacterial growth of P. aeruginosa in the 
alveolar compartment. In vitro, no antibacterial effect of rh–TFPI on P. aeruginosa was 
observed.

Conclusions: Local treatment with rh–TFPI does not alter systemic TFPI activity, however 
it attenuates both pulmonary and systemic coagulopathy. Furthermore, nebulized rh-
TFPI reduces pulmonary inflammatory responses and allows increased bacterial clear-
ance in models of direct and indirect lung injury.
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INTRODUCTION

Critically ill patients, especially those who receive ventilatory support, are at a constant 
threat of developing lung injury, which is associated with high morbidity and mortality1. 
Lung injury may develop either from a direct pulmonary insult such as aspiration of con-
taminated material from the oropharynx causing pneumonia, or from a systemic insult 
such as sepsis. Inflammatory responses within the pulmonary compartment coincide 
with increased coagulation and concomitantly compromised anticoagulant systems 
and fibrinolysis, resulting in a net procoagulant state2, 3. The resulting alveolar fibrin 
depositions may jeopardize tissue integrity and pose a serious challenge to lung func-
tion4. Restoring the coagulation balance as adjunctive treatment may benefit critically ill 
patients who develop lung injury5.

Tissue Factor (TF) is the initiator of inflammation–induced coagulation, and TF in 
complex with Factor (F)VIIa activates FX, which together with its cofactor FVa generates 
thrombin, ultimately stimulating fibrin clot formation. Tissue Factor Pathway Inhibitor 
(TFPI) inhibits TF–mediated initiation of the blood coagulation cascade by formation 
of a quaternary complex with TF–FVIIa-FXa, preventing additional FXa generation6. 
Several studies provide evidence for a functional setback of TFPI during lung injury. 
TFPI in the alveolar spaces of patients with ARDS was found to be mainly truncated and 
inactive, rendering the endogenous anticoagulant insufficient to counterbalance the 
procoagulant state in the lung7-9. In addition, ample evidence exists that blocking the 
TF pathway prevents inflammation-induced coagulation and preserves lung function 
during ARDS10-13 and pneumonia3, 14, 15.

Systemic administration of anticoagulant agents bears the risk of at times life-threat-
ening systemic bleedings. Local administration of anticoagulants offers an appealing 
treatment strategy, not only preventing the risk of additional bleedings, but also allow-
ing higher dosages that may increase the efficacy of anticoagulants. Indeed, data from 
preliminary studies in humans suggest that local anticoagulant therapy with heparin 
has a beneficial effect on pulmonary coagulopathy and inflammation16, 17. To date, there 
are no data available on local treatment with TFPI as therapy for lung injury.

We here hypothesize that local administration of recombinant human (rh)−TFPI by 
means of nebulization exerts a local anticoagulant effect preventing systemic changes 
in coagulation, and that the local anticoagulant effect would affect pulmonary inflam-
mation and host defense. Therefore, we investigated the effect of locally applied rh−TFPI 
on the coagulation and inflammatory response in two rat models of lung injury, one 
mimicking the scenario of direct lung injury, and one that resembles the scenario of 
indirect lung injury.
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MATERIALS AND METHODS

Animals

The Institutional Animal Care and Use Committee of the Academic Medical Center 

approved all experiments. Animals were handled in accordance with the guidelines 
prescribed by the Dutch legislation and the International Guidelines on protection, care, 
and handling of laboratory animals. Male Sprague–Dawley rats (250 – 300 g) (Harlan, 
The Hague, The Netherlands) were allowed to acclimatize to laboratory conditions for at 
least 7 days (12:12 h day–night cycle at 22ºC) before handling.

Lung injury models

Direct lung injury was induced by intratracheal instillation of 108 CFU of P. aeruginosa 
(PA01) in a total volume of 250 μL of bacterial suspension under light sedation with 5% 
isoflurane. For this, bacteria were cultured as described previously18. In short, a 50 ml 
vial filled with Luria Broth (LB) was inoculated with P. aeruginosa from a –80°C stock and 
incubated overnight at 37°C. This culture was 100-fold diluted in fresh LB medium and 
cultured for 6 hours at 37°C to the mid-logarithmic growth phase (optical density (OD) 
of 0.5 at 620 nm wavelength). Next, P. aeruginosa were harvested by centrifugation at 
4000 rpm for 10 minutes at 4°C. Based on the measured OD an inoculum suspension in 
pyrogen-free 0.9% NaCl was prepared.

Indirect lung injury was induced by causing endotoxemia through intravenous ad-
ministration of 7.5 mg/kg LPS from Escherichia coli 0111:B4 (Sigma, St. Louis, MO) into 
the penile vein under isoflurane (3%) anesthesia.

Treatment with rh-TFPI or vehicle

Rats were randomized to treatment with rh−TFPI 10 mg/kg (Tifacogin, Novartis, Em-
eryville, CA) or vehicle (300 mM L−arginine, 20 mM trisodium citrate dihydrate, pH 5.5) 
(n=7 per group). Uninfected rats were treated with nebulized vehicle (n=3) to evaluate 
the effect of nebulization alone. Uninfected untreated rats served as naïve controls 
(n=2-6). Per group rh−TFPI or vehicle was administered by nebulization in a total vol-
ume of 5 mL at 30 minutes before and every 6 hours after induction of endotoxemia 
or pneumonia. Rh−TFPI dosage was based on data from previous studies with rh−TFPI 
administered intravenously in S. pneumoniae pneumonia14 and an estimation of the ef-
ficacy provided by the nose–only exposure system, described previously19. In brief, this 
system consists of a concentric manifold connected to the necks of bottle–like restraint 
tubes, in which the animals are confined with their noses adjacent to the bottlenecks 
and allows direct exposure of nebulized agents to the rat’s noses. At a constant oxygen 
flow (2 L/min) the aerosols are directed to the inhalation chamber using the AeronebPro 
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Micropump Nebulizer (Aerogen Ltd.). The animals were accommodated to restraint 
tubes at several occasions in the week before the experiments.

Blood and tissue sampling

At 16 hours after induction of lung injury rats were sacrificed. Blood was collected from 
the inferior vena cava in citrated (0.109 M) vacutainer tubes. The right lung was ligated, 
and the left lung was lavaged three times with 2 mL ice–cold saline, 0.3% BSA, 1 mM EDTA. 
The right superior lobe was fixed in 10% buffered formalin and embedded in paraffin. 
The remaining lung lobes were weighed and homogenized in 4 volumes (w/v) of sterile 
saline using a tissue homogenizer (Biospec Products, Bartlesville, OK). For cytokine and 
chemokine measurements lung homogenates were diluted 1:1 in lysis buffer (containing 
300 mM NaCl; 30 mM Tris; 2 mM MgCl2; 2 mM CaCl2; 1% Triton X-100; and pepstatin A, 

leupeptin, and aprotinin all from MP Biomedical; concentrations in accordance with the 
manufacturer’s recommendations). Total cell numbers in BALF were determined with 
an automated cell counter (Z2 Coulter Pariticle Counter, Beckman Coulter Corporation, 
Hialeah, FL). Differential cell counts were performed on cytospin preparations stained 
with a modified Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland).

Colony forming units in lungs and blood

Serial ten–fold dilutions of lung homogenates, lavage fluid and whole blood from rats 
challenged with P. aeruginosa were made in sterile isotonic saline and plated onto 
sheep–blood agar plates. After 16 hours of incubation at 37°C in 5% CO2, the numbers of 
colony forming units (CFU) were counted.

Assays

To determine the efficacy of local delivery of rh−TFPI, by measuring total rh–TFPI im-
munogen levels in lung lavage and plasma of rats, we developed an enzyme-linked im-
munosorbent assay (ELISA) using monoclonal mouse anti−human TFPI directed against 
the Kunitz domain 2 (Sanquin, Amsterdam, the Netherlands) as a coating antibody and 
polyclonal rabbit anti-human TFPI (kind gift of Dr. Joost Meijers, Amsterdam Medical 
Center, University of Amsterdam, The Netherlands) as a detecting antibody.

Furthermore, to determine if nebulization with rh–TFPI affected the overall systemic 
TFPI activity, we employed the two-stage chromogenic TFPI assay originally described by 
Sandset et al by measuring its inhibitory activity in a factor Xa-generation assay20. In brief, 
heat−inactivated plasma was incubated with a mixture of recombinant FVIIa (Novoseven, 
Novo Nordisk A/S, Bagsvaerd, Denmark), a limited amount of FX (kind gift of Dr. Joost Mei-
jers, Academic Medical Center, University of Amsterdam, The Netherlands) and relipidated 
recombinant TF (Innovin, Dade Behring, Surrey, UK) in order to form TF−FVIIa−FXa−TFPI 
complexes. To measure residual TF activity excess FX was added in the second stage and 
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FXa generation was determined using S2222 (Chromogenix). Standard curves were pre-
pared by serial dilution of citrated normal rat plasma. Coagulation assays were performed 
in plasma and cell–free supernatants from BALF. Thrombin−antithrombin complexes 
(TATc) and fibrin degradation products (FDP) were measured using commercially available 
ELISA (TATc: Behringwerke AG, Marburg, Germany, FDP; Asserachrom D–Di, Diagnos-
tica Stago, Asnières–sur–Seine, France); antithrombin (AT), plasminogen activator activity 
(PAA), and plasminogen activator inhibitor (PAI)–1 activity were measured by automated 
amidolytic assays21-23. Commercially available ELISA’s were used to measure levels of tumor 
necrosis factor (TNF)−α, interleukin (IL)–6, and cytokine induced neutrophil chemoattrac-
tant (CINC)–3 (all R&D Systems, Abingdon, United Kingdom) and myeloperoxidase (MPO; 
HyCult biotechnology b.v., Uden, The Netherlands).

Histopathology

Immediately after rats were killed, lung samples were fixed in 10% buffered formalin for 
24h and embedded in paraffin in a routine fashion15. Four−micrometer sections were 
stained with hematoxylin and eosin (H&E). All slides were coded and scored for the 
following parameters: infiltration, interstitial inflammation, endothelialitis, bronchitis, 
edema, pleuritis, thrombus formation and bleeding by a pathologist who was blinded 
for group identity. Confluent (diffuse) inflammatory infiltrate was quantified separately 
and expressed as percentage of the lung surface. The remaining parameters were rated 
separately on a scale from 0 (condition absent) to 4 (present in massive amounts).

Killing assay

In an additional experiment we aimed to test direct antibacterial or growth-inhibitory 
effects of rh–TFPI on P. aeruginosa in vitro. For this, a bacterial suspension was prepared 
as described above. After establishing the stability of P. aeruginosa in PBS for 24 hours, 
killing assays were performed. To investigate a direct bactericidal effect, 20 μl of increas-
ing concentrations of rh–TFPI (based on measured rh–TFPI levels in BALF samples of 
rats; 20 μg/ml, 200 μg/ml, 2 mg/ml), were added to 20 μl of a suspension of 106 CFU/
ml P. aeruginosa in 160 μl PBS. Next, to investigate a potential growth-inhibiting effect 
of rh–TFPI on P. aeruginosa, 20 μl of increasing concentrations of r–TFPI were added to 
20 μl of a suspension of 106 CFU/ml P. aeruginosa in 160 μl 5% Luria Broth (LB)–medium. 
All suspensions were incubated in a sterile 96-well microtiter plate at 37°C. Bacterial 
numbers were quantified after 0, 1, 8 and 20 hours.

Statistical analyses

Comparisons between the experimental groups were performed using Kruskal–Wallis 
tests followed by Mann−Whitney U−tests where appropriate. Data are expressed as 
individual data or as median with interquartile ranges. Statistical analyses were per-
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formed with GraphPad Prism (GraphPad Software, San Diego, CA). A p–value < 0.05 was 
considered statistically significant.

RESULTS

Human TFPI levels and TFPI activity after nebulization of rh–TFPI

We used two established models of lung injury to investigate the effects of nebulized 
rh-TFPI on pulmonary coagulopathy and inflammation, induced by either intravenous 
injection of LPS (causing indirect lung injury) or by intratracheal instillation of P. aeru-
ginosa (producing direct lung injury). To verify whether administration of rh–TFPI by 
nebulization was restricted to the alveolar compartment, we first measured levels of 
rh−TFPI in lavage fluid and plasma. Rh–TFPI levels were significantly increased in BALF 
of rats treated with nebulized rh–TFPI; no rh–TFPI was detectable in BALF of vehicle 
treated rats (Fig. 1A). In plasma of rh–TFPI treated rats, only minimal levels of rh–TFPI 
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Figure 1. Nebulization with rh−TFPI increases levels of rh–TFPI in bronchoalveolar lavage fluid, but 
not substantially in plasma, without affecting systemic TFPI activity.
Levels of rh−TFPI measured in (A) bronchoalveolar lavage fluid (BALF) and (B) plasma and TFPI activity in 
plasma (C) of uninfected rats (grey dots), rats treated with nebulized rh−TFPI (open dots) or vehicle (control, 
black dots) 16 hours after challenge with an intravenous bolus with lipopolysaccharide (LPS), or intratra-
cheal instillation of Pseuodomanas (P.) aeruginosa. Data are represented as individual data with median. 
*p<0.05, **p<0.01 and ***p<0.001 versus controls (Mann-Whitney U test).
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were detected of 0.3 ng/ml (8 pM) (Fig. 1B). We next measured the effect of local rh–TFPI 
treatment on TFPI activity in plasma. Notably, TFPI activity in plasma of rats with indi-
rect lung injury was reduced compared to normal values (1 U/ml), which is in line with 
reports that demonstrate loss of TFPI functionality during endotoxemia7, 14. Importantly, 
nebulization with rh–TFPI did not alter systemic TFPI activity in either model (Fig. 1C). 
Together these findings suggest that rh–TFPI is confined within the alveolar space when 
nebulized.

Nebulized rh–TFPI inhibits local and systemic activation of coagulation

Lung injury is associated with a procoagulant state2. Accordingly, in both direct and in-
direct lung injury, TATc and FDP levels were increased with a concurrent drop in AT levels 
in BALF (Fig. 2 A-C), and TATc levels in plasma were increased (Fig. 2D). Nebulization 
of rh−TFPI attenuated pulmonary coagulopathy in both models (Fig. 2A-C). However, 
although no difference in systemic TFPI activity was observed in rh–TFPI treated rats (Fig. 
1C), nebulization with rh–TFPI attenuated TATc generation in plasma in both models (Fig. 
2D), suggesting that local administration of rh–TFPI exerted systemic effects indepen-
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Figure 2. Nebulized rh–TFPI attenuates pulmonary and systemic coagulation.
Levels of (A) thrombin–antithrombin complexes (TATc), (B) antithrombin activity (AT), (C) fibrin degrada-
tion products (FDP) measured in bronchoalveolar lavage fluid (BALF) and (D) levels of TATc measured in 
plasma of rats treated with nebulized rh−TFPI (open bars, n=7) or vehicle (control, black bars, n=7) 16 hours 
after challenge with an intravenous bolus with lipopolysaccharide (LPS), or intratracheal instillation of 
Pseuodomonas (P.) aeruginosa and in naive control rats (grey bars, n=6). Data are represented as median 
± IQR; **p<0.01, ***p<0.001 between rh-TFPI and vehicle treated rats and ## p<0.01 versus naïve controls 
(Mann-Whitney U test).
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dent of TFPI activity. No differences in coagulation were observed between uninfected 
naïve and uninfected rats treated with nebulized vehicle (Supplemental Fig. 1).

Nebulized rh–TFPI does not affect pulmonary and systemic fibrinolysis

During lung injury fibrinolysis is attenuated2, 19, which in our model was reflected by 
increased PAI-1 and decreased PAA levels in BALF and plasma (Fig. 3A-C). Nebulization 
of rh−TFPI did not affect fibrinolysis in rats with direct or indirect lung injury (Fig. 3C). No 
differences in fibrinolysis were observed between uninfected naïve and uninfected rats 
treated with nebulized vehicle (Supplemental Fig. 1).

Rh–TFPI attenuates the inflammatory response

Direct and indirect lung injury increased total cell counts in the lungs of challenged 
rats, mostly attributable to neutrophil influx (Table 1). Nebulization with rh–TFPI did 
not affect the number or composition of cells in lavage fluids. However, MPO levels 
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Figure 3. Nebulization with rh–TFPI does not influence local or systemic fibrinolysis.
Plasminogen activator activity (PAA) and plasminogen activator inhibitor (PAI)–1 activity in bronchoalveo-
lar lavage fluid (BALF) (A, B) and PAA in plasma (C) in rats treated with nebulized rh−TFPI (open bars, n=7) 
or vehicle (control, black bars, n=7) 16 hours after challenge with an intravenous bolus with lipopolysac-
charide (LPS), or intratracheal instillation of Pseuodomonas (P.) aeruginosa and in naive control rats (grey 
bars, n=6). Data are represented as median ± IQR; ## p<0.01 versus naïve controls (Mann-Whitney U test).



Chapter 6116

were reduced in lung homogenates of rats with indirect lung injury and treated with 
nebulized rh–TFPI (Table 1). Pulmonary levels of cytokines IL−6 and TNF−α were lower 

Table 1. Total cell and neutrophil count in lavage fluid and levels of myeloperoxidase.

Total cells Neutrophils MPO (μg/mL)

Controls 24 (19-29) (n=6) 0 (0-0) (n=6) 88 (86- 89) (n=2)

direct lung injury

Vehicle 256 (245-327) 227 (210-298) 606 (543-642)

rh−TFPI 299 (135-395) 251 (131-361) 547 (489-599)

indirect lung injury

Vehicle 47 (39-62) 35 (13-57) 287 (268-312)

rh−TFPI 53 (39-70) 29 (24-34) 228 (147-274) *

Total cell and neutrophil (PMN) counts x 104/ml in bronchoalveolar lavage fluid, myeloperoxidase (MPO) 
levels in lung homogenates, of rats treated with nebulized rh−TFPI or vehicle 16 hours induction of direct 
lung injury (by intratracheal instillation of P. aeruginosa) or indirect lung injury (by intravenous challenge 
with lipopolysaccharide) (n=7 per group). Controls are uninfected naïve rats (n = 2-6). Data are expressed 
as median (interquartile range) x 104 per milliliter of bronchoalveolar lavage fluid. * p< 0.05 versus vehicle 
(Mann Whitney U test).
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Figure 4. Nebulization with rh–TFPI modulates pulmonary cytokine levels, but does not importantly 
affect lung histopathology. Levels of tumor necrosis factor (TNF)–α (A), interleukin (IL)–6 (B), and cyto-
kine–induced neutrophil chemoattractant (CINC)–3 (C) in lung homogenates of uninfected, naïve rats (grey 
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*p<0.05, ***p<0.001 versus control (Mann-Whitney U test).
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in rats treated with rh-TFPI in both models of lung injury (Fig. 4A and B). At 16 hours after 
induction of direct lung injury caused by P. aeruginosa pneumonia, histopathology of 
the lungs showed diffuse inflammatory infiltrates, mainly consisting of neutrophils. In-
terstitial inflammation, endothelialitis, edema and bronchitis were present to a variable 
extent. Intrapulmonary bleeding was observed in one vehicle treated and one rh-TFPI 
treated rat. Overall, lung pathology scores tended to be lower for the rh−TFPI treatment 
group without reaching statistical significance (Fig. 4D). No differences in cell influx or 
cytokines were observed between uninfected naïve and uninfected rats treated with 
nebulized vehicle (Supplemental Fig. 1).

Nebulized rh–TFPI enhances bacterial clearance from the alveolar 
compartment

Bacterial counts were quantified in samples of rats with P. aeruginosa pneumonia. In 
lavage fluid a modest, yet significant reduction in bacterial numbers was observed in 
rh-TFPI-treated rats, suggesting local treatment with rh–TFPI enhanced bacterial clear-
ance from the alveolar compartment (Fig. 5A). Of note, bacterial numbers in lung ho-
mogenates did not differ between treatment groups (Fig. 5B). None of the rats became 
bacteremic (data not shown).

We next set out to investigate a potential direct bactericidal or growth-inhibitory 
effect of rh–TFPI in vitro. For this, we incubated viable P. aeruginosa with increasing 
concentrations of rh–TFPI in PBS (Fig. 6A) and PBS with 5% LB (Fig. 6B) for 24 hours, 
however, rh–TFPI did not affect CFU counts of P. aeruginosa in either setting. Thus, no 
direct antibacterial effect of rh–TFPI was observed in vitro.

DISCUSSION

In this study we demonstrate that local administration of rh−TFPI by nebulization re-
duces pulmonary coagulation, and exerts anti-inflammatory effects in two rat models 
of lung injury. In direct lung injury caused by P. aeruginosa pneumonia, rh–TFPI reduced 
bacterial numbers in the alveolar compartment.

Coagulation and inflammation amplify each other in response to tissue injury24. TF is 
considered the key activator of inflammation-induced coagulation and is present in high 
amounts in the lung compartment25. Systemically blocking the TF pathway successfully 
reduced pulmonary coagulopathy in several studies of lung injury3, 10-15, 26-29. In line with 
these studies, we here show that nebulized rh–TFPI attenuated inflammation-induced 
coagulation. Notably, a recent study demonstrated that mice with low TF levels had 
increased alveolar haemorrhage in response to acute lung injury leading to increased 
lung inflammation30. However, in the present study the incidence of lung haemorrhage 
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was low and similar in both study groups. Local treatment with rh–TFPI also reduced 
plasma TATc levels, despite negligible rh−TFPI levels in plasma and unaltered systemic 
TFPI activity. There are several possible explanations for this systemic anticoagulant 
effect: in both models of lung injury, rh–TFPI exerted an anti-inflammatory effect and 
consequently may have provided a less potent procoagulant stimulus. The half-life 
of rh−TFPI is relatively short6, 31, hence higher levels of rh−TFPI in the lung were likely 
reached shortly after nebulization, than measured at the time of sacrifice (i.e. 4 hours 
after the last nebulization). Although rh−TFPI is a relatively large molecule (45 kDa) to 
pass the epithelial barrier, we cannot exclude that greater amounts of rh−TFPI have 
crossed this barrier in these two models of lung injury, and successively attenuated 
coagulation systemically32. In addition, rh−TFPI is known to adhere to the endothelium, 
consequently plasma levels may be an underestimation of the actual levels6. Fibrinolysis 
was unaffected by treatment with rh-TFPI, which is in line with previous observations15.

The reported effects of rh–TFPI on the host inflammatory response are inconsistent. 
We found that nebulization with rh–TFPI in the lung compartment reduced TNF-α and 
IL-6 levels with direct lung injury and reduced MPO and TNF-α levels with indirect lung 
injury, while infiltration or composition of cells in lavage fluids were unaffected. In other 
rat models of lung injury, inhibitors of the TF pathway significantly inhibited cytokine 
levels in the lungs11, 13, and reduced MPO levels in pneumococcal pneumonia (own 
observations, data not shown). However, in an experimental setting of human endo-
toxemia, rh−TFPI did not affect inflammatory pathways, whilst completely abrogating 
activation of coagulation33. Remarkably, in the same model of indirect lung injury as 
used in the present study, our group previously did not find any anti−inflammatory 
effects in the lung when rh−TFPI was administered systemically10. The current findings 
suggest that local administration of rh−TFPI is more effective than systemic treatment in 
dampening lung inflammation in lung injury.

Rats treated with nebulized rh–TFPI showed modestly, yet significantly lower bacterial 
numbers of P. aeruginosa in lavage fluid samples. Interesting in this context, recent stud-
ies have reported antimicrobial activity of C-terminal peptides of the rh–TFPI molecule 
against several pathogens, including P. aeruginosa34, 35. Bacterial numbers were not 
altered in lung homogenates, suggesting that rh−TFPI exerted an antibacterial effect 
primarily in the intra-alveolar compartment, which may be attributed to relatively high 
alveolar concentrations of rh-TFPI due to nebulization and the fact that in the lung TF is 
mainly expressed by respiratory epithelial cells and alveolar macrophages25. Nonethe-
less, when P. aeruginosa was incubated with PBS with/without LB-medium, no direct 
antibacterial effect of rh–TFPI was observed. Possibly differences in concentrations of 
rh-TFPI and the absence of human plasma in our in vitro experiment, which enhanced 
the antibacterial effect of rh-TFPI in other in vitro studies, account for the discrepancy 
in findings34.
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Interfering with the vicious circle of coagulation and inflammation by TF pathway inhi-
bition was associated with favourable effects on outcome in experimental sepsis,26, 36-38, 
and led to the OPTIMIST trial, in which adjunctive rh–TFPI treatment has been studied in 
human sepsis31. Although no effect on overall outcome was demonstrated, a subgroup 
analysis of patients with pneumonia suggested beneficial effects of the intervention. 
Several other observations point towards the pulmonary compartment as the major site 
of activity of TFPI during lung injury: mainly truncated and inactive TFPI was found in 
BALF of patients with ARDS7, and TFPI activity was reduced in patients with pneumonia8, 

14. However, the ensuing CAPTIVATE trial, specifically designed to investigate the effect 
of rh–TFPI in severe community-acquired pneumonia, failed to show a beneficial effect 
on outcome39.

In the preclinical and clinical studies mentioned above, the anticoagulant agents were 
administered systemically, hereby potentially increasing the risk of bleeding complica-
tions. Indeed, patients with severe sepsis treated with rh−TFPI had an increase in the 
incidence of adverse events with bleeding, which may have offset potentially favourable 
effects.31. As the pulmonary compartment is the major site of TF procoagulant activity 
during lung inflammation, local administration may be a more efficient and safer route 
of delivery, minimizing systemic adverse effects. Additionally, tissue penetration of sys-
temically administered anticoagulant agents may be hampered during lung injury, and 
may be better warranted by local administration of rh–TFPI40. In previous studies in rats 
with lung injury, nebulization of anticoagulant agents reduced pulmonary coagulation 
without affecting systemic coagulation, however, nebulized danaparoid also exerted 
systemic effects on coagulation41, 42. Recently, the first small studies of nebulized heparin 
treatment have been conducted in humans requiring mechanical ventilation and report 
inconsistent anticoagulant effects16, 43, 44.

Our experimental studies have several limitations. We used simplified animal models 
of lung injury, in which a pre-treatment strategy was used, to discern a potential effect 
of the study agent. This laboratory setting does not resemble the complex human situ-
ation; therefore these results should be translated to the clinical scenario with caution. 
Furthermore, we have based the dosage of rh−TFPI on previous studies, however the 
route of administration was not similar, consequently the dosage may have been sub-
optimal10. In both lung injury models we found a significant local and systemic anti−co-
agulant effect of nebulized rh−TFPI. Lower dosages may adequately reduce pulmonary 
coagulopathy, whilst preventing a systemic effect on coagulation and potential adverse 
effects, whereas higher dosages of rh−TFPI may allow for a stronger anti-inflammatory 
and antibacterial effect. Lastly, we have not investigated the effect of local rh-TFPI treat-
ment on functional endpoints, such as alveolar gas exchange.

In conclusion, coagulation imbalance in the pulmonary compartment provides a 
therapeutic target for local administration of anticoagulant agents. Here, nebulization 
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with rh–TFPI attenuated pulmonary coagulopathy, inflammation and bacterial numbers 
in rat models of direct and indirect lung injury. Of note, in both models systemic coagu-
lation was affected.
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Supplemental Figure 1. Nebulization with rh−TFPI does not affect coagulation, fibrinolysis or cyto-
kine levels in uninfected rats. Levels of thrombin–antithrombin complexes (TATc), antithrombin activity 
(AT), fibrin degradation products (FDP), plasminogen activator activity (PAA), plasminogen activator inhibi-
tor (PAI)–1 activity measured in bronchoalveolar lavage fluid (BALF) and in plasma as indicated; levels of tu-
mor necrosis factor (TNF)–α, interleukin (IL)–6, and cytokine–induced neutrophil chemoattractant (CINC)–3 
in lung homogenates; and cell counts in BALF of uninfected untreated rats (naïve, grey bars, n=6), or treated 
with vehicle (control, black bars, n=3) or nebulized rh−TFPI (open bars, n=3). Data are represented as me-
dian ± IQR.
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ABSTRACT

Streptococcus (S.) pneumoniae is the most common causative pathogen in community-
acquired pneumonia. Protease-Activated Receptor 2 (PAR2) is expressed by different cell 
types in the lungs and can mediate a variety of inflammatory responses. We sought to 
determine the role of PAR2 during pneumococcal pneumonia. Pneumococcal pneumo-
nia or sepsis was induced in wild type (WT) and PAR2 knock-out (Par2-/-) mice by infec-
tion with viable S. pneumoniae via the airways or intravenously respectively. Par2-/- mice 
demonstrated improved host defence during pneumococcal pneumonia as reflected by 
lower bacterial loads in lungs and systemic dissemination, a largely preserved lung bar-
rier integrity and reduced mortality. PAR2 deficiency did not influence bacterial growth 
after intravenous infection, suggesting that the apparent detrimental role of PAR2 during 
pneumonia resides within the airways. Inhibition of the PAR2 activating proteases tissue 
factor/factor VIIa or tryptase did not impact on bacterial burdens during pneumonia. 
Furthermore, S. pneumoniae was unable to directly activate PAR2 in a human alveolar 
epithelial cell line and HEK293 cells stably transfected with PAR2. These results suggest 
that S. pneumoniae uses PAR2 in the airways to cause systemic dissemination during 
pneumonia.
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INTRODUCTION

Community-acquired pneumonia (CAP) is a common illness throughout the world with 
an estimated incidence of 1-2 million in the US1, 2. Streptococcus pneumoniae is the main 
causative pathogen for CAP, accounting for up to 60% of bacterial cases. Mortality rates 
have stagnated over the past decades despite the use of adequate antibiotics and with 
an emerging increase in resistant serotypes1 alternative measures are indispensable to 
expand current treatment options.

During lung infection many mediators interact to mount an inflammatory response 
to protect the host from invading pathogens. Protease-activated receptors (PARs) have 
been shown to play a key role in the regulation of inflammation in the lungs3. These 
unique seven transmembrane G-protein coupled receptors bear their own ligand, 
which becomes exposed after proteolytic cleavage of their extracellular amino-terminal 
domain3. Four PARs have been identified, each of which can be activated by a variety of 
proteases. PAR1, 3 and 4 can be activated by thrombin, plasmin, trypsin or cathepsin-G. 
PAR2 is resistant to thrombin but can be activated by host endogenous proteases such 
as trypsin, tryptase, granzyme A and the coagulation proteases factor (F) VIIa and Xa, as 
well as by a number of bacteria-derived enzymes4. Conversely, PAR2 can be disarmed by 
proteinase-3, cathepsin G4 and (Pseudomonas aeruginosa derived) elastase5.

PAR2 is widely expressed in lung tissue by epithelial cells, endothelial cells, fibroblasts, 
airway and vascular smooth muscle cells6, 7 but also by non-parenchymal cells of the 
bone marrow lineage like alveolar macrophages and neutrophils8, 9. Thus far, the role of 
PAR2 in lung infection has been reported in three studies10-12. PAR2 knockout (Par2-/-) 
mice were more susceptible to influenza A infection as reflected by enhanced mortality 
and increased lung pathology10; in two bacterial pneumonia models using Escherichia 
(E.) coli12 or P. aeruginosa11 Par2-/- mice demonstrated an unremarkable response and a 
diminished capacity to clear the bacteria from the airways respectively. These two latter 
investigations11, 12 made use of pathogens that are cleared from the lungs of immune 
competent animals13, which is in accordance with the fact that these Gram-negative 
bacteria almost exclusively cause pneumonia in immune compromised and/or hospital-
ized patients14.

Here we aimed to determine the role of PAR2 in the course of Gram-positive pneu-
monia, using Par2-/- and wild-type (WT) mice and our well established model of CAP, 
induced by instillation of S. pneumoniae via the airways, resulting in a gradually growing 
bacterial load at the primary site of infection and subsequent dissemination to distant 
body sites. We show that S. pneumoniae is able to exploit PAR2 for its growth and sys-
temic dissemination, leading to a worse survival.
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MATERIALS AND METHODS

For more detailed Materials and Methods please see the supplementary material.

Experimental study design

The Institutional Animal Care and Use Committee of the Academic Medical Centre ap-
proved all experiments. Experiments were conducted with age and gender-matched 
C57BL/6 WT and Par2-/- mice. S. pneumoniae serotype 3 (American Type Culture Collec-
tion 6303, Rockville, MD) was used to induce pneumococcal pneumonia and sepsis15-17; 
for induction of pneumonia, 5 x 104 colony-forming units (CFU) in 50 µL were inoculated 
intranasally; for induction of sepsis 5 x 105 CFU in 200 µL were inoculated intravenously. 
In separate experiments WT and Par2-/- mice were treated with recombinant antico-
agulant protein (rNAP)c218, 19, the tryptase inhibitor nafamostat mesilate20, 21 or vehicle. 
Processing of samples and quantification of bacterial loads was done as described16, 19.

Lung Permeability Assay

Evans blue dye was injected intravenously 90 min before the mouse was sacrificed. Lungs 
were flushed to wash out all remaining blood and then homogenized. Evans blue dye 
concentrations in lung samples were calculated from optical densities as described22.

Assays

Levels of myeloperoxidase (MPO), macrophage–inflammatory protein (MIP)–2, 
keratinocyte-derived cytokine (KC), lipopolysaccharide-induced CXC chemokine (LIX), 
interleukin (IL)-1β, thrombin–antithrombin complexes (TATc), tumour necrosis factor 
alpha (TNF-α) and IL–6 were determined using commercially available assays. A tryptase 
activity assay in BALF was performed as described previously23.

Histopathology

Hematoxylin and eosin and neutrophil stainings were performed on lung tissue and 
scored as described before16, 24.

Calcium flux assay

Human embryonic kidney (HEK)293 cells were stably transfected with empty vector 
(pcDNA3.1) or human PAR2 YFP-tag25. The calcium flux was measured in A549 alveolar 
epithelial and HEK293 cells stimulated with calcium ionophore, PAR2 agonist peptide 
(AP), trypsin, viable S. pneumoniae, or assay buffer (Fluo-4 Direct™ Calcium Assay Kit, 
Invitrogen, Carlsbad, CA). To test whether the initial stimuli desensitized the cells for 
PAR2 activation, cells were stimulated with PAR2 AP after the initial stimulus.
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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 indi-
vidual data points or as Kaplan-Meier plots. Differences between groups were analyzed 

by Mann–Whitney U or Kruskal-Wallis testing when appropriate. Survival curves were 
compared using log-rank test. A P-value of <0.05 was considered statistically significant.

RESULTS

The presence of PAR2 impairs survival during S. pneumoniae pneumonia

To obtain a first insight into the role of PAR2 in the outcome of pneumococcal pneu-
monia, Par2-/- and WT mice were infected intranasally with viable S. pneumoniae and 
observed for ten days. Par2-/- mice were significantly protected from mortality; lethal-
ity amongst WT mice was 100% within six days, whereas 47% of Par2-/- mice survived 
(Figure 1, p = 0.007).

S. pneumoniae misuses PAR2 for its dissemination

We quantified bacterial loads in bronchoalveolar lavage fluid (BALF), lung homogenates, 
blood and spleen homogenates at predefined time points after infection. Bacterial 
numbers in BALF and lung homogenates of Par2-/- mice were significantly reduced at 
24 (BALF only) and 48 hours (Figure 2A and B). Lower bacterial counts in lungs of Par2-
/- mice were accompanied by diminished dissemination of bacteria as reflected by a 
reduction in the number of positive blood cultures (p = 0.08 at 48 hours, Fisher’s exact 
test) and reduced bacterial loads in their spleen (Figure 2C and D).
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Figure 1. Presence of protease-activated receptor-2 enhances mortality in pneumococcal pneumo-
nia. Survival of wild-type (WT, closed symbols) and protease-activated receptor 2 knock-out (Par2-/-, open 
symbols) mice infected intranasally with S. pneumoniae (n=15 per group) observed for 10 days. **p < 0.01 
compared with WT, log rank test.
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PAR2 plays a limited role in the inflammatory response to pneumococcal 
pneumonia

We evaluated the number and type of cells in BALF harvested from Par2-/- and WT mice 
(Table 1). At 24 hours Par2-/- mice transiently demonstrated lower total neutrophil 
counts in BALF. Notably, MPO levels measured in whole lung homogenates as a measure 
of total neutrophil content were not different between groups at any time point (Table 
1). In accordance, the number of Ly6G+ cells (neutrophils) in lung tissue slides did not 
differ between Par2-/- and WT mice (Supplementary Figure S1). Furthermore, the con-
centrations of the neutrophil attracting CXC chemokines LIX, KC and MIP-2 measured 
in BALF and lung homogenates were not different between groups at any time point 
(Table 1). Lung cytokine levels were modestly reduced in Par2-/- mice relative to WT 
mice at 24 hours post infection (Table 1). In accordance, the extent of lung pathology did 
not differ between Par2-/- and WT mice (Supplementary Figure S2).

PAR2 impairs lung barrier integrity

To establish whether PAR2 favours the replication of S. pneumoniae in the systemic 
compartment, we examined bacterial loads after direct intravenous injection of S. 
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Figure 2. Presence of protease-activated receptor 2 leads to increased bacterial loads.
Wild-type (WT, grey boxes) and protease-activated receptor 2 knock-out (Par2-/-, open boxes) mice were 
intranasally infected with S. pneumoniae and samples were harvested 6, 24 and 48 hours post-infection. 
Number of colony forming units (CFU) per millilitre bronchoalveolar lavage fluid (BALF) (A), lung homog-
enates (B), whole blood with the number of positive blood cultures (BC+) (C) and spleen homogenates (D). 
Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, me-
dian, upper quartile and largest observation (n = 8 per group). **p < 0.01, *p < 0.05 compared with WT mice.
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pneumoniae, thereby by-passing the effect of PAR2 in the airways. In these studies no 
differences in CFU counts in whole blood, spleen, liver or lung homogenates were found 
between WT and Par2-/- mice (Figure 3A-D). Bacteria may cross the lung–blood barrier 
by directly inducing alveolar epithelial cell injury26. We evaluated S. pneumoniae-induced 
Evans blue dye leakage 48 hours after infection. Again, WT mice showed increased 
bacterial loads in lung and blood (Figure 4A,B) with significantly more bacteraemia (p 
= 0.0014, Fisher’s exact test) compared to Par2-/- mice. S. pneumoniae increased blood–
lung barrier permeability, confirming previous results22. Importantly, Evans blue leakage 
was strongly reduced in Par2-/- mice (Figure 4C,D), suggesting that PAR2 impedes lung 
barrier protection during airway infection by S. pneumoniae.

TF/FVIIa/FXa inhibitor rNAPc2 attenuates coagulation but does not affect 
bacterial loads in Par2-/- or WT mice

PAR2 can be activated by coagulation proteases factor (F)VIIa and Xa27. To study the role 
of FVIIa and FXa in the activation of PAR2 during pneumococcal pneumonia we treated 

Table 1. Influence of PAR2 on cell influx and levels of cytokines and chemokines in the pulmonary compart-
ment during Streptococcus pneumoniae pneumonia.

BALF

6 hours 24 hours 48 hours

WT Par2-/- WT Par2-/- WT Par2-/-

Total leukocytes 32.5 ± 4.3 29.5 ± 3.7 32.5 ± 3.1 19.7 ± 2.5 * 33.2 ± 6.6 46.9 ± 8.5

Neutrophil 0.9 ± 0.3 1.6 ± 0.5 13.7 ± 3.7 2.8 ± 0.5 * 3.3 ± 0.7 5.9 ± 3.0

LIX (pg/ml) 112 ± 7.3 123 ± 15 477 ± 67 394 ± 18 159 ± 26 307 ± 65

MIP-2 (pg/ml) 260 ± 48 286 ± 40 213 ± 39 220 ± 26 84 ± 20 54 ± 17

KC (pg/ml) 79 ± 3 102 ± 12 183 ± 36 128 ± 20 159 ± 71 128 ± 52

IL-1β (pg/ml) 86 ± 18 80 ± 8 72 ± 6 90 ± 11 53 ± 5 74 ± 6

IL-6 (pg/ml) 29 ± 14 30 ± 9 159 ± 47 53 ± 12 * 152 ± 70 102 ± 45

Lung homogenate

MPO (ng/ml) 1.0 ± 0.1 1.1 ± 0.1 5.6 ± 0.9 3.6 ± 0.9 5.7 ± 0.8 5.8 ± 1.7

MIP-2 (pg/ml) 1174 ± 113 1153 ± 132 6956 ± 970 6595 ± 1563 20592 ± 5473 13679 ± 4094

KC (pg/ml) 275 ± 28 381 ± 36 5865 ± 1173 5536 ± 1358 4818 ± 969 4660 ± 1601

TNF-α (pg/ml) 363 ± 49 439 ± 63 2373 ± 406 2049 ± 534 2708 ± 540 2393 ± 687

IL-1β (pg/ml) 182 ± 26 130 ± 34 2415 ± 538 1625 ± 538 2041 ± 507 1717 ± 509

IL-6 (pg/ml) 161 ± 12 149 ± 19 2308 ± 583 1332 ± 441* 1195 ± 253 1564 ± 531

Cell counts x 104/ml, levels of cytokines and chemokines in bronchoalveolar lavage fluid (BALF) and lung 
homogenates 6, 24 and 48 h after induction of pneumococcal pneumonia in wild-type (WT) and PAR2 
knock-out (Par2-/-) mice. Data are expressed as mean ± SEM of n = 8 per group. MPO, myeloperoxidase; IL, 
interleukin; IFN, interferon; TNF, tumour necrosis factor; KC, keratinocyte-derived cytokine; LIX, lipopolysac-
charide-induced CXC chemokine; MIP-2, Macrophage–inflammatory protein–2: * indicates p < 0.05 versus 
WT.
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Par2-/- and WT mice with rNAPc2, a small protein that inhibits Tissue Factor (TF)/FVIIa 
mediated coagulation19. Elevated thrombin-antithrombin complex (TATc) concentra-
tions, in lung homogenates and plasma of infected WT mice were strongly reduced by 
rNAPc2 as reported before19 (Figure 5A). Remarkably, Par2-/- mice demonstrated reduced 
lung TATc levels relative to WT mice; similar to in WT mice, rNAPc2 further reduced lung 
and plasma TATc concentrations in Par2-/- mice. Importantly however, rNAPc2 did not 
influence bacterial loads in the pulmonary compartment of either WT or Par2-/- mice 
(Figure 5B). Moreover, rNAPc2 treatment was associated with increased bacterial loads 
in spleens of WT and Par2-/- mice (Figure 5B). Together these results suggest that FVIIa 
and/or FXa do not contribute to the disadvantageous function of PAR2 in this model of 
pneumococcal pneumonia.

Tryptase inhibitor nafamostat does not influence bacterial growth or 
dissemination during pneumococcal pneumonia

We recently reported that mast cell deficient mice show a reduced bacterial growth and 
dissemination in this model of pneumococcal pneumonia, resembling the phenotype of 
Par2-/- mice in the current study28. Tryptase is a main product released by mast cells, and 
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a potent activator of PAR23, 29. Therefore, we sought to study the potential role of trypt-
ase in PAR2 activation21, 30 during pneumococcal pneumonia. In BALF obtained from WT 
mice 6 and 48 hours post infection tryptase activity remained undetectable. Moreover, 
treatment of mice with the tryptase inhibitor nafamostat31 during pneumococcal pneu-
monia did not influence bacterial burdens in BALF, lungs, blood or spleen (Figure 6).

S. pneumoniae does not activate PAR2 in human epithelial A549 cells or PAR2 
transfected HEK293 cells

Since S. pneumoniae is known to express proteases32, we investigated whether this 
pathogen can directly activate or desensitize PAR2. To this end, we incubated viable 
S. pneumoniae or known PAR2 activators (PAR2 AP or trypsin) with human respiratory 
epithelial (A549) cells or PAR2 transfected HEK293 cells and monitored the intracellular 
calcium flux. In A549 cells, PAR2 AP elicited a clear calcium flux (Figure 7A), whereas the 
effect of trypsin was more modest (Figure 7B). In contrast, S. pneumoniae (105–107 CFU/
ml) did not cause a calcium flux in A549 cells (shown for the highest dose tested in Fig-
ure 7C). To further confirm that S. pneumoniae does not directly impact PAR2 activity in 
respiratory epithelial cells, we tested whether this bacterium can desensitize A549 cells 
for subsequent stimulation with PAR2 AP. For this we added PAR2 AP to A549 cells pre-

10

Lung 

1
2
3
4
5
6
7
8
9

10
10

lo
g 

C
FU

/m
l

***

WT
Par2-/-

uninfected WTBlood 

0
1
2
3
4
5
6
7
8
9

10

lo
g 

C
FU

/m
l

***

0

20

40

60

80

100

Ev
an

s 
Bl

ue
 (µ

g/
 lu

ng
) **#C.B.A.

D. uninfected WT WT Par2-/-

Figure 4. Protease-activated receptor 2 impairs the integrity of the lung-blood barrier.
 Number of colony forming units (CFU) in lung homogenates (A) and blood (B) in wild-type (WT, grey boxes) 
and protease-activated receptor 2 knock-out (Par2-/-, open boxes) mice and lung barrier function in un-
infected controls (light grey boxes), WT and Par2-/- as determined by Evans Blue dye content in the lung 
and indicated as micrograms of Evans Blue dye in the lung (C), all 48 hours after intranasal infection with S. 
pneumoniae. Representative pictures (D) of uninfected WT, infected WT and infected Par2-/- mice. Data are 
expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper 
quartile and largest observation (n = 8 per group). ***p < 0.001, **p < 0.01 compared to WT mice. #p < 0.10 
compared with uninfected controls.



Chapter 7138

BALF Lung

Blood

Plasma

B.

A.
Lung

1

2

3

4

5

6

10
lo

g 
C

FU
/m

l

**
#

3

4

5

6

7

8

9

10
lo

g 
C

FU
/m

l

**

**

Spleen

2

3

4

5

6

7

10
lo

g 
C

FU
/m

l

*
#

*

0

5

10

15

20

TA
Tc

 [n
g/

 m
l]

*

**

**

*

0

10

20

30

40

TA
Tc

 [n
g/

 m
l] *

**

WT co WT NAPc2 Par2-/- co Par2-/- NAPc2

1

2

3

4

5

10
lo

g 
C

FU
/m

l

#

***

BC+ 8/8 7/7 3/8 4/7

*

Figure 5. TF/factor VIIa/factor Xa inhibitor rNAPc2 attenuates coagulation but does not affect bacte-
rial loads in Par2-/- or WT mice. Mice were infected intranasally with S. pneumoniae and treated with TF/
factor VIIa/factor Xa inhibitor rNAPc2; samples were harvested 48 hours post infection. Levels of thrombin-
antithrombin complexes (TATc) in wild-type (WT) control mice (grey boxes), WT mice treated with rNAPc2 
(grey striped boxes), protease-activated receptor 2 knock-out mice (Par2-/-, open boxes) and Par2-/- mice 
treated with rNAPc2 (open striped boxes) in plasma and lung homogenates (A); number of colony form-
ing units (CFU) per millilitre bronchoalveolar lavage fluid (BALF), lung homogenates, whole blood with 
the number of positive blood cultures (BC+) and spleen homogenates (B). Data are expressed as box-and-
whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and largest 
observation (n= 7-8 per group). ***p < 0.001, **p < 0.01, *p < 0.05. #p < 0.10.



139Protease-activated receptor 2 in pneumococcal pneumonia

7

incubated with S. pneumoniae. Whereas pre-exposure of A549 cells to S. pneumoniae did 
not prevent the calcium flux induced by PAR2 AP (Figure 7E), pre-incubation with trypsin 
largely prevented it (Figure 7D). We generated a stably transfected HEK293 PAR2 overex-
pressor and a control HEK293 (empty vector) cell line and repeated the abovementioned 
experiments. Again, S. pneumoniae did not activate or desensitize PAR2 in these cell lines 
(Supplementary Figure S3). Together these data argue against a role for S. pneumoniae 
to act on PAR2 directly by means of activation or desensitization.

DISCUSSION

PAR2 can be activated by proteases released from host cells or pathogens during in-
flammatory and infectious conditions. Pulmonary PAR2 activation can have both host 
protective and detrimental effects depending on the type of the inflammatory assault7. 
We here evaluated the role of PAR2 in a model of CAP caused by S. pneumoniae and 
demonstrate that the presence of PAR2 leads to increased intrapulmonary pneumococ-
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Chapter 7140

cal growth with higher rates of systemic dissemination ultimately resulting in increased 
lethality.

Both protective and deleterious PAR2 mediated effects have been demonstrated 
varying with different intruding pathogens and sites of infection4. In lung infection by 
influenza A PAR2 dampened neutrophil migration to lung alveoli and protected mice 
from lung injury and lethality10. In pneumonia caused by P.aeruginosa PAR2 enhanced 
bacterial clearance from the airways11, whereas no apparent role of PAR2 was found in 
the pathogenesis of acute E.coli airway infection12. In contrast with these reports, in the 
present study we describe for the first time a detrimental role for PAR2 in lung infection. 
PAR2 deficient mice were strongly protected during pneumococcal pneumonia in four 
separate experiments, with lower numbers of bacteria in organs and bacteraemia in 
only about half of infected Par2-/- mice. Bacterial numbers in positive blood cultures 
were not different between WT and Par2-/- mice during pneumococcal pneumonia or 
when pneumococci were injected intravenously, indicating that the relative protection 
of Par2-/- mice resided in the pulmonary compartment. From these observations we 
propose that the bacterial load needs to exceed a certain threshold to facilitate systemic 
dissemination over the lung epithelial-endothelial barrier, of which the integrity is dam-
aged by a PAR2 driven mechanism. Both in vitro and in vivo data support this theory; 
in primary respiratory epithelial cells PAR2 compromised the integrity of respiratory 
epithelium33 and a PAR2 activating peptide instilled into airways increased airway en-
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dothelial and epithelial permeability to protein in mice34. In accordance, we here show 
that PAR2 impairs the blood-lung barrier during pneumococcal pneumonia using the 
Evans Blue dye assay.

The role of PAR2 in the induction of lung inflammation varies depending on the 
inciting stimulus3, 4. In acute pneumonia caused by P. aeruginosa Par2-/- mice displayed 
enhanced neutrophil influx into BALF and elevated BALF TNFα levels possibly induced 
by higher bacterial loads11. Likewise, Par2-/- mice demonstrated increased neutrophil 
recruitment in BALF during influenza A infection coinciding with strongly elevated viral 
titers in their lungs10. We here found little if any effect of PAR2 on the proinflammatory 
response to S. pneumoniae in the lungs, as reflected by similar neutrophil counts in lung 
tissue, lung histopathology and pulmonary cytokine and chemokine levels in Par2-/- 
and WT mice. Together these data argue against the possibility that Par2-/- mice are 
protected during pneumococcal pneumonia by a mechanism in which the lack of PAR2 
improves an adequate proinflammatory immune response required for limiting bacte-
rial multiplication.

During pneumonia a rise in levels of TF initiates coagulation via the recruitment of 
FVIIa and Xa35 which both can activate PAR227. Inhibiting FVIIa and/or FXa with rNAPc2 
significantly reduced coagulation in both WT and Par2-/- mice, but did not reduce bacte-
rial numbers, confirming previous results obtained with this inhibitor19 and recombinant 
TF pathway inhibitor16. rNAPc2 treatment was associated with an increase in bacterial 
loads in spleens of WT and Par2-/- mice, suggesting that local coagulation may help 
to compartmentalize infection. Together these data argue against a role of FVIIa and/
or FXa in PAR2 activation during pneumococcal pneumonia. Of note, Par2-/- mice 
demonstrated diminished coagulation activation in their lungs compared to WT mice 
at 48 hours after infection, possibly caused by the lower pulmonary bacterial burdens in 
Par2-/- mice, providing a less potent procoagulant stimulus. Similarly, in a model of lung 
fibrosis Par2-/- mice displayed less TF expression and fibrin generation, possibly due to 
attenuated inflammation36.

Among immune cells that are recruited to the site of infection are mast cells that are 
able to release tryptase, a known PAR2 activating protease4. In vitro, mast cell tryptase 
impairs endothelial barrier function through activation of endothelial PAR221. In addi-
tion, mast cell deficient mice demonstrated a similarly improved host defence in this 
model as observed here in Par2-/- mice28, hinting to a possible link between mast cell-
derived tryptase and PAR2 activation during respiratory tract infection by S. pneumoniae. 
However, we could not detect any tryptase activity in BALF samples of infected mice and 
inhibiting tryptase activity with nafamostat did not impact on bacterial growth or dis-
semination, arguing against a role for tryptase in PAR2 mediated impaired host defence 
during pneumococcal pneumonia.
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Respiratory pathogens are a source of many proteases that have the potency to 
interact with PAR23. S. pneumoniae expresses proteases32, but it is unknown whether 
these proteases have PAR2 cleaving properties. PAR2 activation on cultured human 
airway epithelial cells induces a transient rise in intracellular calcium levels37. Viable S. 
pneumoniae was unable to yield an increase in intracellular calcium in epithelial cells or 
HEK293 cells stably transfected with PAR225, nor was S. pneumoniae able to desensitize 
PAR2. Thus, our in vitro studies suggest that S. pneumoniae does not express proteases 
able to activate PAR2 directly.

In conclusion, in our experimental model of CAP we found that the presence of PAR2 
leads to enhanced growth and dissemination of S. pneumoniae, at least in part by impair-
ing the integrity of the lung-blood barrier, ultimately resulting in a worsened survival. 
This study is the first to document that a common respiratory pathogen can use PAR2 to 
cause invasive infection.
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SUPPLEMENTARY MATERIAL

MATERIAL AND METHODS

Mice

Specific pathogen-free C57BL/6 WT mice were purchased from Charles River (Maastricht, 
The Netherlands). Protease-activated receptor 2 knock-out (Par2-/-) mice on a C57BL/6 
genetic background were originally provided by Jackson Laboratories (Bar Harbour, 
Maine) and bred at the animal care facility of the Academic Medical Centre. All experi-
ments were conducted with 10 to 12–week old gender-matched mice. The Institutional 
Animal Care and Use Committee of the Academic Medical Centre approved all experi-
ments.

Experimental study design

S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, Rockville, MD) 
was used to induce pneumococcal pneumonia and sepsis as described previously1-3; for 
induction of pneumonia, 5 x 104 colony-forming units (CFU) in 50 µL were inoculated 
intranasally; for induction of sepsis 5 x 105 CFU in 200 µL were inoculated intravenously. 
In separate experiments WT and Par2-/- mice were treated subcutaneously with re-
combinant anticoagulant protein (rNAPc24, 5; 10 mg/kg) or vehicle every 6 hours after 
induction of S. pneumoniae pneumonia; or with the tryptase inhibitor nafamostat mesi-
late (10 or 30 mg kg−1)6, 7 or vehicle at time of induction of pneumonia and at 24 hours 
post-infection. At predefined time points (6, 24 or 48 hours after infection) blood diluted 
1:4 with citrate, bronchoalveolar lavage fluid (BALF), lungs and spleen were harvested. 
Total cell numbers in BALF were determined by an automated cell counter (Coulter 
Counter, Coulter Electronics, Hialeah, FL). Differential cell counts were performed on 
cytospin preparations stained with a modified Giemsa stain (Diff-Quick; Dade Behring 
AG, Düdingen, Switzerland). The left lung lobe was fixed in 10% buffered formalin and 
embedded in paraffin. The remaining lung lobes and a part of the spleen were harvested 
and homogenized.

Bacterial quantification

To assess bacterial loads undiluted whole blood and serial ten–fold dilutions of organ 
homogenates, bronchoalveolar lavage fluid (BALF) and whole blood were made in ster-
ile isotonic saline and plated onto sheep–blood agar plates. Colony-forming units (CFUs) 
were counted following 16 hours of incubation at 37°C.
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Histopathology

Four-micrometre sections of the left lung lobe were stained with hematoxylin and 
eosin (H&E). All slides were coded and scored by a pathologist who was blinded for 
group identity for the following parameters: interstitial inflammation, endothelialitis, 
bronchitis, oedema, pleuritis and presence of thrombi. Confluent (diffuse) inflammatory 
infiltrate was quantified separately and expressed as percentage of the lung surface; 
the number of thrombi was counted in five non-overlapping random microscopic fields. 
The remaining parameters were rated separately on a scale from 0 (condition absent) to 
4 (severe). Neutrophil staining was performed using an anti-mouse Ly-6G monoclonal 
antibody (BD Pharmingen, San Diego, CA), as described previously1, 8.

Lung Permeability Assays

100 μL of Evans blue dye (5 mg/mL) was injected in the tail vein 90 min before the mouse 
was sacrificed 48-hours after infection with S. pneumoniae. Lungs were flushed with 10 
mL of PBS to wash out all remaining blood, after which the right lung was photographed 
using a Canon Powershot digital camera. Next the lungs were blotted dry, weighed, and 
homogenized in PBS (1 mL/100 μg tissue), after which two volumes of formamide were 
added. After 18 h of incubation at 60 °C, samples were centrifuged at 12,000 × g for 20 
min, and optical densities of the supernatants were determined by spectrophotometry 
at 620 nm and 740 nm in 96-well plates using a BioTek Synergy HT Multi-Mode Mi- 
croplate Reader. Evans blue dye concentrations were calculated using the lung-specific 
correction factor as described previously9.

Assays

Commercially available ELISA’s were used to measure myeloperoxidase (MPO; Hycult, 
Uden, the Netherlands), macrophage–inflammatory protein (MIP)–2, keratinocyte-
derived cytokine (KC), lipopolysaccharide-induced CXC chemokine (LIX), interleukin 
(IL)-1β (all R&D Systems, Abingdon, UK) and thrombin–antithrombin complexes (TATc; 
Affinity Biologicals, Ancaster, Ontario, Canada). Tumor necrosis factor alpha (TNF-α) and 
IL–6 were determined using a commercially available cytometric beads array multiplex 
assay (BD Biosciences, San Jose, CA).

Tryptase activity assay

To determine tryptase activity in BALF an assay was performed as previously described10. 
In brief, BALF was incubated with the chromogenic substrate S-2288 (H-D-Ile-Pro-Arg 
p-nitroanilide; Chromogenix-Instrumentation Laboratory SpA, Milan, Italy) at 37°C. Im-
mediately after addition of BALF, p-nitroaniline release from S-2288 was monitored at 
405 nm. Tryptase activity was represented as the difference from optical density at zero 
time.
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Calcium flux assay

A549 alveolar epithelial cells were purchased from the American Type Culture Collection 
(ATCC) and cultured in RPMI 1640 medium containing 2 mM L-glutamine, penicillin, and 
streptomycin. Human embryonic kidney (HEK) 293 cells were stably transfected with 
empty vector (pcDNA3.1) or human PAR2 YFP-tag11 and cultured in DMEM supplemented 
with 10% FCS, 2 mM L-glutamine, penicillin and streptomycin under neomycin (G418 
GIBCO) selection pressure. A549 and HEK293 cells were seeded in a 96 wells plate and 
used in experiments when ~90% confluence was reached. To remove antibiotics cells 
were washed with sterile saline before loading with 2X Fluo-4 direct calcium reagent 
loading solution (Fluo-4 Direct™ Calcium Assay Kit, Invitrogen, Carlsbad, CA) diluted 1:1 
with RPMI (A549) or DMEM (HEK293) medium without antibiotic supplements. After 
one hour of incubation cells were stimulated with calcium ionophore A23187 (2 μM); 
PAR2 agonist peptide (AP) SLIGRL-NH2 (Anaspec, CA) (100 μM); trypsin (50 nM); viable S. 
pneumoniae (105, 106, 107 CFU/ml) or Fluo-4 Direct calcium assay buffer. To test whether 
the initial stimuli desensitized the cells for PAR2 activation, cells were stimulated with 
PAR2 AP 15 minutes after the initial stimulus. Samples were excited at 485 nm, and emis-
sion spectra were recorded at 530 nm using a Synergy™ HT Microplate Reader (BioTek® 
Instruments Inc., Winooski, VT).
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ABSTRACT

Background: Streptococcus (S.) pneumoniae is the most common causative pathogen in 
community-acquired pneumonia. Mast cells are mainly located at the host-environment 
interface where they function as sentinels.

Objective: Our goal was to study the role of mast cells (MCs) during pneumonia caused 
by S. pneumoniae.

Methods: Lung tissue of patients who had died from pneumococcal pneumonia or 
a non-pulmonary cause was stained for MCs and tryptase. Wild type (WT) and MC-
deficient (KitW-sh/W-sh) mice were observed or sacrificed after induction of pneumonia by 
intranasal inoculation of S. pneumoniae. In separate experiments WT mice were treated 
with doxantrazole or cromoglycate, which are MC stabilizing agents.

Results: The constitutive presence of tryptase-positive MCs was reduced in affected 
lungs from pneumonia patients. KitW-sh/W-sh mice showed a prolonged survival during the 
first days after LD100 and LD50 infection, while overall mortality did not differ from that in 
WT mice. Relative to WT mice, KitW-sh/W-sh mice showed reduced bacterial counts with less 
bacterial dissemination to distant organs and less inflammation. Neither doxantrazole 
nor cromoglycate influenced antibacterial defense or inflammatory responses after 
airway infection with S. pneumoniae.

Conclusions: MCs exhibit an unfavorable role in host defense during pneumococcal 
pneumonia by a mechanism independent of degranulation.
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INTRODUCTION

Streptococcus (S.)pneumoniae is the most frequently isolated pathogen in community-
acquired pneumonia (CAP)1, 2 and an important causative organism in sepsis, especially 
in the context of pneumonia3, 4. As such, S. pneumoniae is a major source of morbidity 
and mortality5, 6.

Mast cells (MCs) are evolutionary preserved cells that have become increasingly appre-
ciated as important modulators of the host immune response7. Particularly prominent 
at the host-environment interface they function as sentinels and can become activated 
by invading pathogens or inflammatory mediators8. MCs are equipped with preformed, 
readily active proteases stored in cytoplasmic granules that can be released upon acti-
vation. Their activation may modify the immune response by producing and releasing 
various cytokines in response to stimuli independent of degranulation7. MC derived pro-
teases can affect the inflammatory process profoundly, by modifying the extracellular 
matrix, recruiting neutrophils and other immune cells to the site of infection, modulating 
the activation of these immune cells and enhancing bacterial killing after phagocyto-
sis9-11. Moreover, MCs are known to produce antimicrobial peptides, known as catheli-
cidins12, 13. Indeed, MCs were crucial for clearance of Escherichia coli and Klebsiella (K.) 
pneumoniae from the peritoneal cavity as well as Mycoplasma pneumoniae and K. 
pneumoniae from the lung, ultimately influencing the outcome in these infection mod-
els11, 14, 15.

Knowledge of the role of MCs in host defense against S. pneumoniae is limited. A recent 
study demonstrated that primary human lung MCs exhibit direct antimicrobial activity 
towards S. pneumoniae in vitro; this investigation did not study the in vivo relevance of 
this finding16. We here sought to establish the role of MCs in the immune response to 
pneumococcal pneumonia.
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MATERIALS AND METHODS

For more detailed Materials and Methods please see the supplementary material.

Patients

Expression of c-Kit and tryptase were determined on lung tissue slides from ten patients 
who had succumbed to CAP with positive sputum and/or blood cultures for S. pneu-
moniae and from eight patients who had died from a non-pulmonary cause (for details 
see the online data supplement).

Animals

MC-deficient KitW-sh/W-sh (B6.Cg-KitW-sh/HNihrJaeBsmJ) mice on a C57BL/6 genetic 
background were originally from the Jackson Laboratory (Bar Harbor, ME, USA) and bred 
at the animal care facility of the Academic Medical Center. Age and gender matched 
specific pathogen-free C57BL/6 mice were purchased from Charles River (Maastricht, 
The Netherlands) and were used at 10–12 weeks of age. The Institutional Animal Care 

and Use Committee of the Academic Medical Center approved all experiments.

Experimental study design

S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, Rockville, MD) 
was used to induce pneumococcal pneumonia. Bacteria were grown as described17 
and approximately 5 x 104 colony-forming units (CFU) or approximately 9 x 104 CFU 
(median lethlas dose (LD)100 survival study) in 50 µL were inoculated intranasally. In 
separate experiments wild-type (WT) mice were treated with doxantrazole (a kind gift 
of Agnès Francois, Institut Gustave Roussy, Villejuif, France) with sodium cromoglycate 
(Nalcrom, Sanofi-Aventis, the Netherlands) or vehicle. At several time points samples 
were harvested and processed as described previously17, 18. In some experiments mice 
were infected with S. pneumoniae serotype 2 (D39; approximately 4 x 107 CFU) or the 
isogenic pneumolysin deficient D39Δply strain (approximately 4 x 107 CFU)19.

Bacterial quantification

To assess bacterial loads, undiluted whole blood and serial t10–fold dilutions of organ 
homogenates, bronchoalveolar lavage fluid (BALF) and whole blood were made in ster-
ile isotonic saline and plated onto sheep–blood agar plates. CFUs were counted after 16 
hours of incubation at 37°C.

Assays

Levels of interleukin (IL)-6, tumor necrosis factor alpha (TNF-α,), macrophage–inflam-
matory protein (MIP)-2, keratinocyte-derived cytokine (KC), lipopolysaccharide-induced 
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CXC chemokine (LIX), IL-1β (all R&D Systems, Abingdon, UK) and myeloperoxidase (MPO; 
HyCult Biotechnology, Uden, The Netherlands) were measured using commercially avail-
able ELISA kits. The cytometric beads array multiplex assay (BD Biosciences, San Jose, 
CA) was used to measure TNF-α and IL-6 in plasma, as well as monocyte chemotactic 
protein (MCP)–1 and interferon–gamma (IFN–γ) in lung homogenates and plasma.

Histopathology

Paraffin-embedded 4-µm lung sections were stained with hematoxylin and eosin (H&E), 
analyzed for inflammation and tissue damage, and semiquantitatively scored by a pa-
thologist as described previously20.

Immunohistochemistry

Neutrophil stainings on mouse lung tissue were performed using fluorescein isothyio-
cyanate-labeled rat anti-mouse Ly-6 monoclonal antibody (Pharmingen, San Diego, CA) 
and analyzed as described previously20, 21.

Statistical analysis

Data are expressed as indicated. Differences between groups were analyzed by Mann–
Whitney U tests or paired t test when appropriate. Survival curves were compared using 
the log-rank test. All analyses were done using GraphPad Prism (GraphPad Software, San 
Diego, CA, USA). A P value of < 0.05 was considered statistically significant.

RESULTS

Expression of MCs and tryptase in human lung tissue during CAP

To obtain insight into the (co-) expression of MCs and tryptase in the context of CAP 
caused by S. pneumoniae we performed a MC (c-Kit) and tryptase double-staining 
on lung tissue of patients who had died from pneumococcal pneumonia or (control) 
patients who had died from a non-pulmonary cause. MCs and tryptase mainly colocal-
ized in human lung tissue samples (Supplementary Figure 1). The total number of c-Kit/
tryptase double positive cells was similar in lungs from control patients and unaffected 
lungs from CAP patients (Supplementary Figure  1A). However, the number of c-Kit/
tryptase positive cells, and number of total MCs were lower in tissue of affected lungs 
of CAP patients (Supplementary Figure  1B). Representative slides of control patients, 
unaffected and affected lung of CAP patients are shown in Supplementary Figure 1C-E.



Chapter 8160

MC deficient KitW-sh/W-sh mice show delayed lethality in S. pneumoniae pneumonia

In an LD100 observational study KitW-sh/W-sh mice demonstrated prolonged survival in the 
first 70 hours after induction of pneumonia compared with WT mice (P< .05). However, 
after 100 hours this initial benefit over WT mice was no longer present (Figure 1A). In a 
less virulent pneumonia setting (LD50) KitW-sh/W-sh mice showed a survival benefit up to 96 
hours after infection compared with WT mice (P< .05) and a trend toward overall better 
outcome (P=.10, Figure 1B).

Impact of MCs on bacterial growth depends on the phase of pneumococcal 
pneumonia

We wondered whether MCs influence growth of S. pneumoniae in the host and quantified 
bacterial loads at predefined time points in BALF, lung homogenates, blood and spleen 
homogenates (Figure  2A-D). Initially (3 hours post infection) KitW-sh/W-sh mice displayed 
lower bacterial counts in BALF and lungs when compared with WT mice; whereas 6 hours 
after infection, these findings were reversed (p<0.01 – p<0.05; this time dependent dif-
ference was confirmed in an independent experiment, data not shown). At these early 
time points no dissemination of pneumococci was observed. During the later phase of 
the infection, KitW-sh/W-sh mice had lower bacterial counts in BALF (48 hours, p=0.007) and 
lungs (24 and 48 hours, p<0.05) relative to WT mice, which was accompanied by reduced 
pneumococcal burdens in blood and spleen at both 24 and 48 hours (p<0.01 – p<0.05).

KitW-sh/W-sh mice demonstrate altered neutrophil recruitment into lung tissue

Pneumococcal pneumonia is associated with neutrophil migration to the lung paren-
chyma. MCs can mobilize immune cells such as neutrophils upon recognition of an 
invading pathogen7. Therefore, we assessed the number of neutrophils in BALF and the 
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Figure 1. Presence of mast cells leads to hastened death in pneumococcal pneumonia.
Wild-type (WT) and mast cell deficient (KitW-sh/W-sh) mice were infected intranasally with S. pneumoniae (N=16 
for all groups) and observed for ten days in a LD100 (A) or LD50 (B) observational study. **p<0.01, *p<0.05 
compared with WT, log rank test.
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number of Ly-6G–positive cells in lung tissue slides and we measured MPO concentra-
tions in whole lung homogenates of KitW-sh/W-sh and WT mice. BALF neutrophil counts did 
not differ between study groups (Figure 3A). MPO concentrations in lung homogenates, 
indicative for neutrophil content and activity, were similar in both strains in the early (3 
hours) and late (48 hours) phases of infection. In between these time points, KitW-sh/W-sh 

mice displayed higher lung MPO concentrations at 6 hours but lower MPO values at 24 
hours (Figure 3B), corresponding with fewer Ly-6G–positive cells at this latter time point 
(Figure 3C, D).

Impact of MC deficiency on lung inflammation

We determined the extent of inflammation in lung tissue slides from KitW-sh/W-sh and WT 
mice17, 22, 23. At 6 hours post infection, the extent of inflammation was low in all mice 
and did not differ between strains (data not shown); however, all histological features 
of pneumonia were less pronounced or absent in KitW-sh/W-sh mice compared with WT 
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Figure 2. Impact of mast cells on bacterial growth depends on the phase of pneumococcal pneumo-
nia. Number of colony forming units (CFU) in wild-type (WT) and mast cell deficient (KitW-sh/W-sh) mice per 
milliliter bronchoalveolar lavage fluid (BALF) (A), lung homogenates (B), whole blood with the number of 
positive blood cultures (BC+) (C) and spleen homogenates (D) 3, 6, 24 or 48 hours after infection. Data are 
expressed as box-and-whisker diagrams (N = 8 per group). **p<0.01, *p<0.05 compared with WT mice.
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mice during the course of infection, significantly so at 48 hours (Figure  4). Next, we 
measured the levels of chemokines (KC, MIP-2, MCP-1) and proinflammatory cytokines 
(TNF-α, IL-1β, IL-6, IFN-γ) in BALF and whole lung homogenates harvested at 3, 6 (data 
not shown), 24 and 48 hours after infection (Table 1). At 3, 6 and 48 hours the pulmonary 
concentrations of all mediators measured were similar in both mouse strains (with the 
exception of MCP-1 at 48 hours). Remarkably, nearly all of these inflammatory mediators 
were lower in lung homogenates of KitW-sh/W-sh mice after 24 hours.

KitW-sh/W-sh mice show a reduced systemic cytokine response during late stage 
pneumococcal pneumonia

We determined the impact of MC deficiency on systemic inflammation by measuring 
proinflammatory mediator levels in plasma. Overall, KitW-sh/W-sh mice had lower plasma 
cytokine concentrations at 24 and 48 hours post infection, significantly so for IL-6, IFN-γ 
(24 hours) and MCP-1 (24 and 48 hours, Table 2).
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Figure  3. Mast cell deficiency alters the neutrophil response in lung tissue during pneumococcal 
pneumonia. Wild-type (WT) and mast cell deficient (KitW-sh/W-sh) mice were infected intranasally with S. 
pneumoniae. Neutrophil counts in bronchoalveolar lavage fluid (BALF) (A), levels of myeloperoxidase (MPO) 
in lung homogenates (B), accumulation in lung tissue expressed as total Ly-6G scores as percentage of lung 
tissue surface (C) and representative slides of Ly-6G staining of WT and KitW-sh/W-sh mice at 24 hours (D and 
E) are depicted. Data are expressed as box-and-whisker diagrams (N = 8 per group). Original magnification 
200x.
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MC stabilizing agents doxantrazol and cromoglycate do not influence the host 
immune response in S. pneumoniae pneumonia

MCs have many preformed inflammatory mediators stored in their granules that can 
alter the host inflammatory response upon degranulation24. Therefore, we examined 
the effect of two MC stabilizing agents, doxantrazol and cromoglycate, using dosing 
regimens previously shown to affect MC responses in rodents in vivo25, 26. For these 
studies we focused on late stage pneumonia by considering the strong phenotype of 
KitW-sh/W-sh mice at 48 hours after infection. Neither doxantrazol (Supplementary Figure 2) 
nor cromoglycate (Supplementary Figure  3) influenced bacterial loads nor did these 
compounds influence lung or plasma concentrations of cytokines or chemokines (data 
not shown).

Impact of MCs on bacterial loads after infection with serotype 2 wild-type and 
pneumolysin deficient S. pneumoniae

Pneumolysin is important for activation of MCs to induce antimicrobial activity toward S. 
pneumoniae16. We studied bacterial loads in KitW-sh/W-sh and WT mice 48 hours after infec-
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Figure 4. Mast cell deficiency is associated with attenuated lung pathology during pneumococcal 
pneumonia. Total lung histopathology scores (PA) (E) and representative microphotographs of hematox-
ylin-and-eosin-stained lung sections of WT (A and B) and KitW-sh/W-sh mice (C and D) and infiltrate as percent-
age of lung surface (F) at 24 and 48 hours after induction of pneumococcal pneumonia. Data are expressed 
as box-and-whisker diagrams (N = 8 per group). Original magnification 100x. **p<0.01, *p<0.05 and #p<0.1.
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Table 1. Levels of cytokines and chemokines in bronchoalveolar lavage fluid and lung homogenates of 
wild-type and mast cell deficient mice during Streptococcus pneumoniae pneumonia

BALF

24 hours 48 hours

WT KitW-sh/W-sh WT KitW-sh/W-sh

LIX (pg/ml) 620 ± 93 642 ± 101 411 ± 94 338 ± 73

MIP-2 (pg/ml) 58 ± 6 79 ± 11 89 ± 12 90 ± 5

KC (pg/ml) 453 ± 62 570 ± 76 653 ± 165 500 ± 80

IL-6 (pg/ml) 55 ± 25 59 ± 13 358 ± 182 181 ± 96

TNFα (pg/ml) 117 ± 22 214 ± 22* 175 ± 27 152 ± 13

Lung

IL-1β (pg/ml) 553 ± 154 109 ± 19* 348 ± 107 187 ± 60

MIP-2 (pg/ml) 3325 ± 275 2628 ± 53 30692 ± 8863 12480 ± 3074

KC (pg/ml) 15867 ± 1524 5962 ± 859*** 24562 ± 4697 14464 ± 2461

IL-6 (pg/ml) 757 ± 179 184 ± 47** 1091 ± 206 655 ± 263

TNFα (pg/ml) 861 ± 36 824 ± 49 3324 ± 154 3197 ± 246

IFN-γ (pg/ml) 14.5 ± 3.9 2.5 ± 0.3** 20.3 ± 6.2 12.6 ± 5.6

MCP-1 (pg/ml) 1698 ± 385 235 ± 31** 4310 ± 1102 1383 ± 255*

Levels of cytokines and chemokines in bronchoalveolar lavage fluid (BALF) and lung homogenates 24 and 
48 hours after induction of pneumococcal pneumonia in wild-type (WT) and mast cell–deficient (KitW-sh/W-sh) 
mice. Data are expressed as mean ± standard error of the mean of n = 8 per group.
Abbreviations: IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; KC, keratinocyte-derived cytokine; 
LIX, lipopolysaccharide-induced CXC chemokine; MCP-1, monocyte chemotactic protein-1; MIP-2, Macro-
phage–inflammatory protein–2. * P < .05, ** P < .01 and *** P < .001 compared with WT.

Table 2. Levels of cytokines and chemokine in plasma of wild-type and mast cell deficient mice during 
Streptococcus pneumoniae pneumonia

plasma

24 hours 48 hours

WT KitW-sh/W-sh WT KitW-sh/W-sh

IL-6 (pg/ml) 68 ± 16 13 ± 6** 293 ± 50 142 ± 67

TNFα (pg/ml) 7.6 ± 1.3 5.8 ± 0.3 40 ± 8.1 28 ± 11.7

IFN-γ (pg/ml) 10.8 ± 2.6 1.7 ± 0.1** 25.8 ± 6.8 13.3 ± 4.9

MCP-1 (pg/ml) 173 ± 61 12 ±2* 227 ± 47 56 ± 19*

Levels of cytokines and chemokines in plasma 24 and 48 hours after induction of pneumococcal pneumo-
nia in wild-type (WT) and mast cell deficient (KitW-sh/W-sh) mice. Data are expressed as mean ± standard error 
of the mean of n = 8 per group. Abbreviations: IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; 
MCP-1, monocyte chemotactic protein-1. * P < .05 and ** P < .01 compared with WT.
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tion with either S. pneumoniae D39 (serotype 2) or the isogenic pneumolysin deficient 
D39Δply strain. KitW-sh/W-sh and WT mice had similar bacterial burdens in all body sites 
tested after infection with D39 (Figure 5, left panels), whereas bacterial numbers after 
infection with D39Δply were much lower in KitW-sh/W-sh than in WT mice (Figure 5, right 
panels).

DISCUSSION

MCs have recently gained more recognition as important effector cells during infection, 
capable of affecting both immediate innate processes and delayed adaptive immune 
responses, raising the possibility to modulate the course of an infection. In previous ex-
perimental infection studies, MCs predominantly favored bacterial clearance, resulting 
in decreased lethality11, 14, 15, 27-29. Our current findings, on the contrary, suggest that MCs 
have a detrimental effect on bacterial growth and dissemination during pneumococcal 
pneumonia and that this effect is mediated independent of degranulation.

In a small case series of human lung tissue obtained postmortem from patients who 
had died from pneumococcal pneumonia in the lung affected by pneumonia, the 
number of c-Kit/tryptase positive cells was reduced relative to unaffected lung tissue, 
suggesting that MCs are not recruited to the site of infection during human respiratory 
tract infection. Rather, these findings indicate that MCs are resident in lung tissue30, 
where they may rapidly respond to invading pathogens.
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Figure 5. Impact of pneumolysin and mast cells on bacterial growth in pneumococcal pneumonia.
Number of colony forming units (CFU) in wild-type (WT) and mast cell deficient (KitW-sh/W-sh) mice per mil-
liliter bronchoalveolar lavage fluid (BALF), lung homogenates, whole blood with the number of positive 
blood cultures (BC+) and spleen homogenates 48 hours after infection with S. pneumoniae D39 (panel A) 
and the isogenic pneumolysin deficient D39Δply (panel B). Data are expressed as box-and-whisker dia-
grams (N = 8 per group). **p<0.01, *p<0.05.
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To study the functional role of MCs we infected MC deficient and WT mice with vi-
able S. pneumoniae via the airway. Remarkably, in the early phase (<6 hours) of infec-
tion, we revealed a bimodal role of MCs regarding bacterial growth in the pulmonary 
compartment, which was confirmed in an independent experiment. Three hours post 
infection bacterial counts were higher in lungs of WT than in lungs of KitW-sh/W-sh mice, 
whereas the opposite was true at 6 hours. Pulmonary neutrophil numbers and activ-
ity did not differ between study groups at 3 hours post infection, while at 6 hours WT 
mice displayed lower neutrophil activity compared to KitW-sh/W-sh mice. Taken together, 
these findings suggest that MCs do not contribute to neutrophil attraction or neutrophil 
activity during the early phase of pneumococcal infection. In line with this observation, 
impaired neutrophil migration was prevented by MC depletion in a model of experi-
mental sepsis31. Notably, after 3 to 6 hours bacterial burdens decreased in pulmonary 
alveolar and interstitial compartments of WT mice, while in KitW-sh/W-sh mice bacterial 
counts increased, suggesting that MCs play an active role in bacterial clearance in this 
phase of infection, independent of neutrophils. In accordance, recent in vitro studies 
demonstrated that MCs exhibit direct antimicrobial activity to pneumococci through 
activation by pneumolysin16. Additionally, MCs have been reported to enhance killing of 
other bacteria10, 11, 13, in part, by production of extracellular traps32.

Important prestored mediators of MCs include TNF-α and IL-6, which can be released 
within the first minutes after stimulation. However, in the early phase (<6 hours) of infec-
tion, WT mice did not exhibit higher levels of TNF-α or IL-6 in BALF or lungs relative to 
KitW-sh/W-sh mice. Accordingly, in previous studies, live pneumococci stimulated degranu-
lation of MCs without the release of prestored TNF-α or de novo synthesis of TNF-α and 
IL-633. Moreover, no differences were observed in any measured cytokines/chemokine 
between strains, suggesting that MC deficiency does not have a pronounced impact on 
early inflammatory mediator production in the lungs during pneumococcal pneumonia.

In the later phase of infection (beyond 6 hours) the presence of MCs was associated 
with increased bacterial counts in lungs and systemic dissemination. Although a clear 
mechanistic explanation is lacking at present, these data are in accordance with the 
delayed mortality of KitW-sh/W-sh mice in the period shortly after 48 hours of infection. This 
unfavorable outcome coincided with enhanced local and systemic lung inflammation 
and lung tissue pathology in WT mice. Previous studies documented a detrimental role 
of MCs during polymicrobial abdominal sepsis induced by cecal ligation and punc-
ture34-36. At 24 hours post infection bacterial loads were lower in lung homogenates 
but not in BALF of KitW-sh/W-sh mice, suggesting that MCs facilitate bacterial invasion and 
spreading. Of relevance for bacterial dissemination, MC chymases of rodents have been 
implicated to increase epithelial permeability by cleaving proteins involved in tight 
junctions during infection37-39. The lower levels of inflammatory mediator at 24 hours 
in KitW-sh/W-sh mice may reflect the reduced bacterial loads in lung tissue compared to WT 
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mice, providing a less potent inflammatory stimulus. Alternatively, MCs may exhibit a 
net pro-inflammatory effect in lung tissue only in a later phase (between 6 and 24 hours) 
of pneumococcal pneumonia.

MCs have been shown to exert direct antimicrobial activity to S. pneumoniae D39 in 
vitro through their activation by pneumolysin16. This prompted us to study the role of 
pneumolysin in KitW-sh/W-sh and WT mice infected with S. pneumoniae. Since S. pneumoniae 
6303 cannot be genetically modified easily, we conducted experiments with S. pneu-
moniae D39 and the isogenic pneumolysin deficient D39Δply. The results obtained 48 
hours after infection with D39 and D39Δply seem paradoxical, that is, if the antimicrobial 
activity of MCs would drive bacterial clearance in vivo, one would have expected to find 
increased bacterial loads in KitW-sh/W-sh relative to WT mice after infection with D39, and 
similar bacterial loads in both mouse strains after infection with D39Δply. However, 
MC deficiency did not significantly influence the clearance of D39, whereas D39Δply 
was cleared more rapidly in KitW-sh/W-sh mice, thereby resembling the improved bacterial 
defense of these mice after infection with serotype 3 pneumococci (6303). The results 
obtained with S. pneumoniae 6303 suggest that if direct antimicrobial activity of MCs 
contributes to host defense during pneumococcal pneumonia it is only detectable very 
early after infection (i.e. 6 hours after infection). These results suggest that the role of 
MCs in host defense during pneumococcal pneumonia at least in part depends on the 
composition of the capsule and cell wall, and that the antimicrobial activity of MCs 
toward pneumococci does not contribute to the eventual growth of this pathogen in 
the lower airways after infection with either a serotype 2 (D39 and D39Δply) or 3 (6303).

MCs are known to release (preformed) mediators from their granules, which have 
the ability to both promote and dampen an inflammatory reaction24. We wondered 
whether the observed phenotype was dependent on MC degranulation. In vitro, live 
pneumococci induced MC degranulation in a dose- and time-dependent manner33. 
Moreover, stimulation of MCs through TLR2 by peptidoglycan, a component of the cell 
wall of Gram-positive bacteria, induced both degranulation and cytokine production40. 
Important prestored mediators of MCs are IL-6, TNF-α and tryptase. As described above, 
the first two mediators were not released by live pneumococci in vitro and IL-6 and 
TNF-α were not different between KitW-sh/W-sh and WT mice in the early stage of our in vivo 
model, arguing against a role for these two cytokines in the phenotype of MC-deficient 
mice during pneumococcal pneumonia described here. MC-restricted tryptase mMCP-6 
can have an immune protective role in bacterial infections29 and is able to mediate neu-
trophil extravasation9. Recombinant tryptase instilled into lungs of mice increased neu-
trophil numbers more than 100-fold41. However, we could not detect tryptase activity in 
BALF of WT mice infected with pneumococci, and administration of the tryptase-specific 
inhibitor nafamostat42 did not have an impact on bacterial growth or dissemination 
(data not shown), suggesting that tryptase does not play a major role in our model of 
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pneumococcal pneumonia. To test whether other mediators released from MCs upon 
degranulation are of more functional importance, we inhibited MC degranulation using 
two MC stabilizers. However, neither doxantrazol nor cromoglycate influenced bacterial 
growth or the inflammatory response in lungs or plasma of mice during pneumococcal 
pneumonia.

In conclusion, we report an unfavorable effect of MCs for the host on bacterial multi-
plication and dissemination during respiratory tract infection by S. pneumoniae, which 
results in accelerated death independently of MC degranulation. These data suggest 
that the pneumococcus has evolved strategies to misuse MCs in the airways in order to 
cause invasive infection.
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SUPPLEMENTARY MATERIAL

MATERIALS AND METHODS

For more detailed Materials and Methods please see the supplementary material.

Patients

Paraffin-embedded lung tissue, stored in in the Department of Pathology, Academic 
Medical Center, Amsterdam, was used from ten patients (mean age 69 ± 6 yrs) who had 
succumbed to CAP with positive sputum and/or blood cultures for S. pneumoniae and 
from eight patients (mean age 62 ± 9 yrs) who had died from a non-pulmonary cause, 
according to the ‘Code for Proper Secondary Use of Human Tissue’, Dutch Federation 
of Medical Scientific Societies. Expression of c-Kit and tryptase were determined on 
lung tissue slides (for details on the procedure see the online data supplement); in CAP 
patients both the lung with histologic signs of pneumonia (“affected side”) and the 
contralateral lung (“unaffected” side) were analyzed.

c-Kit and tryptase double-staining

Paraffin-embedded lung tissue derived from patients with pneumococcal pneumonia 
and controls were retrieved from the archives of the Department of Pathology, Academic 
Medical Center, Amsterdam. Ten patients (mean age 69 ± 6 years) who had succumbed 
to CAP with positive sputum and/or blood cultures for S. pneumoniae and eight patients 
(mean age 62 ± 9 years) who had died from a non-pulmonary cause were included in this 
study. According to Dutch law, these samples can be freely used after anonymizing the 
tissues, provided these are handled according to national ethical guidelines (‘Code for 
Proper Secondary Use of Human Tissue’, Dutch Federation of Medical Scientific Societ-
ies). To determine MC and tryptase expression in the human lung in the context of CAP, 
expression of c-Kit and tryptase were determined on lung tissue slides. In brief, 5-μm 
human lung sections were first deparaffinized and rehydrated. After washing with run-
ning tap water, a non-serum protein block was applied for 15 min at room temperature 
(Ultra V Block; Thermo Scientific/LabVision). A heat-induced antigen retrieval procedure 
using Tris–EDTA at pH 9.0 for 20 min was performed on all tissue sections, which were 
subsequently incubated with a 1:500 dilution rabbit- anti-human c-Kit (CD117 clone 
A4502, DAKO, Carpinteira, CA) overnight at 4 °C, followed by incubation with biotinyl-
ated goat anti-rabbit poly alkaline phosphatase (AP) (DPVR-110AP, ImmunoLogic, Du-
iven, The Netherlands). Visualization of antibody reactivity was performed with Vector 
Blue (Brunschwig Chemie, Amsterdam, the Netherlands) as chromogen. To remove the 
antibodies from the first staining sequence, but leaving the deposits of blue reaction 
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product unchanged, a second antibody retrieval step was applied (10 min, citrate pH 6.0, 
at 98°C). Next, 1:200 diluted AP-conjugated monoclonal mouse anti-human tryptase for 
MCs (DAKO clone AA1, M7052) was applied and after incubation with goat anti-mouse 
poly AP (DPVM-55AP, ImmunoLogic, Duiven, The Netherlands) visualized in red using 
Vector Red (Instruchem) and counterstained with methyl green. Human lung tissue 
paraffine sections of patients who did not decease from pulmonary disease were used 
as controls. Spectral images were acquired using a Leica DM5000B microscope (Leica 
Microsystems; Wetzlar, Germany) with a Nuance VIS-FL Multispectral Imaging System 
(Cambridge Research Instrumentation; Woburn, MA). Spectra were acquired from 420 
to 720 nm at 20-nm intervals. The numbers of MCs positive and/or tryptase positive foci 
were quantified using Nuance software version 3.0.

Experimental study design

S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, Rockville, MD) 
was used to induce pneumococcal pneumonia. Bacteria were grown as described1 and 
~5 x 104 colony-forming units (CFU) or ~9 x 104 CFU (LD100 survival study) in 50 µL were 
inoculated intranasally. In separate experiments WT mice were treated intraperitoneally 
with doxantrazole (10 or 30 mg kg−1, kind gift of Agnès Francois, Institut Gustave Roussy, 
Villejuif, France) or vehicle alone at day -1, at time of infection and every 12 hours after 
infection; or intraperitoneally with sodium cromoglycate (100 mg kg−1, Nalcrom®, Sanofi-
Aventis, the Netherlands) at time of infection and every 24 hours after infection. At 3, 6, 
24 and 48 hours after induction of pneumococcal pneumonia blood, bronchoalveolar 
lavage fluid (BALF), lungs and spleen were harvested and processed using methods 
described previously1, 2. In some experiments mice were infected with S. pneumoniae 
serotype 2 (D39; ~4 x 107 CFU) or the isogenic pneumolysin deficient D39Δply strain (~4 
x 107 CFU)3 and euthanized after 48 hours for determination of bacterial loads.
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Figure S1. Mast cells and tryptase expression in human lung tissue from patients with and without 
pneumococcal pneumonia. Mast cell (MC, blue) and tryptase (red) immunohistochemical staining was 
performed on lung tissue of patients who had died from non-pulmonary causes (N=10) and on lung tissue 
from the unaffected and affected lung of patients who had succumbed to CAP caused by S. pneumoniae (n 
= 8). The number of c-Kit/tryptase positive cells (A), total number of MCs (B) per high power field and repre-
sentative lung slides from a control patient (C), and a patient who had died from pneumococcal pneumonia 
(D: unaffected lung; E: affected lung). #p=0.1 unpaired t-test, *p<0.05, paired t-test.
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Figure S2. Mast cell degranulation inhibition by doxantrazole does not influence bacterial growth or 
dissemination during pneumococcal pneumonia. Wild-type (WT) mice were infected intranasally with S. 
pneumoniae and treated with the mast cell stabilizer doxantrazole; samples were harvested 48 hours post-
infection. Number of colony forming units (CFU) per milliliter bronchoalveolar lavage fluid (BALF) (A), lung 
homogenates (B), whole blood (C) and spleen homogenates (D) in WT control mice (grey boxes), WT mice 
treated with doxantrazole 10 mg/kg (horizontal striped boxes) and WT treated with doxantrazole 30 mg/kg 
(vertical striped boxes). Data are expressed as box-and-whisker diagrams depicting the smallest observa-
tion, lower quartile, median, upper quartile and largest observation (n = 8 per group).
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Figure S3. Mast cell degranulation inhibition by cromoglycate does not influence bacterial growth or 
dissemination during pneumococcal pneumonia. Wild-type (WT) mice were infected intranasally with 
S. pneumoniae and treated with the mast cell stabilizer cromoglycate; samples were harvested 48 hours 
post-infection. Number of colony forming units (CFU) per milliliter bronchoalveolar lavage fluid (BALF) (A), 
lung homogenates (B), whole blood (C) and spleen homogenates (D) in WT control mice (grey boxes) and 
WT treated with cromoglycate (striped boxes). Data are expressed as box-and-whisker diagrams depicting 
the smallest observation, lower quartile, median, upper quartile and largest observation (n = 8 per group).
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ABSTRACT

Streptococcus pneumoniae is the most common causative pathogen in community-
acquired pneumonia (CAP). Granzyme A (GzmA) is a serine protease produced by many 
different cell types. We sought to determine the role of GzmA during pneumococcal 
pneumonia.

GzmA was measured in bronchoalveolar lavage fluid (BALF) harvested from CAP patients 
from the infected and contralateral uninfected side, and in lung tissue slides from CAP 
patients and controls. Pneumonia was induced in wild type (WT) and GzmA deficient 
(GzmA−/−) mice by intranasal inoculation of S. pneumoniae. In separate experiments WT 
and GzmA−/− mice were treated with natural killer (NK) cell depleting antibodies.

In CAP patients, GzmA levels were increased in BALF obtained from the infected lung. 
Human lungs showed constitutive GzmA expression by both parenchymal and non-
parenchymal cells. Upon infection with S. pneumoniae, GzmA−/− mice showed a better 
survival and lower bacterial counts in BALF and distant body sites compared to WT mice. 
Although NK cells showed strong GzmA expression, NK cell depletion did not influence 
bacterial loads in either WT or GzmA−/− mice.

GzmA plays an unfavourable role in host defence during pneumococcal pneumonia by 
a mechanism that does not depend on NK cells.
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INTRODUCTION

Streptococcus (S.) pneumoniae is the most frequently isolated causative pathogen in 
community-acquired pneumonia (CAP), responsible for up to 60% of bacterial cases1, 

2. CAP is a common illness worldwide, accounting for considerable morbidity and sub-
stantial mortality rates ranging from 2 up to 30% as it progresses into sepsis3. Despite 
the availability of an extensive arsenal of antibiotics, outcome has not improved over 
the past decades and therefore adjunctive measures are of vital importance to optimize 
treatment.

Granzymes are a family of serine proteases that have been characterized in man, rat 
and mouse. Stored in secretory granules of cytotoxic lymphocytes (CLs) the search for 
physiological substrates of granzymes has focused on their ability to induce apoptosis. 
Of the five human granzymes (A, B, H, K, M) the cytotoxic potential of the tryptase 
granzyme A (GzmA)4 however has become controversial, as GzmA-induced cytotoxicity 
was only observed in vitro at super-physiological concentrations in synergy with the 
pore-forming protein perforin5-7. In addition, GzmA deficient (GzmA−/−) mice demon-
strated normal cytotoxic mechanisms8. Instead, mounting evidence points towards a 
role for GzmA in the host inflammatory response. GzmA was shown to cleave pro-IL-1β 
into its biologically active form9 and to induce the release of proinflammatory cytokines 
from monocytes/macrophages, fibroblasts, and epithelial cell lines7, 10, 11. Furthermore, 
extracellular matrix proteins are potential substrates for GzmA, which may influence cell 
migration12.

GzmA is constitutively expressed by NK, NKT and CD8+ T cells, while other cells re-
quire stimulation to induce expression13. More recently GzmA expression was reported 
in bronchiolar epithelial cells, alveolar macrophages and type II pneumocytes in human 
lung tissue with enhanced expression in the latter cell type in chronic obstructive pul-
monary disease14. Plasma GzmA levels were elevated in patients with various parasitic, 
viral and bacterial infectious diseases12, 15, 16, severe sepsis caused by different bacterial 
pathogens17 and endotoxemia induced in healthy humans16. Moreover, whole blood 
stimulation with Gram-negative and Gram-positive bacteria resulted in GzmA release by 
leukocytes15. In contrast, GzmA did not seem to play an important role during lympho-
cytic choriomeningitis virus or Listeria monocytogenes infection8 and was reported to 
contribute to lethality during influenza18 and endotoxic shock7.

Here we set out to investigate the role of GzmA during pneumococcal pneumonia. 
For this we studied GzmA expression in lung tissue and measured GzmA levels in BALF 
samples of patients with CAP. To study the involvement of GzmA in host defence we 
induced pneumococcal pneumonia in GzmA−/− and wild-type (WT) mice. In addition, we 
depleted NK cells to evaluate the contribution of NK cell-derived GzmA to the outcome 
of this experimental model of CAP.
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MATERIALS AND METHODS

For more detailed Materials and Methods please see the online data supplement.

Human studies

Subjects
From healthy subjects and from patients with confirmed pneumonia19 bronchoalveolar 
lavage fluid (BALF) was harvested. Written informed consent was obtained from all 
individuals and the study was approved by the institutional medical ethical committee 
of the St. Antonius Hospital, Nieuwegein, the Netherlands.

Stored lung tissue slides of 10 patients who had succumbed to culture proven S. 
pneumoniae pneumonia and 9 patients who had died from a non-pulmonary cause 
were used, according to the ‘Code for Proper Secondary Use of Human Tissue’, Dutch 
Federation of Medical Scientific Societies.

Granzyme A ELISA
GzmA protein levels were measured using a commercially available enzyme-linked im-
munosorbent assay (ELISA) (Pelikine Compact™, Sanquin, Amsterdam, the Netherlands).

Immunohistochemistry
Tissue blocks were taken from human lungs at autopsy and processed for immunohis-
tochemical analysis of GzmA using mouse monoclonal antibodies against GzmA (GA6, 
M1791; Sanquin, Amsterdam, The Netherlands).

Mouse studies

Experimental study design
The Institutional Animal Care and Use Committee of the Academic Medical Centre ap-
proved all experiments. Experiments were conducted with age and gender-matched 
C57BL/6 WT and Granzyme A (GzmA−/−) mice generously provided by Markus Simon 
(Max Planck Institute, Freiburg, Germany)8. S. pneumoniae serotype 3 (American Type 
Culture Collection, ATCC 6303, Rockville, MD) was used to induce pneumococcal pneu-
monia20; in separate experiments WT mice were treated with NK1.1 cell (clone PK136) 
depleting antibody. Processing of samples and quantification of bacterial loads was 
done as described20, 21.
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Flow Cytometry
Single cell suspensions of lungs were prepared as described elsewhere22. Leukocytes 
were incubated with the following primary antibodies: fluorescein isothiocyanate 
(FITC)-labeled anti-CD122, peridinin-chlorophyl proteins (PerCP)-Cy5-labeled anti-
NK1.1, allophycocyanin (APC)-labeled anti-CD49b and phycoerythrin (PE)-labelled 
anti-CD3 (all anti-mouse from eBioscience, San Diego, CA). To determine intracellular 
GzmA expression, cells were fixed, permeabilized and stained with FITC-labelled mouse 
anti-mouse GzmA mAb (Santa Cruz Biotechnology, Heidelberg, Germany). NK cells were 
identified based on forward and side scatter (lymphocyte gate) and as CD3-/NK1.1+ 
cells. The FACS Calibur flow cytometer (BD Biosciences) and FlowJo software (Tree Star, 
Ashland, OR) were used for analysis.

Assays
Levels of myeloperoxidase (MPO) (Hycult, Uden, the Netherlands), macrophage–in-
flammatory protein (MIP)–2, keratinocyte-derived cytokine (KC), interleukin (IL)-1β, 
IL-6, IL-12, tumour necrosis factor alpha (TNF-α,) and interferon–gamma (IFN–γ) were 
determined using commercially available assays (R&D Systems, Abingdon, UK and BD 
Biosciences, San Jose, CA).

Histopathology and immunohistochemistry
Hematoxylin-and-eosin and neutrophil stainings were performed on lung tissue and 
scored as described previously20, 23.

Statistical analysis 
Human data are presented as means ± SEM. Experimental data are expressed as 
box-and-whisker diagrams. Differences between groups were analysed by (un)paired 
t-tests, Mann–Whitney U tests or Kruskal-Wallis test when appropriate. Survival curves 
were compared using the log-rank test. All analyses were done using GraphPad Prism 
(GraphPad Software, San Diego, CA, USA). A p-value of < 0.05 was considered statistically 

significant.

RESULTS

Granzyme A in BALF and lung tissue of CAP patients

To obtain insight into the local release of GzmA during pneumonia, we measured GzmA 
in BALF derived from the infected and the uninfected lungs of 6 patients with unilateral 
CAP and from 8 healthy subjects. CAP patients were 52 ± 6 years of age (mean ± SE, 3 fe-
males, 3 males) and all recovered; causative organisms were identified as S. pneumoniae 
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in 4, Mycoplasma pneumoniae in 1, and Haemophilus influenzae in 1 patient. GzmA levels 
were higher in BALF harvested from the infected lung compared to the uninfected lung 
from the same individual (Fig. 1A). To gain insight into which cell types express GzmA 
in human lung tissue during CAP, we stained lung tissue slides from 10 patients who 
had died from pneumonia caused by S. pneumoniae (69 ± 6 years) and from 9 patients 
who died without known pulmonary disease (62 ± 9 years) with an anti-GzmA antibody. 
Figure  1B shows representative photomicrographs of these stainings. Positive GzmA 
staining was found in a variety of pulmonary cells of some, but not all, samples. Positive 
immunostaining for GzmA was found in pneumocytes, endothelial cells (Figure 1B) and 
bronchiolar epithelium (not shown). In addition, few alveolar macrophages stained posi-
tive for GzmA. Moreover, in CAP patients, GzmA expression was found in intra-alveolar 
neutrophilic infiltrates (Figure 1B). Besides these GzmA positive neutrophilic infiltrates 
in CAP patients, there were no differences in GzmA staining between lung tissue slides 
from patients and control subjects.
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Figure 1. Granzyme A levels and expression during community-acquired pneumonia.
Granzyme A (GzmA) levels in bronchoalveolar lavage fluid (BALF) harvested from the affected and unaf-
fected side of community-acquired pneumonia (CAP) (n = 6) and control patients (n = 8) (A). GzmA immu-
nostaining in tissue slides from control and CAP patients (B). Positive granular GzmA immunostaining was 
found in pneumocytes (closed arrow), in endothelial cells of pulmonary vessels (open arrow), bronchiolar 
epithelium and few alveolar macrophages (not shown). In CAP patients positive GzmA staining was ob-
served in intra-alveolar neutrophilic infiltrates (asterisk). Scale bar indicates 200 μm.
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Granzyme A reduces survival in murine S. pneumoniae pneumonia and 
has a detrimental effect on bacterial dissemination during S. pneumoniae 
pneumonia

To study the potential influence of GzmA on mortality from pneumococcal pneumonia, 
GzmA−/− and WT mice were observed in a survival study for seven days following intrana-
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Figure 2. Granzyme A enhances bacterial dissemination and mortality in pneumococcal pneumonia.
Survival of wild-type (WT, closed symbols) and granzyme A knock-out (GzmA−/−, open symbols) mice in-
fected intranasally with Streptococcus (S.) pneumoniae (n = 18 for both groups) observed for seven days 
(A). **p<0.01compared with WT mice, log rank test. Number of colony forming units (CFU) in WT (grey 
boxes) and GzmA−/− (open boxes) mice per millilitre bronchoalveolar lavage fluid (BALF), lung homoge-
nates, whole blood and spleen homogenates as indicated 6, 24 or 48 hours after intranasal infection with 
S. pneumoniae (B). Data are expressed as box-and-whisker diagrams (n = 8 per group). n.d, none detected. 
*p<0.05 compared with WT mice.
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sal infection with viable S. pneumoniae. GzmA−/− mice showed a strong protection from 
mortality (25%) compared to WT mice (67%, p=0.007) (Fig 2A). We compared bacterial 
loads in samples from WT and GzmA−/− mice at several time points (6, 24 and 48 hours) 
after induction of pneumonia to gain insight into the role of GzmA in the host resistance 
to S. pneumoniae (Fig 2B). In the early phase of infection GzmA−/− mice had lower bacte-
rial loads in BALF (6 hours, p<0.05 versus WT mice), whereas in the more advanced stage 
of pneumonia GzmA−/− mice showed less systemic bacterial dissemination, reflected by 
lower bacterial counts in blood and spleen (24 hours, both p<0.05 versus WT mice).

Granzyme A contributes to the early inflammatory response in the lung

Invasion of the lower airways by S. pneumoniae results in an early inflammatory response 
that is essential for protective innate immunity2, 24. In order to obtain information about 
the early host response in the lungs, we analysed BALF and lung tissue harvested from 
GzmA−/− and WT mice 6 hours after infection. Considering the importance of neutrophils 
in host defence, we examined the extent of neutrophil recruitment by determining neu-
trophil counts in BALF and the number of Ly-6G positive cells in lung tissue. BALF neu-
trophil numbers were lower in GzmA−/− mice relative to WT mice 6 hours after intranasal 
inoculation with S. pneumoniae (p<0.01, Fig 3A); at this early time point, neutrophils 
were barely detectable in lung tissue and not different between mouse strains (data not 
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Figure  3. Granzyme A enhances the early inflammatory response in the lung during pneumococ-
cal pneumonia.  Number of neutrophils (PMN) per millilitre bronchoalveolar lavage fluid (BALF) and lev-
els of keratinocyte-derived cytokine (KC), macrophage–inflammatory protein (MIP)–2, interleukin (IL)-1β, 
IL-6 and tumour necrosis factor alpha (TNF-α) in lung homogenates of wild-type (WT, grey boxes) and 
granzyme A knock-out (GzmA−/−, open boxes) mice, 6 hours after intranasal infection with Streptococcus 
pneumoniae. Data are expressed as box-and-whisker diagrams (n = 8 per group). ***p<0.001, **p<0.01 and 
*p<0.05 compared with WT mice.
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shown). GzmA has been shown to induce pro-inflammatory mediators in vitro (7;9-11). 
In accordance with an attenuated early inflammatory response, GzmA−/− mice had lower 
levels of neutrophil attracting chemokines (KC and MIP-2) and cytokines (TNF-α and IL-
1β) in whole lung homogenates harvested 6 hours post infection (Fig 3B). In accordance 
with previous studies25, H&E staining of lung tissue slides demonstrated only modest 
signs of pneumonia 6 hours after infection, with no differences between mouse strains 
(Supplementary Fig 1).

Granzyme A deficiency has little impact on lung pathology during late stage 
pneumococcal pneumonia

During late stage pneumonia perpetuation of lung inflammation can cause collateral 
damage thereby contributing to an adverse outcome2, 24. We investigated the extent of 
lung pathology in lungs harvested 48 hours after infection, that is, shortly before the 
first deaths occurred. Lung pathology tended to be lower in GzmA−/− mice at this late 
time point, as reflected by lower pathology scores (p<0.1 versus WT mice, Fig 4A; repre-
sentative slides 4B). Similarly, lungs of GzmA−/− mice contained fewer neutrophils at 48 
hours, as determined by the number of Ly-6G positive cells, although the difference with 
WT mice did not reach statistical significance (p=0.06, Fig 4C; representative slides 4D). 
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Figure 4. Granzyme A has little effect on neutrophil influx and lung injury in the late phase of pneu-
mococcal pneumonia. Total lung histopathology scores (A) with representative microphotographs of 
haematoxylin and eosin stained lung sections (B) of WT and granzyme A knock-out (GzmA−/−) mice and 
accumulation of neutrophils in lung tissue expressed as percentage of Ly-6G positive lung tissue surface 
(C) with representative microphotographs (D) of neutrophil stained lung sections of WT and GzmA−/− mice 
48 hours after induction of pneumococcal pneumonia. Data are expressed as box-and-whisker diagrams (n 
= 8 per group). Scale bar indicates 200 μm. # p<0.1 compared with WT mice.
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Hence, these results suggest that GzmA has little influence on lung pathology during 
late stage pneumococcal pneumonia.
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Figure 5. Natural Killer cells are the major cellular source of granzyme A.
Granzyme A (GzmA) was stained intracellularly in Natural Killer (NK) cells obtained from lungs and spleens 
of wild-type (WT) mice before, and 24 hours after infection with Streptococcus pneumoniae (SPWT)(A). Lym-
phocytes from lungs (B) and spleens (C) of WT, infected WT (SPWT) and granzyme A knock-out (GzmA−/−) 
mice were analysed by flow cytometry and the percentage NK cells of lymphocytes, the percentage of 
GzmA+ NK cells, and GzmA expression per NK cell in lung expressed as mean fluorescence intensity (MFI) 
were determined. Data are expressed as flow cytometry plots from representative samples (A) and dot-
plots, each dot representing an individual sample (B and C). * p<0.05 as indicated.
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Role of NK cells in pneumococcal pneumonia

Since NK cells are a major source of GzmA13, 18, we next determined the contribution of 
NK cells to GzmA positivity in lungs of mice before and 24 hours after infection with S. 
pneumoniae via the airways (Fig 5). GzmA positivity was almost exclusively found in NK 
cells in lungs and the hematopoietic compartment (Fig 5A). Whereas the percentage 
of NK cells did not change after infection in lungs (Fig 5B) or spleens (Fig 5C) of either 
GzmA−/− or WT mice, the percentage GzmA positive NK cells and the GzmA MFI increased 
in lungs of infected WT mice; as expected GzmA staining was negative in GzmA−/− mice.

We next set out to deplete WT and GzmA−/− mice from NK cells using a NK1.1 deplet-
ing antibody. This treatment resulted in a 97% reduction of the NK1.1 (CD122+/ CD3-) 
lymphocyte population in lungs of WT mice (versus 94% in GzmA−/− mice) and 92% 
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Figure 6. Depletion of Natural Killer cells does not impact on bacterial loads in wild-type or gran-
zyme A knock-out mice during pneumococcal pneumonia.  Wild-type (WT) and granzyme A knock-out 
(GzmA−/−) mice were infected intranasally with Streptococcus pneumoniae and treated with Natural Killer 1.1 
cell depleting antibody (NK depl) or placebo (co); samples were obtained 24 hours post-infection. Number 
of colony forming units (CFU) in WT control mice (WT co, grey boxes), NK depleted WT mice (WT NK depl, 
grey striped boxes), GzmA−/− mice (GzmA−/− co, open boxes), and NK depleted GzmA−/− mice (GzmA−/− NK 
depl, open striped boxes) per millilitre lung homogenates (A), whole blood (B) and spleen homogenates 
(C). Data are expressed as box-and-whisker diagrams (n = 8 per group). ***p<0.001, **p<0.01 and *p<0.05 
as indicated.
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reduction in blood (versus 91% in GzmA−/− mice) (Table 1). In line with the initial 24-hour 
time point experiment (Fig 2), GzmA−/− mice had lower bacterial loads in lungs (p=0.06), 
spleen (p=0.006) and blood (p<0.001) compared to WT mice (Fig 6). However, NK cell 
depletion did not influence bacterial loads in either WT or GzmA−/− mice (Fig 6). In this 
experiment, GzmA−/− mice (relative to WT mice) showed lower concentrations of cyto-
kine and chemokine levels in whole lung homogenates, significantly so for KC (Table 2). 
NK cell depletion did not impact on lung cytokine or chemokine levels in either WT or 
GzmA−/− mice.

Table 1. NK cell depletion rates in lung and blood of wild-type and granzyme A knock-out mice.

WT
control

WT
NK depl

GzmA−/− 

control
GzmA−/−

NK depl

Lung

CD122+/CD3- 10.0 ± 0.5 0.3 ± 0.1*** 8.2 ± 1.0 0.4 ± 0.1###

% depletion 97% 94%

Blood

CD122+/CD3- 3.4 ± 0.4 0.3 ± 0.0 (92%)*** 4.2 ± 0.5 0.4 ± 0.1 (91%)###

% depletion 92% 91%

Percentage of NK cells, defined as CD122+/CD3- lymphocytes, in wild-type (WT) and granzyme A knock-out 
(GzmA−/−) control and Natural Killer cell depleted (NK depl) WT and GzmA−/− mice and percentage of NK cell 
depletion at time of infection. *** indicates P < 0.001 versus WT;### indicates P<0.001 versus GzmA−/−

Table 2. Levels of cytokines and chemokines in lung homogenates of wild-type and granzyme A knock-out 
mice with/without NK cells during Streptococcus pneumoniae pneumonia

WT
control

WT
NK depl

GzmA−/−

control
GzmA−/−

NK depl

MIP-2 (pg/ml) 3871 ± 711 7393 ± 2049 2429 ± 437 2001 ± 261

KC (pg/ml) 10387 ± 1569 16884 ± 3155 3200 ± 1350* 3263 ± 1169##

IL-1β (pg/ml) 525 ± 134 922 ± 225 324 ± 163 134 ± 42##

IL-6 (pg/ml) 4410 ± 1035 7788 ± 1900 1985 ± 1044 1203 ± 734# #

TNFα (pg/ml) 443 ± 74 775 ± 143 284 ± 92 158 ± 25

IFN-γ (pg/ml) 18.7 ± 5.6 6.1 ± 1.3 5.9 ± 2.9 1.9 ± 0.7

Levels of cytokines and chemokines in lung homogenates of wild-type (WT) and granzyme A knock-out 
(GzmA−/−) mice and Natural Killer cell depleted (NK depl) WT and GzmA−/− mice 24 hours after induction of 
pneumococcal pneumonia. Data are expressed as mean ± SEM of n = 8 per group. IL, interleukin; IFN, inter-
feron; TNF, tumour necrosis factor; KC, keratinocyte-derived cytokine; MIP-2, Macrophage–inflammatory 
protein–2. * indicates p < 0.05 vs WT control; ## indicates P < 0.01 versus WT NK depleted.
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DISCUSSION

Research on the function of granzymes has mainly focused on their ability to cause tar-
get cell death. However, the role of GzmA as inducer of target cell death is controversial7 
and recent studies have pointed to a role of GzmA in the regulation of innate immunity 
during infectious and inflammatory conditions7, 18. Here we report GzmA expression in 
BALF and lungs of CAP patients and show that GzmA deficiency during experimental 
CAP caused by S. pneumoniae is associated with reduced bacterial growth and improved 
survival.

GzmA is constitutively expressed by NK, NKT and γδT cells, by approximately half 
of circulating CD8+ cells and few CD4+ cells13, 26. Additionally, GzmA expression can be 
induced in mast cells, macrophages, T regulatory cells and human B cells27; however, the 
possible function of GzmA within non-lymphoid cells thus far has not been established. 
We aimed to look at GzmA expression in human lung tissue in the setting of CAP caused 
by S. pneumoniae. In line with a previous report14, we demonstrated GzmA expression 
by bronchial epithelial cells, pneumocytes, tissue macrophages and a small number of 
alveolar macrophages. Notably, endothelial cells also demonstrated GzmA expression. 
Although enhanced GzmA expression by type II pneumocytes in patients with severe 
COPD14 points towards a role for GzmA in chronic lung inflammation, we did not observe 
any difference in GzmA expression between CAP patients and patients who died from 
a non-pulmonary cause apart from GzmA positive neutrophilic infiltrates in the former 
group. We did detect elevated GzmA levels in BALF obtained from the infected lung of 
patients with unilateral CAP. Together these data indicate that GzmA is constitutively ex-
pressed by multiple cell types in human lungs, and that infection results in local release 
of GzmA.

The generation of GzmA deficient mice has provided the opportunity to gain more 
insight in to the functional role of GzmA in infectious diseases. Previous studies have 
indicated that the involvement of GzmA in the host response to infection varies de-
pendent on the causative organism. GzmA−/− mice were more susceptible to ectromelia 
infection28, 29 and the parasite Trypanosoma cruzi27, 30 than WT mice. However, GzmA did 
not seem to play an important role during infection with either lymphocytic choriomen-
ingitis virus or Listeria monocytogenes8 and GzmA−/− mice were protected from death 
during influenza infection18. GzmA−/− mice were resistant to endotoxic shock, illustrat-
ing the proinflammatory properties of this protease7. In the present study we infected 
GzmA−/− and WT mice with viable S. pneumoniae and found reduced bacterial numbers 
in BALF in the early phase and in the systemic compartment at 24 hours post infection 
with protection from mortality in an observational study. Of note, the observed differ-
ence in systemic bacterial counts 24 hours post-infection was no longer present at 48 
hours, which may reflect maximal systemic bacterial loads in both study groups. These 



Chapter 9192

data suggest that the presence of GzmA facilitates pneumococcal multiplication and 
dissemination, leading to increased mortality.

A pro-inflammatory role for GzmA was first suggested when GzmA was shown to 
cleave pro-IL-1β into its biologically active form9. Subsequent studies have shown 
that GzmA induces the release of proinflammatory cytokines such as IL-1β, IL-6, IL-8 
and TNF-α from monocytes/macrophages, fibroblasts, and epithelial cell lines7, 10, 11. In 
addition, GzmA−/− mice showed a reduced inflammatory response during parasitic infec-
tion27. In line with these studies, GzmA−/− mice demonstrated less neutrophil influx in 
BALF 6 hours post-infection, together with lower levels of IL-1β, TNFα, KC and MIP-2 
in lung homogenates. In the late stage of pneumonia (48 hours post infection), apart 
from elevated levels of KC, no major differences were found in levels of chemokines/
cytokines between WT and GzmA−/− mice in the pulmonary compartment, nor in the 
systemic compartment (data not shown), implying a limited role for GzmA in this phase. 
Several extracellular matrix proteins, such as fibronectin, laminins, basement membrane 
collagen type IV and the membrane bound protease-activated receptor (PAR)-2 are sub-
strates of GzmA18, and their degradation may contribute to tissue damage. Nonetheless, 
in the present study only a tendency towards reduced lung histopathology was found 
in the absence of GzmA.

NK cells are considered the main source of GzmA13, 18 and in naïve mice NK cells were 
mainly GzmA positive. During pneumonia the percentage of NK cells did not increase 
locally or systemically, however, the percentage of GzmA positive NK cells, GzmA mRNA 
expression in lung tissue (data not shown) and GzmA expression per NK cell increased. 
Remarkably, depletion of NK cells did not alter bacterial loads in either GzmA−/− or WT 
mice. A previous study reported a detrimental role for NK cells in pneumonia caused by 
serotype 2 S. pneumoniae; of note, however, these investigations were performed with a 
less virulent bacterial strain (D39), administered at much higher doses as used here (106 
versus 5x104 CFU) to a different mouse strain (BALBc)31. In contrast, NK cells were impor-
tant for protective immunity during Klebsiella pneumonia32. The current results suggest 
that in our model of severe pneumonia caused by a highly virulent pneumococcal strain 
NK cells may either require GzmA to exert a protective role, or that NK cells do not play 
an important role in host defence and that another cellular source of GzmA may account 
for the adverse outcome of WT mice relative to GzmA−/− mice. In this regard CD8+ T cells 
are an unlikely GzmA source, considering that antibody induced CD8+ T-cell depletion 
increased, rather than reduced bacterial loads33 (and our own unpublished results).

This study is the first to investigate the role of GzmA in host defence against CAP. 
We here link observational data in humans showing pulmonary GzmA expression with 
functional studies in experimental pneumococcal pneumonia using GzmA−/− mice. Our 
results point to a detrimental role for GzmA in respiratory tract infection caused by S. 
pneumoniae that is independent of NK cells.
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SUPPLEMENTARY MATERIAL

MATERIALS AND METHODS

Human studies

Immunohistochemistry
Tissue blocks were taken from human lungs at autopsy, fixed without inflation in 10% 
phosphate-buffered formalin, and embedded in paraffin wax. Sections (4 μm) were 
cut and processed for immunohistochemical analysis of GzmA. For this, deparaffinized 
sections were boiled in 10 mM citrate buffer for antigen retrieval and treated with 5% 
bovine serum albumin in tris-buffered saline (TBS) to reduce background staining. 
Mouse monoclonal antibodies against GzmA (GA6, M1791; Sanquin, Amsterdam, The 
Netherlands) were used followed by biotin-conjugated rabbit anti-mouse IgG antibody 
(E-0413; Dako Cytomation, Glostrup, Denmark). After applying alkaline-phosphatase–
labeled avidin-biotin complex (ABC-AP, K-0376; Dako Cytomation), enzymatic reactivity 
was visualized using Vector Blue (Vector Laboratories, Burlingame, CA) and sections were 
counterstained with Nuclear Fast Red (Vector Laboratories) and mounted. Spleen tissue 
was used as a positive control. Negative controls for nonspecific binding by omitting 
the primary detecting antibodies or applying normal mouse IgG instead of the primary 
antibodies revealed no signal.

Mouse studies

Animals
Granzyme A (GzmA−/−) mice on a C57Bl/6 background were originally obtained from 
Dr. M. M. Simon1 and bred at the animal care facility of the Academic Medical Centre. 
C57Bl/6 mice were purchased from Charles River (Maastricht, The Netherlands) and all 
experiments were conducted with 10 to 12–week old age-and gender-matched mice. 
The Institutional Animal Care and Use Committee of the Academic Medical Center ap-
proved all experiments.

Experimental study design
S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, Rockville, MD) 
were grown as described2, 3 and ~5 x 104 colony-forming units (CFU) in 50 µL were inocu-
lated intranasally to induce pneumococcal pneumonia. Mice were observed in a survival 
study or sacrificed at 6, 24 or 48 hours after induction of pneumococcal pneumonia. NK 
cell depletion was performed by intraperitoneal (i.p) administration of 500 μg NK1.1 cell 
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depleting antibody (clone PK136) 2 and 1 days prior to induction of pneumonia. Lung, 
spleen, blood and BALF cells were isolated using methods described previously2, 3.

Total cell numbers in BALF were determined by an automated cell counter (Coulter 
Counter, Coulter Electronics, Hialeah, FL). Differential cell counts were performed on 
cytospin preparations stained with a modified Giemsa stain (Diff-Quick; Dade Behring 
AG, Düdingen, Switzerland).

Bacterial quantification
To assess bacterial loads undiluted whole blood and serial ten–fold dilutions of whole 
blood, organ homogenates and BALF were made in sterile isotonic saline and plated 
onto sheep–blood agar plates. Following 16 hours of incubation at 37°C colony forming 
units (CFU) were counted.

Flow Cytometry
Lung cell suspensions were obtained by crushing lungs through a 40-μm cell strainer 
(Becton Dickinson, Franklin Lakes, NJ) as described previously4. Erythrocytes were lysed 
by ammonium chloride and the cells were washed twice and resuspended in FACS stain-
ing buffer (PBS with 0.5% BSA, 0.01% Na-azide and 0.02% potassium-EDTA). Leukocytes 
were incubated for 30 min at 4°C with the folowing primary antibodies: fluorescein 
isothiocyanate (FITC)-labeled anti-CD122, peridinin-chlorophyl proteins (PerCP)-Cy5-
labeled anti-NK1.1, allophycocyanin (APC)-labeled anti-CD49b and phycoerythrin 
(PE)-labeled anti-CD3 (all anti-mouse from eBioscience, San Diego, CA). To determine 
intracellular GzmA expression, cells were fixed and permeabilized with fixation/permea-
bilization solution (BD Biosciences, Franklin Lakes, NJ) and stained with FITC-labeled 
mouse anti-mouse GzmA mAb (Santa Cruz Biotechnology, Heidelberg, Germany) in the 
presence of anti-CD16/CD32 block (2.4G2, Bioceros BV, Utrecht, The Netherlands) to pre-
vent nonspecific antibody binding. GzmA expression in NK1.1 cells was determined by 
flow cytometry; NK cells were identified based on forward and side scatter (lymphocyte 
gate) and as CD3-/NK1.1+ cells. The FACSCalibur flow cytometer (BD Biosciences) and 
FlowJo software (Tree Star, Ashland, OR) were used for analysis.

Histopathology and immunohistochemistry
Four-micrometer sections of the left lung lobe were stained with hematoxylin and eosin 
(H&E). All slides were coded and scored by a pathologist who was blinded for group 
identity for the following parameters: interstitial inflammation, endothelialitis, bron-
chitis, edema and pleuritis. Confluent (diffuse) inflammatory infiltrate was quantified 
separately and expressed as percentage of the lung surface. The remaining parameters 
were rated separately on a scale from 0 (condition absent) to 4 (severe condition). Neu-
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trophil stainings were performed using an anti-mouse Ly-6G monoclonal antibody (BD 
Pharmingen, San Diego, CA) and analyzed as described previously5. 
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Figure S1. Granzyme A has little effect on lung injury in the early phase of pneumococcal pneumonia.
Total lung histopathology scores (A) with representative microphotographs of haematoxylin and eosin 
stained lung sections (B) of wild-type (WT) and and granzyme A knock-out (GzmA−/−) mice 6 hours after in-
duction of pneumococcal pneumonia. Data are expressed as box-and-whisker diagrams (n = 8 per group). 
Scale bar indicates 200 μm.
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ABSTRACT

Objective: Streptococcus (S.) pneumoniae is the most common causative pathogen in 
community-acquired pneumonia. In patients, thrombocytopenia is correlated with an 
adverse outcome of pneumonia. Platelets can modulate the host response to infection 
in several ways, i.e. by facilitating clot formation, production of antimicrobial proteins 
and interaction with neutrophils. We studied the effect of thrombocytopenia during 
murine pneumococcal pneumonia.

Design: Animal study.

Setting: University research laboratory.

Subjects: Mice.

Interventions: Pneumonia was induced by intranasal inoculation of S. pneumoniae. 
Platelets were depleted by anti-mouse thrombocyte serum; controls received non-
immunogenic serum. In separate studies mice were treated with the platelet P2Y12 

receptor inhibitor clopidogrel or placebo.

Measurements and Main Results: Thrombocytopenic mice (platelet counts <1% of unin-
fected controls) showed a reduced survival during pneumococcal pneumonia (27% ver-
sus 75% amongst controls; p=0.003), which was associated with higher bacterial loads 
in lungs, spleen, and blood. Thrombocytopenic mice showed enhanced coagulation ac-
tivation (thrombin-antithrombin complexes) in plasma. Proinflammatory cytokine levels 
were higher in plasma but not in lungs of thrombocytopenic mice. Although clopidogrel 
treatment strongly prolonged the bleeding time, it did not impact on bacterial loads 
during pneumococcal pneumonia.

Conclusions: Platelets play a protective role during pneumococcal pneumonia indepen-
dent of their aggregation.
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INTRODUCTION

Streptococcus (S.) pneumoniae is the most prevalent microorganism in community-
acquired pneumonia (CAP) and an important causative organism in sepsis in this con-
text1, 2. In the United States alone, the pneumococcus is responsible for more than half a 
million CAP cases each year and 50,000 episodes of bacteremia with a case fatality rate 
of 7 and 20% respectively3. Similar figures have been reported for Europe4 and stress the 
importance of expanding our knowledge of the host defense mechanisms that influ-
ence the outcome of pneumococcal pneumonia.

Thrombocytopenia is a common finding in patients admitted to the Intensive Care 
Unit (ICU) and associated with a worse outcome5-7. Moreover, in a clinical study including 
over 800 ICU patients with CAP, thrombocytopenia was an independent predictor of 
mortality8. Platelets are well known chief cellular effectors of hemostasis, maintaining 
vascular integrity at sites of injury and inflammation. More recent investigations have 
revealed that platelets contribute to diverse processes that extend beyond hemostasis 
and thrombosis. A compelling body of evidence now exists indicating that platelets also 
contribute to inflammatory processes and defense against infection9-11.

Platelets act on the host innate and adaptive inflammatory response via release of 
a wide variety of preformed peptides stored in granules that mediate inflammation, 
chemotaxis and wound repair9-11. They are able to interact directly with neutrophils and 
this interaction can be induced by plasma from septic patients9, 12. During systemic13-15 
and lung inflammation16, 17 platelets sequestrate in lungs, which in experimental models 
was neutrophil dependent13, 16, 18; conversely, platelet depletion inhibited neutrophil 
recruitment during acute lung injury in mice18-20. In addition, preventing neutrophil-
platelet interaction protected from lung tissue damage during lung injury16, 18, 20-22. 
Through expression of pattern recognition receptors13, 23 platelets also interact directly 
and indirectly with pathogens; they can bind, aggregate and internalize microorgan-
isms24, 25 and can augment antibacterial activities of other immune cells26-28. Additional 
antibacterial effects are achieved by production of antimicrobial mediators (e.g. cyto-
toxic oxygen metabolites) or platelet microbicidal proteins known as “thrombocidins” in 
humans, of which increased levels are found during infection11, 29, 30. Recent studies also 
demonstrated that platelets are able to induce neutrophil extracellular trap formation to 
entrap bacteria in septic blood12.

Clearly platelets are equipped to play an important role in host defense against invad-
ing pathogens and this contribution may be especially important in the lung where they 
are found to accumulate during an inflammatory assault. We here aimed to study the 
role of platelets during CAP, for which we depleted platelets or inhibited platelet aggre-
gation and secondary activation in mice prior to intranasal infection with S. pneumoniae.
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MATERIALS AND METHODS

Animals

Specific pathogen-free C57BL/6 mice were purchased from Charles River (Maastricht, 
The Netherlands). Experiments were conducted with age and gender-matched mice at 
10–12 weeks of age. The Institutional Animal Care and Use Committee of the Academic 
Medical Center approved all experiments.

Experimental study design

S. pneumoniae serotype 3 (American Type Culture Collection, ATCC 6303, Rockville, MD) 
was used to induce pneumococcal pneumonia. Bacteria were grown as described31 
and ~5 x 104 colony-forming units (CFU) in 50 µL were inoculated intranasally. Mice 
were observed in a survival experiment or sacrificed at 24 or 48 hours after induction 
of pneumococcal pneumonia. Per group eight animals were used, for the survival 
experiment 15 animals per group were used. In order to deplete platelets, mice were 
intravenously treated with rabbit anti-mouse platelet serum or normal rabbit serum 
as control (Accurate Chemical & Scientific Corporation, Westbury, NY) 2 hours before 
and at 24 and 48 hours after induction of pneumonia13. Treatment effect was verified by 
determining platelet counts in a counting chamber. In one experiment, platelets were 
depleted using rat anti-mouse platelet glycoprotein Ib alpha chain (GP1b-α) 50 µg per 
mouse intravenously32, 33; controls received nonimmune rat IgG (both antibodies from 
Emfret Analytics GmbH & Co, Würzburg, Germany). In separate experiments, mice were 
treated with the platelet aggregation and activation inhibitor clopidogrel (30 mg/kg, 
Mylan, Hoeilaart, Belgium) or placebo by oral gavage at day -2, -1 and at time of infec-
tion as used previously34. Clopidogrel is an irreversible inhibitor of P2Y12, the receptor 
for adenosine diphosphate on platelets35. Blood diluted 4:1 with citrate, lungs, liver and 
spleen were harvested and processed using methods described previously31. The left 
lung lobe was fixed in 10% buffered formalin and embedded in paraffin.

Bacterial quantification

Undiluted whole blood and serial 10–fold dilutions of organ homogenates and whole 
blood were made in sterile isotonic saline and plated onto sheep–blood agar plates. 
Colony forming units (CFU) were counted following 16 hours of incubation at 37°C.

Assays

Thrombin-antithrombin complexes (TATc) were measured using a commercially avail-
able enzyme-linked immunosorbent assay (ELISA) (TATc: Behringwerke AG, Marburg, 
Germany, or Affinity Biologicals, Ancaster, Ontario, Canada), levels of macrophage–in-
flammatory protein (MIP)-2, keratinocyte-derived cytokine (KC), interleukin (IL)-1β 
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(all R&D Systems, Abingdon, UK) and myeloperoxidase (MPO; HyCult Biotechnology, 
Uden, The Netherlands) were measured using commercially available ELISA kits. Levels 
of tumor necrosis factor (TNF)-α, IL–6, monocyte chemotactic protein (MCP)–1 and 
interferon–gamma (IFN–γ) were determined using a commercially available cytometric 
beads array multiplex assay (BD Biosciences, San Jose, CA) in accordance with the manu-
facturers’ recommendations.

Tail vein bleeding assay
A mouse-tail vein bleeding assay was performed as described (27). In brief, at a standard-
ized distance, the tip of the mouse-tail was cut off (with a tail diameter approximately 
1 mm). The tail was immediately placed in a 50-mL falcon tube filled with 37 °C saline 
and the bleeding time with a maximum of 5 minutes was recorded.

Histopathology and immunohistochemistry

Paraffin-embedded 4-μm-thick lung sections were stained with hematoxylin and eosin 
(H&E) and analyzed for hemorrhage, inflammation and tissue damage, as described 
previously31, 36. All slides were coded and scored by a pathologist who was blinded for 
group identity. Hemorrhage was scored separately and total pathology scores were de-
termined as the sum of the following variables: interstitial inflammation, endothelialitis, 
bronchitis, edema, pleuritis and presence of thrombi. Confluent (diffuse) inflammatory 
infiltrate was quantified separately and expressed as percentage of total lung surface. 
The remaining variables were rated on a scale from 0 (condition absent) to 4 (most 
severe condition). Neutrophil stainings on mouse lung tissue were performed using an 
anti-mouse Ly-6G monoclonal antibody (BD Pharmingen, San Diego, CA). Slides were 
photographed with a microscope equipped with a digital camera (Olympus dotSlide, 
Tokyo, Japan) and stained areas were analyzed with ImageJ (version  2006.02.01; US 
National Institutes of Health) and expressed as percentage of the total lung surface area 
as described elsewhere37.

Statistical analysis

Data are expressed as indicated. Differences between groups were analyzed using non-
parametric analysis of variance (rank transformed variables) with modeled effects for 
strain and time, followed by post-hoc Mann-Whitney U tests at the individual time points. 
Survival curves and bleeding time were compared using log-rank test. All analyses were 
done using GraphPad Prism (GraphPad Software, San Diego, CA, USA). A p-value of less 
than 0.05 was considered statistically significant.
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RESULTS

Thrombocytopenic mice show enhanced lethality in S. pneumoniae pneumonia

To study the effect of thrombocytopenia on mortality in an experimental model of CAP 
we depleted platelets in mice using anti-mouse platelet serum13. Before infection with S. 
pneumoniae, platelet counts were reduced to less than 1% (p = 0.03) and after infection 
to less than 10% in mice treated with rabbit anti-mouse platelet serum compared to 
mice treated with control rabbit serum (p = 0.002, Figure 1A). Thrombocytopenic mice 
showed a strongly enhanced mortality (73%) compared with control mice (25%, p = 
0.003, Figure 1B) after induction of S. pneumoniae pneumonia.

Thrombocytopenia is associated with higher systemic bacterial loads during 
pneumococcal pneumonia

To evaluate the effect of thrombocytopenia on bacterial loads during pneumococcal 
pneumonia, bacteria were quantified locally (lung homogenates) and systemically 
(whole blood and spleen homogenates). Thrombocytopenic mice demonstrated a trend 
toward higher bacterial counts in lungs at 24 hours (p = 0.065, Figure 2A) together with 
increased dissemination, as reflected by higher bacterial loads in blood at both time 
points (p < 0.05, Figure 2B) and spleen at 24 hours (p < 0.001, Figure 2C). To confirm that 
thrombocytopenia facilitates bacterial dissemination, we depleted platelets in mice by 
a different approach, using an antibody directed against GP1b-α32, 33. In accordance with 
previous studies32, 33, anti-GP1b-α treatment reduced platelet counts to 7 ± 2% relative 
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Figure 1. Thrombocytopenia enhances lethality in pneumococcal pneumonia.
Mice were treated with rabbit anti-mouse platelet (P) serum or control serum and infected intranasally 
with Streptococcus pneumoniae. Platelet counts in mice treated with anti-mouse platelet (anti-P) or control 
serum at 0, 24 or 48 hours after infection (A). Data are expressed as box-and-whisker diagrams depicting the 
smallest observation, lower quartile, median, upper quartile and largest observation (n = 4 per uninfected 
group and n = 8 per infected group). *p < 0.05 and ***p <0.001 compared with control mice. Platelet counts 
of uninfected thrombocytopenic mice at 0, 24 and 48 hours are 11.46 ± 4.6, 47.2 ± 15.5, and 81.4 ± 13.7 x 
106/mL (mean ± SEM) respectively. Cumulative survival of control (closed symbols) and thrombocytopenic 
(open symbols) mice (n = 15 per group) (B) **p < 0.01 compared to controls, log rank test.
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to controls (p = 0.03). Similar to mice made thrombocytopenic with antiplatelet serum, 
anti-GP1b-α-treated mice displayed increased bacterial loads in blood and spleen (Fig 
2E, F) at 24 hours after infection with S. pneumoniae via the airways (both p < 0.05).

Thrombocytopenia does not impact on lung inflammation during 
pneumococcal pneumonia

Platelets have been found to contribute to several forms of sterile lung inflammation at 
least in part by facilitating neutrophil recruitment9, 16, 19. We were therefore interested in 
the impact of thrombocytopenia on the pulmonary inflammatory response to infection 
with S. pneumoniae. The extent of lung pathology, as determined by the semi-quan-
titative histology scores described in the Materials and Methods section, did not differ 
between thrombocytopenic and control mice (Figure 3G, with representative slides for 
control A-C and thrombocytopenic mice D-F 0, 24 and 48 hours after infection). Notably, 
signs of pulmonary hemorrhage were almost exclusively found in thrombocytopenic 
mice in the setting of infection (Figure 3H); thrombocytopenia did not result in hemor-
rhage in uninfected mice. Thrombocytopenia did not influence neutrophil influx during 
pneumonia, as indicated by the number of Ly6+ cells in lung tissue slides and concentra-
tions of MPO in whole-lung homogenates (Figure 4). Similarly, thrombocytopenia did 
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Figure  2. Thrombocytopenia is associated with higher systemic bacterial loads in pneumococcal 
pneumonia. Mice were depleted of platelets and infected intranasally with Streptococcus pneumoniae. 
Number of colony-forming units (CFUs) per milliliter lung homogenates (A, D), whole blood (B, E) and 
spleen homogenates (C, F) 24 and 48 hours after infection in mice treated with rabbit anti-platelet (P) serum 
(open boxes) or control serum (grey boxes) (A-C) and in mice treated with rat anti-mouse platelet glycopro-
tein Ib alpha chain (a-GP1b-α) (striped boxes) or nonimmune rat IgG (grey boxes) 24 hours after infection 
(D-F). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile and largest observation (n = 8 per group). *p < 0.05 and **p < 0.01 compared with 
controls.
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not affect cytokine or chemokine levels in lung homogenates, with the exception of 
MCP-1 (48h) concentrations, which were higher in lungs of thrombocytopenic mice 
(Table 1). Altogether these data indicate that thrombocytopenia did not have a major 
impact on the local inflammatory response during pneumococcal pneumonia.

Thrombocytopenia enhances the systemic cytokine response during 
pneumococcal pneumonia

To obtain insight in the systemic inflammatory response, we measured cytokine and 
chemokine levels in plasma harvested 24 or 48 hours after infection. At 24 hours after 
infection plasma levels of these mediators did not differ between groups; at 48 hours 
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Figure 3. Thrombocytopenia does not impact on lung histopathology, but is associated with intra-
pulmonary hemorrhage during pneumococcal pneumonia. Mice were depleted of platelets and in-
fected intranasally with Streptococcus pneumoniae. Lung tissue samples were obtained at 0, 24 or 48 hours 
postinfection. Representative microphotographs of haematoxylin and eosin-stained lung sections of mice 
treated with control (A-C) or anti-platelet (P) serum (D-F) at 0, 24 and 48 hours, and total lung histopathol-
ogy (PA) (G) and bleeding (H) scores of control (grey boxes) and thrombocytopenic (open boxes) mice. Ar-
rows indicate sites of hemorrhage. Data are expressed as box-and-whisker diagrams depicting the smallest 
observation, lower quartile, median, upper quartile and largest observation (n = 8 per group). Scale bar 
indicates 200 μm. # p < 0.10 and ** p < 0.01 compared with controls.
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after infection, however, thrombocytopenic mice showed strongly increased plasma 
concentrations of TNF-α, IL-6, IFN-γ and MCP-1 (Table 2).

Thrombocytopenia is associated with an enhanced procoagulant response 
during pneumococcal pneumonia

Platelets are important for hemostasis and amplification of thrombin generation38. To 
evaluate the effect of thrombocytopenia on coagulation in mice, we measured TATc 
levels in plasma before and 24 and 48 hours after infection (Figure 5). Directly before 
infection, TATc levels were similar in thrombocytopenic and control mice. At 24 and 48 
hours postinfection, thrombocytopenia was associated with increased plasma levels of 
TATc (p = 0.06) and p < 0.001 respectively).
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Figure 4. Thrombocytopenia does not influence neutrophil accumulation in lung tissue during pneu-
mococcal pneumonia. Mice were treated with rabbit antiplatelet (P) serum or control serum and infected 
intranasally with Streptococcus pneumoniae; samples were obtained at 0, 24 or 48 hours postinfection. Con-
centrations of myeloperoxidase (MPO) per milliliter whole-lung homogenate (A) and neutrophil accumula-
tion in lung tissue expressed as total Ly-6G positivity as percentage of lung tissue surface (B) in control (grey 
boxes) and thrombocytopenic (open boxes) mice with representative microphotographs of Ly-6G staining 
of control (C) and thrombocytopenic (D) mice at 48 hours. Data are expressed as box-and-whisker diagrams 
depicting the smallest observation, lower quartile, median, upper quartile and largest observation (n = 8 
per group). Scale bar indicates 200 μm.
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Clopidogrel does not influence bacterial loads or the inflammatory response 
during pneumococcal pneumonia

To investigate whether the protective role of platelets in pneumococcal pneumonia 
depends on the aggregation and secondary activation of platelets, we inhibited P2Y12 

receptor-mediated aggregation and activation of platelets using clopidogrel34. Although 
this treatment was effective as reflected by a profoundly increased tail vein bleeding 
time (p = 0.007) (Figure 6A), it did not affect bacterial counts in any of the organs tested 
at either 24 or 48 hours postinfection (Figure 6B-E). Of note, no macroscopic or intra-
pulmonary signs of bleeding were found in mice treated with clopidogrel. In addition, 

Table 1. Cytokine and chemokine concentrations in lung homogenates

24 hr 48 hr

Control
(n=8)

Anti-platelet
(n=8)

Control
(n=8)

Anti-platelet
(n=8)

TNFα (pg/ml) 114 (19-432) 714 (194-1094) 380 (74-441) 305 (167-548)

IL-6 (pg/ml) 433 (71-2993) 1870 (173-2512) 2994 (941-3459) 3339 (1597-4097)

MCP-1 (pg/ml) 1753 (720-4534) 5329 (1706-6490) 5931 (3401-8034) 9789 (8136-10240)*

IFNγ (pg/ml) 11 (3-50) 19 (5-42) 59 (17-84) 62 (31-149)

IL-10 (pg/ml) 132 (119-218) 170 (106-331) 71 (45-89) 105 (69-216)

KC (pg/ml) 4581 (1266-17224) 10295 (3989-13991) 39806 (26774-52093) 40814 (25092-44103)

MIP2 (pg/ml) 2342 (1916-5207) 6342 (3109-19318) 45126 (9848-56297) 19276 (9490-39503)

IL-1β (pg/ml) 568 (72-1393) 1666 (402-3919) 870 (452-979) 439 (294-617)

Levels of cytokines and chemokines in lung homogenates 24 and 48 hr after induction of pneumococ-
cal pneumonia in mice treated with anti-mouse platelet serum (anti-platelet) or control serum. Data are 
expressed as median (interquartile ranges). IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; KC, 
keratinocyte-derived cytokine; MCP-1, monocyte chemotactic protein-1; MIP-2, Macrophage–inflamma-
tory protein–2. * p < 0.05 versus control.

Table 2. Cytokine and chemokine levels in plasma

24 hr 48 hr

control
(n=8)

anti-platelet (n=7)
control
(n=8)

anti-platelet (n=8)

TNFα (pg/ml) 12 (9-24) 28 (11-32) 19 (9-25) 55 (32-82)***

IL-6 (pg/ml) 67 (10-238) 253 (2-329) 128 (82-166) 416 (214-620)**

MCP-1 (pg/ml) 131 (67-522) 415 (113-987) 308 (254-428) 1070 (818-2011)***

IFNγ (pg/ml) 7 (2-47) 32 (3-80) 11 (8-14) 293 (148-977)***

IL-12 (pg/ml) 28 (5-39) 34 (5-64) 9 (4-19) 24 (10-57)

Levels of cytokines and chemokines in plasma 24 and 48 hr after induction of pneumococcal pneumonia in 
mice treated with anti-mouse platelet (antiplatelet) serum or control serum. Data are expressed as median 
(interquartile range). IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; MCP-1, monocyte chemo-
tactic protein-1. **and *** indicate p < 0.01 and p < 0.001 versus control.
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clopidogrel did not influence lung pathology or the systemic cytokine response (data 
not shown).

DISCUSSION

Besides their well-known hemostatic function, platelets are increasingly appreciated as 
key effectors in inflammatory responses. Thrombocytopenia frequently occurs in criti-
cally ill patients, and lower platelet counts are an independent risk factor of mortality in 
patients admitted to the ICU for severe CAP8. We here investigated the role of platelets 
during CAP using thrombocytopenic mice infected with S. pneumoniae via the airways 
and show that thrombocytopenia facilitates bacterial dissemination, resulting in en-
hanced systemic inflammation and increased mortality.

The absence of platelets promoted bacterial dissemination, indicating that platelets 
contribute to local containment of pneumococcal infection in the lung. Likewise, in rat 
endocarditis caused by S. sanguinis, the bacterial density of the valve vegetations dose-
dependently increased with platelet depletion39. In addition, platelets promote endo-
thelial barrier integrity9, 40 and in experimental animals thrombocytopenia increased 
pulmonary vascular permeability41; however, to date it is not clear whether platelets also 
influence the lung epithelial barrier. In contrast to our results, in a recent study, platelets 
facilitated dissemination of Streptococcus pyogenes in murine sepsis42. This implies that 
distinct streptococcal species vary in their interaction with platelets. Indeed, S. pyogenes 
can rapidly adhere to and promote aggregation of platelets, while S. pneumoniae ap-
pears to optimally induce aggregation by an antibody-dependent mechanism11, 43.

Platelets can modulate the immune response in several ways9. In experimental models 
of sterile acute lung injury, thrombocytopenia protected against pulmonary injury16, 20, 
whereas it worsened lung injury in septic shock44. We found little effect on lung damage 
caused by platelet depletion after induction of pneumococcal pneumonia, as reflected 
by similar lung histopathology scores and pulmonary cytokine and chemokine levels. Of 
note, pneumonia caused major lung hemorrhage during thrombocytopenia, in line with 
reports from previous studies using noninfectious challenges33, 45, again implicating 
platelets are required to maintain vascular barrier integrity in the setting of inflamma-
tion. In a recent study demonstrating a protective effect of platelets during septic shock, 
no lung hemorrhage was observed and it was suggested that this was due to a milder 
extent of platelet depletion, that is 90% compared to more than 97.5% in the aforemen-
tioned studies44. In the studies carried out here, platelets were depleted for ~90% 48 
hours after pneumococcal infection, still major hemorrhage was observed, which could 
be attributed to the fact that the site of primary infection was located in the lungs.



215Thrombocytopenia in pneumococcal pneumonia

10

Platelet depletion inhibited neutrophil recruitment into lungs in several studies of 
acute lung injury in mice18-20, 22, 46. However, in an other study of murine endotoxemia, 
platelet depletion did not affect neutrophil accumulation13. In line with the latter study, 
we did not observe any difference in neutrophil counts in lung tissue between control 
and thrombocytopenic mice, as reflected by similar numbers of Ly6-G positive cells and 
MPO levels in lungs. At the same time, we demonstrated higher cytokine levels in plasma 
of thrombocytopenic mice during pneumococcal pneumonia, which may at least in part 
be explained by the higher number of bacteria present in the circulation. Furthermore, 
it was recently shown that platelets inhibit IL-6 and TNF-α production in endotoxemia 
in a macrophage dependent manner44. Therefore, a direct effect of platelet depletion 
on cytokine release may have contributed to the increased systemic cytokine response 
observed here. An overwhelming, ongoing systemic inflammatory response likely has 
added to tissue damage and mortality in thrombocytopenic mice.

Next to their central role in primary hemostasis, activated platelets are able to induce 
a coagulation response as they facilitate coagulation by providing a suitable phos-
pholipid surface for the assembly of activated coagulation factors47. Surprisingly, we 
found enhanced activation of coagulation in plasma of thrombocytopenic mice during 
infection, which together with enhanced systemic inflammation may have resulted in 
increased microthrombotic organ failure. This, combined with major bleeding complica-
tions associated with strongly reduced platelet counts, likely contributed to enhanced 
lethality in thrombocytopenic mice. The increased coagulation response may, in part, be 
attributed to an augmented systemic proinflammatory response in thrombocytopenic 
mice. In addition, S. pneumoniae is able to activate coagulation48 and increased bacterial 
counts in plasma of thrombocytopenic mice may provide an alternative explanation for 
the enhanced procoagulant state. Together, these results clearly show that platelets are 
not required for coagulation activation during pneumococcal pneumonia.

Activation of platelets is a typical feature during systemic inflammation49 and S. pneu-
moniae can induce platelet aggregation50. Retrospective data investigating the outcome 
patients with CAP suggested a benefit for those patients who had used antiplatelet 
drugs for over 6 months before hospital admission51. We studied the effect of platelet 
aggregation and secondary activation inhibition with clopidogrel during pneumococ-
cal pneumonia. Clopidogrel markedly increased the bleeding time in mice, but did not 
impact on bacterial loads or dissemination. Together these data indicate that the mere 
inhibition of the hemostatic properties of platelets does not impact on host defense 
in the setting of pneumonia caused by S. pneumoniae, whereas decreasing platelet 
numbers does.

In conclusion, we demonstrated here that platelets, independent of aggregation and 
secondary activation, play a favorable role in the setting of experimental CAP caused by 
S. pneumoniae by protecting from dissemination of bacteria and mortality.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Platelet counts in uninfected, platelet depleted mice.

0 hr 24 hr 48 hr

11,46 ± 4,6 x 106 47,2 ± 15,5 x 106 81,4 ± 13,7 x 106

Platelet counts x 106/mL in uninfected mice treated at 0, 24 and 48 hours (hr) after treatment with anti-
platelet serum.
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SUMMARY

Infectious diseases are a major cause of morbidity and mortality worldwide. Particularly 
the lung is at a constant risk to become infected by invading microorganisms as this 
organ is directly exposed to the environment. Community-acquired pneumonia (CAP) is 
a common illness throughout the world with Streptococcus (S.) pneumoniae, the pneu-
mococcus, as the most frequently isolated causative pathogen. As mortality rates have 
stagnated over the past years, expanding our current knowledge on the innate immune 
system is required in the quest to develop adjunctive treatment options and improve 
overall outcome of pneumonia.

Activation of the coagulation system is a hallmark of the host response during 
infection, and may be considered as an attempt to contain invading pathogens and 
the subsequent inflammatory response. In addition, it has become increasingly clear 
that components of the coagulation system can influence inflammation, vice versa 
facilitating an adequate host response against infectious agents. However, an exagger-
ated inflammatory response with collateral tissue damage is deleterious to the host. 
In this instance, the coagulation response itself may contribute to disease. Chapter 1 
is a general introduction that describes coagulation initiated by the Tissue Factor (TF) 
pathway and platelets under physiological circumstances and during lung infection, 
and the role of Protease-Activated Receptor (PAR)2 in the crosstalk between coagulation 
and inflammation. In this thesis we used rodent models to study the role of coagulation 
during lung infection, with a special focus on the TF pathway and PAR2-signalling in 
pneumococcal pneumonia.

In Part I of this thesis we evaluated the role of TF-induced coagulation in pneumonia. In 
chapter 2 we studied the role of endogenous TF levels on host defense in pneumococ-
cal pneumonia. Mice expressing ~1% of normal TF levels were intranasally infected with 
S. pneumoniae. Infection-induced coagulation was attenuated in low TF mice in the early 
and late phase of infection. In between these phases the attenuation of coagulation 
in low TF mice was abolished, and this coincided with a transient pro-inflammatory 
response in the lungs. During the course of pneumonia low TF mice did not have altered 
bacterial loads. We conclude that reduced TF levels during pneumococcal pneumonia 
coincide with attenuated infection-induced coagulation with limited impact on lung in-
flammation or antibacterial defense. Vice versa, in chapter 3, the role of the endogenous 
TF pathway inhibitor (TFPI) in pneumococcal pneumonia was studied in mice treated 
with a neutralizing anti-TFPI antibody, and genetically modified mice with low TFPI 
expression. In the course of pneumonia plasma TFPI activity was diminished. Although 
TFPI activity in mice was reduced to ~50% by anti-TFPI antibodies and ~10% in low TFPI 
mice, none of these mice showed an altered procoagulant response in lungs or plasma 
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during infection. Mice with ~10% (but not with ~50%) of TFPI levels displayed transient 
elevated lung cytokine and chemokine concentrations, however lung pathology was 
unaffected. TFPI levels did not influence bacterial growth or dissemination. These data 
argue against an important role for endogenous TFPI in the procoagulant, inflammatory 
and antibacterial response during pneumococcal pneumonia.

In chapter 4 we investigated the effect of early and late initiated treatment with re-
combinant human (rh)-TFPI, either or not as an add-on to antibiotic therapy in ongoing 
pneumococcal pneumonia. Besides reducing pneumonia-induced coagulation, rh-TFPI 
also attenuated the host inflammatory response, as reflected by lower cytokine and 
chemokine levels in lungs and plasma, less neutrophil infiltration into lung tissue and 
less protein leakage in bronchoalveolar lavage fluid. Notably, rh-TFPI exerted a modest 
antibacterial effect in lung tissue when administered in the late phase of infection and 
we confirmed a growth inhibitory effect of rh-TFPI on S. pneumoniae in vitro. The anti-
inflammatory and antibacterial effects did not become apparent in mice concomitantly 
treated with ceftriaxone. We conclude that therapeutic rh-TFPI in established pneumo-
coccal pneumonia inhibits coagulation, inflammation and pneumococcal growth.

One important drawback of systemic administration of anticoagulants is the increased 
risk of bleeding complications1-3. In addition, the ability of systemically administered 
drugs to concentrate in sites of infection is uncertain4. To overcome these potential flaws 
of systemic administration of rh-TFPI, in chapter 5 we studied the feasibility and effect of 
intra-alveolar administration of rh-TFPI by nebulization in a rat model of pneumococcal 
pneumonia. Local treatment with rh-TFPI attenuated local coagulation, while systemic 
TFPI activity and thrombin-antithrombin complex (TATc) levels remained unaffected. No 
lung haemorrhage was observed after intra-alveolar administration of rh-TFPI. Nebu-
lized rh-TFPI did not impact on lung tissue injury or bacterial loads in lung and blood. 
We report that nebulization with rh-TFPI has anticoagulant effects restricted to the lung 
compartment without local haemorrhagic adverse effects and thus seems feasible and 
safe in rat pneumonia. We pursued to study local treatment with rh-TFPI in two rat mod-
els of lung injury, described in chapter 6. Rats received an intratracheal challenge with 
Pseudomonas aeruginosa, a Gram-negative pathogen causing direct lung injury, or re-
ceived an intravenous injection of lipopolysaccharide (LPS), a membrane constituent of 
Gram-negative bacteria, causing indirect lung injury. Both models were associated with 
increased pulmonary and systemic coagulation activity. Nebulization with rh-TFPI did 
not affect systemic TFPI activity. However, in contrast with the observations in chapter 5, 
nebulization with rh-TFPI attenuated both pulmonary and systemic coagulation in these 
models of lung injury. Nebulized rh-TFPI also reduced the inflammatory response, which 
may have resulted in a less potent procoagulant stimulus, explaining for attenuation of 
systemic coagulation despite unaltered systemic TFPI activity. Furthermore, nebuliza-
tion with rh-TFPI reduced bacterial growth of P. aeruginosa in the alveolar compartment.
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Mounting evidence points towards a significant role for coagulation in the enhancement 
of inflammation as an essential part of host defense during infection. It has become 
clear that components of the coagulation system are able to signal via PARs. In Part II of 
this thesis we focus on the role of PAR2, which is a substrate for proteases derived from 
the TF pathway, during pneumococcal pneumonia. In chapter 7 we investigated the 
role of PAR2 in pneumococcal pneumonia. In mice intranasally infected with S. pneu-
moniae, the absence of PAR2 resulted in an improved host defense, as reflected by lower 
bacterial loads in lungs, largely preserved lung barrier integrity with markedly reduced 
dissemination of pneumococci, ultimately resulting in reduced mortality. Notably, PAR2 
deficiency did not influence bacterial loads after intravenous infection. Inhibition of the 
archetypical PAR2 activating proteases did not impact on bacterial loads. Furthermore, 
we were unable to show direct activation of PAR2 by S. pneumoniae in vitro. Taken 
together, these data demonstrate that S. pneumoniae misuses PAR2 in the airways to 
cause systemic dissemination. We continued to investigate the role of potential PAR2 
activating proteases, such as tryptase and granzyme A in the next chapters. Chapter 
8 describes the role of mast cells, as an important source of tryptase in the airways, 
in pneumococcal pneumonia. In lung tissue obtained from pneumonia patients, the 
constitutive presence of tryptase positive mast cells was reduced. Mast cell deficient 
mice showed reduced bacterial counts with less systemic bacterial dissemination, less 
inflammation, and a prolonged survival in the first days after infection, although overall 
mortality was not affected. Mast cell stabilizing agents did not influence antibacterial 
defense or inflammation. We conclude that mast cells exhibit an unfavorable role in 
host defense during pneumococcal pneumonia by a mechanism independent of their 
degranulation. In chapter 9 we show that levels of granzyme A, a trypsin-like protease, 
are elevated in BALF from the infected lung from CAP patients. We observed constitutive 
granzyme A expression by resident and non-resident cells in human lung tissue. Mice 
deficient of granzyme A showed better survival and lower bacterial counts in bronchoal-
veolar lavage fluid and distant organ sites after intranasal infection with S. pneumoniae. 
Natural Killer (NK) cells show strong granzyme A expression, however NK cell depletion 
did not influence bacterial loads. Taken together these data demonstrate that granzyme 
A plays an unfavorable role in host defense during pneumococcal pneumonia by a 
mechanism that does not depend on NK cells.

Platelets are chief effectors of primary hemostasis and provide a suitable surface for 
the activation of coagulation factors. In critically ill patients thrombocytopenia is an 
independent predictor of mortality. Part III describes the role of platelets in pneumonia 
caused by S. pneumoniae. In chapter 10 we depleted mice from platelets by anti-mouse 
thrombocyte serum, and in a different set of experiments we inhibited aggregation 
and secondary activation of platelets with clopidogrel, an irreversible inhibitor of the 
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P2Y12 receptor for adenosine diphosphate on platelets. Thrombocytopenic mice dem-
onstrated reduced survival during pneumococcal pneumonia, associated with higher 
bacterial loads in lungs and increased systemic bacterial dissemination. These mice also 
showed increased systemic activation of coagulation and cytokine levels. Clopidogrel 
treatment strongly prolonged the bleeding time, but did not impact on bacterial loads 
during infection. We conclude that platelets are not requisite for coagulation activation 
and play a protective role during pneumococcal pneumonia independent of their ag-
gregation.

GENERAL DISCUSSION

With the studies described in this thesis, we aimed to obtain further insight into the role 
of coagulation on host defense during pneumonia, with a special focus on the TF path-
way. Enhanced levels of TF, FVIIa and TATc have been demonstrated in bronchoalveolar 
lavage fluid from the affected lung of healthy volunteers challenged with bacterial cell 
wall components, and of patients with pneumonia5-10. It is generally accepted that TF is 
responsible for activation of the coagulation cascade in the lung during pneumonia11, 
evidenced by attenuation of coagulation by inhibition of the TF pathway during lung 
infection6, 12. At the same time, TFPI appears to be inactivated due to truncation13 and its 
increased production in response to lung infection is not sufficient to counterbalance 
increased TF procoagulant activity14-16. Accordingly, coagulation was enhanced with a 
concurrent decline in TFPI activity during the course of CAP induced by S. pneumoniae 
and (in)direct lung injury reported in this thesis. Moreover, we confirmed the essential 
role of TF for induction of coagulation in pneumonia in mice expressing low endog-
enous TF levels. Remarkably, low endogenous TFPI levels did not alter the procoagulant 
response during lung infection, which suggest that either low (<10%) levels of TFPI 
activity are sufficient in attenuating infection-induced coagulation or that endogenous 
TFPI plays a negligible role herein. However, in line with previous reports, administration 
of rh-TFPI effectively reduced inflammation-induced coagulation12, 17.

Ample evidence points towards a mutual interaction between coagulation and 
inflammation. Previous studies evaluating the effect of TF-induced coagulation on 
inflammation have reported inconsistent results. Early studies in septic baboons treated 
with TF blocking agents showed reduced lung injury with preserved lung function and 
improved outcome18-21. However, in an experimental setting of human endotoxemia, 
rh−TFPI did not affect inflammatory pathways, whilst completely abrogating activation 
of coagulation22. In rat models of direct lung injury blocking the TF pathway attenuated 
vascular leakage, neutrophil influx and levels of cytokines and chemokines8, 23. However, 
when mice were treated with TF blocking agents these parameters were not affected6. 
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In our pneumococcal pneumonia studies we unexpectedly observed a transient pro-
inflammatory effect in low TF mice. This could at least in part be attributed to attenu-
ated mitogen-activated protein kinase phosphatase (MPK)-1 expression, which is an 
important inhibitor of inflammation24 and suggests that under normal circumstances 
TF-induced inflammation is regulated by this feedback mechanism. Notably, low TFPI 
mice also had a transient pro-inflammatory effect, mediated independently of coagula-
tion, considering the unaltered coagulant response, pointing towards a role for TFPI to 
blunt TF-mediated early inflammation during pneumonia. However, previous studies 
report no impact of treatment with TF-inhibiting agents on lung inflammation when 
initiated at the time of infection6, 12. In contrast, in chapter 4 we demonstrate that, 
when administered in a clinically more relevant situation of already established CAP, 
rh-TFPI exerted clear anti-inflammatory effects. These data suggest that inhibition of TF-
mediated coagulation only influences inflammation during an ongoing procoagulant 
and proinflammatory response, suggesting redundancy of the mechanism by which 
inflammation is amplified when activation of coagulation is inhibited prior to infection. 
This hypothesis is further supported by the observation that in mice with endotoxemia 
or polymicrobial sepsis an amplification of inflammation by coagulation could only be 
demonstrated in the late phase after the injury, whereas in the early phase inflammation 
proceeded independently of coagulation25. Local pre-treatment with rh-TFPI by nebuli-
zation did not impact on inflammation during pneumococcal pneumonia, whereas it 
diminished inflammation in rats with indirect lung injury due to sepsis and pneumonia 
caused by P. aeruginosa. Remarkably, systemic administration of rh−TFPI in a similar 
model of indirect lung injury previously did not show anti-inflammatory effects26, sug-
gesting that local administration of rh−TFPI is more effective than systemic treatment in 
dampening lung inflammation in this setting. Taken together, the effect of blocking the 
TF pathway on inflammation appears to depend on the site and timing of TF inhibition, 
and furthermore varies between infecting pathogens and the host species.

In experimental Gram-negative infection, inactivation of TFPI by neutrophil serine 
proteases supported coagulation during systemic infection, contributing to the reten-
tion of bacteria inside microvessels and suppression of pathogen dissemination13. In our 
studies neither mice with low TF or low TFPI levels had altered bacterial numbers or 
bacterial dissemination, arguing against a direct role of the endogenous TF pathway 
in the antimicrobial response against S. pneumoniae. Recently, studies have reported 
antimicrobial activity of C-terminal peptides of the rh–TFPI molecule against several 
pathogens, including P. aeruginosa27, 28. Indeed we observed antimicrobial effects of 
rh-TFPI in bronchoalveolar lavage fluids of rats pre-treated with nebulized rh-TFPI in 
P. aeruginosa pneumonia, and similar effects during pneumococcal pneumonia in the 
lungs of mice with established pneumonia after systemic administration. Of note, the 
lower bacterial counts may have accounted for a less strong pro-inflammatory stimulus 
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in respective animals. However, no antimicrobial effects were observed during pneumo-
coccal pneumonia in rats pretreated with local rh-TFPI. Differences between the anti-
inflammatory and antibacterial effects of rh-TFPI during various models of lung injury 
add to the notion that host defense pathways against different pathogens, although all 
cause (infectious) lung injury, rely on distinct mechanisms. These respective lung injuri-
ous circumstances may each require further dosage optimization of (nebulized) rh-TFPI 
to yield local anti-inflammatory or antibacterial effects.

Initial promising preclinical results of TF blocking agents have prompted the per-
formance of the OPTIMIST trial, investigating rh-TFPI in sepsis patients, which did not 
show an overall improved outcome, but suggested a protective effect from rh-TFPI 
in a subgroup of CAP patients1. The ensuing CAPTIVATE trial, specifically designed to 
investigate the effect of rh-TFPI in severe CAP however, failed to show a beneficial effect 
on outcome29. Obviously, patients are concurrently treated with antibiotics and this may 
at least partially explain the negative results of these trials. Of interest in this respect, we 
did not observe any anti-inflammatory or antibacterial effects in mice also treated with 
ceftriaxone, probably because antibiotic treatment per se already profoundly reduced 
bacterial loads and inflammation. Additionally, in these trials anticoagulant agents were 
administered systemically, consequently increasing the incidence of bleeding complica-
tions. Indeed, the OPTIMIST trial reported more adverse events with bleeding in patients 
treated with rh-TFPI than in placebo treated patients (24% versus 19%)1, which may have 
counterweighed potentially favorable effects. In this thesis, we show that local delivery 
of rh-TFPI is feasible and nebulized rh-TFPI was not associated with increased pulmonary 
hemorrhage. Future studies have to assess its effectiveness in clinical practice.

Protease-activated receptors (PARs) have been shown to play a key role in the regula-
tion of inflammation in the lungs30. In the second part of this thesis, we looked at the 
role of PAR2, as a substrate for TF pathway derived proteases, in host defense during 
pneumonia. From our observations a clear detrimental effect of PAR2 for the host was 
demonstrated, which was caused by loss of the lung barrier integrity, with subsequent 
enhanced dissemination and increased mortality. These findings contrast with previous 
reports in which PAR2 protected mice from lung injury and lethality from influenza A31 
and in pneumonia caused by P. aeruginosa32 and once again stress the heterogeneity of 
the host defence in response to different pathogens.

We aimed to identify which serine protease is responsible for the PAR2-mediated unfa-
vorable phenotype in pneumococcal pneumonia. Firstly, by blocking the TF pathway in 
both wild-type and PAR2 deficient mice, we showed that TF pathway derived proteases 
do not contribute to the observed phenotype, which is in line with the fact that low TF 
mice are not protected during pneumococcal pneumonia. We proceeded to evaluate 
other endogenous candidate PAR2 activating proteases. Interestingly, both mast cell 
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deficient mice, thus lacking the main source of tryptase, and granzyme A deficient mice, 
demonstrated similar improved host defense to PAR2 deficient mice. However, we were 
unable to yield the same effects by pharmacological inhibition of tryptase, inhibition of 
mast cell degranulation, and other endogenous protease inhibitors in this model. Non-
selective inhibition of these agents and redundant mechanisms are possible explanations 
for these observations; however, mast cells and granzyme A have immunomodulatory 
effects that are mediated independent of PAR2. Finally we were unable to show PAR2 
activating properties of proteases derived from S. pneumoniae in vitro. Undoubtedly, 
performing experiments with live pneumococci may have hampered the experimental 
set-up and more research using S. pneumoniae derived proteases would provide more 
definitive answers about the ability of the pneumococcus to directly misuse PAR2 in its 
advantage to cause invasive disease.

Next to TF-initiated coagulation, platelets are other key effectors of an initial rapid 
coagulation response. Thrombocytopenia is a common finding in critically ill patients 
and an independent predictor of mortality of ICU patients with CAP33-35. Indeed, we 
demonstrate that lack of platelets promotes bacterial dissemination and results in 
increased mortality. Remarkably, we found that thrombocytopenia is associated with 
enhanced rather than reduced coagulation, likely due to increased bacterial loads and 
a pro-inflammatory state. Our findings demonstrate that platelets are not requisite for 
infection-induced coagulation.

CONCLUSIONS

From our studies presented in this thesis, it becomes clear that the role of the TF path-
way in host defense during pneumonia is not univocal. Low levels of endogenous TF or 
TFPI had limited impact on inflammation and bacterial loads, although one must bear 
in mind that TF- and TFPI-deficient mice are not viable and that these mice are rescued 
by a human transgene, which implies that this transgene provides essential levels of 
these proteins. Our data support an anti-inflammatory and antibacterial effect of rh-TFPI 
in pneumonia, which depends on the timing and route of administration and on the 
causative pathogen. However these effects may not become apparent with concur-
rent antibiotic treatment, which is common practice in the clinical situation. Overall, 
extrapolation of these experimental results to the complex and heterogeneous human 
setting should be done with caution. We furthermore demonstrate that S. pneumoniae 
misuses PAR2 in its advantage to cause invasive disease, however we failed to identify 
the protease(s) responsible for PAR2 activation in pneumonia. Nonetheless, this obser-
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vation may provide new therapeutic strategies to improve outcome of pneumococcal 
pneumonia.
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SAMENVATTING

Infectieziekten zijn een belangrijke oorzaak van morbiditeit en mortaliteit wereldwijd. 
Met name de long heeft continu het risico om geïnfecteerd te raken door binnendrin-
gende micro-organismen, aangezien dit orgaan direct is blootgesteld aan de omgeving. 
Community-acquired pneumonie (CAP) is een over de hele wereld veel voorkomende 
ziekte met Streptococcus (S.) pneumoniae, de pneumokok, als de meest frequent geïso-
leerde ziekteverwekker. Aangezien de mortaliteit cijfers de laatste jaren zijn gestag-
neerd, is het vergroten van onze huidige kennis over het aangeboren immuunsysteem 
essentieel in de queeste naar het ontwikkelen van additionele behandelingsopties en 
het verbeteren van de algehele uitkomst van longontsteking.

Activatie van het stollingssysteem is een kenmerk van de afweerrespons tijdens een 
infectie en kan worden beschouwd als een poging om binnendringende pathogenen en 
de daaropvolgende ontstekingsrespons in te perken. Daarnaast is het in toenemende 
mate duidelijk geworden dat onderdelen van het stollingssysteem de ontsteking kun-
nen beïnvloeden, omgekeerd een adequate gastheer reactie tegen ziekteverwekkers 
faciliterend. Echter, een buitensporige ontstekingsreactie met collaterale weefselschade 
is schadelijk voor de gastheer. In dat geval zal de stollingsreactie zelf bijdragen aan de 
ziekte. Hoofdstuk 1 is een algemene introductie die de stolling geïnitieerd door de Tis-
sue Factor (TF) pathway en bloedplaatjes beschrijft onder fysiologische omstandigheden 
en gedurende longinfectie, alsook de rol van Protease-Activated Receptor (PAR)2 in de 
samenspraak tussen stolling en inflammatie. In dit proefschrift gebruiken we knaagdier 
modellen om de rol van stolling gedurende longinfectie te bestuderen, met een speciaal 
focus op de TF pathway en PAR2-signalering in pneumokokken pneumonie.

In Deel I van dit proefschrift hebben we de rol van TF-geïnduceerde stolling tijdens 
longontsteking geëvalueerd. In hoofdstuk 2 bestudeerden we de rol van endogeen TF 
in de afweer van de gastheer tijdens pneumokokken pneumonie. Muizen die ca. 1% 
van de normale TF levels tot expressie brengen werden intranasaal geïnfecteerd met S. 
pneumoniae. Infectie-geïnduceerde stolling was gedempt in deze “low TF” muizen in de 
vroege en late fase van infectie. Tussen deze fases in was de verminderde stolling in low 
TF muizen verdwenen, en dit ging samen met een tijdelijke pro-inflammatoire respons 
in de longen. Low TF muizen hadden geen veranderde bacteriële uitgroei in de loop 
van longontsteking. Wij concluderen dat verminderde TF levels gedurende pneumokok-
ken pneumonie samengaat met verminderde infectie-geïnduceerde stolling met een 
beperkte impact op long inflammatie of antibacteriële afweer. Vice versa, in hoofdstuk 
3, werd de rol van de endogene TF pathway inhibitor (TFPI), tijdens pneumokokken 
pneumonie bestudeerd in muizen die behandeld werden met een neutraliserend anti-
TFPI antilichaam, en in genetisch gemodificeerde muizen met lage (low) TFPI expressie. 
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In de loop van de longontsteking verminderde de TFPI activiteit. Hoewel TFPI activiteit 
in muizen tot ca. 50% was gereduceerd door anti-TFPI antilichamen en tot ca. 10% in low 
TFPI muizen, toonden geen van deze muizen een veranderde procoagulante respons in 
de longen of plasma tijdens de infectie. Muizen met ca. 10% (maar niet met ~50%) TFPI 
activiteit vertoonden tijdelijk verhoogde long cytokine en chemokine concentraties, 
echter long pathologie was onveranderd. TFPI levels beïnvloedden de bacteriële groei 
of disseminatie niet. Deze data pleiten tegen een belangrijke rol voor endogene TFPI 
in de procoagulante, inflammatoire en antibacteriële respons tijdens pneumokokken 
pneumonie.

In hoofdstuk 4 bestudeerden wij het effect van vroeg en laat geïnitieerde behan-
deling met recombinant humaan (rh)-TFPI, al dan niet toegevoegd aan antibiotische 
therapie tijdens reeds ontwikkelde pneumokokken pneumonie. Naast het reduceren 
van pneumonie-geïnduceerde stolling, dempte rh-TFPI ook de inflammatoire gastheer 
respons, zoals blijkt uit lagere cytokine en chemokine concentraties in longen en plasma, 
minder neutrofiel infiltratie in longweefsel en minder eiwit lekkage in bronchoalveolaire 
lavage vloeistof (BALF). Voorts oefende rh-TFPI een bescheiden antibacterieel effect uit 
in longweefsel indien het in de late fase van infectie werd toegediend en we bevestigden 
een groei remmend effect van rh-TFPI op S. pneumoniae in vitro. De anti-inflammatoire 
en antibacteriële effecten waren niet waarneembaar in muizen die tegelijkertijd met 
het antibioticum ceftriaxon werden behandeld. We concluderen dat therapeutisch rh-
TFPI stolling, inflammatie en groei van pneumokokken remt in zich reeds ontwikkelde 
pneumokokken pneumonie.

Een belangrijk nadelig effect van systemische toediening van anticoagulantia is het 
verhoogd risico op bloedingscomplicaties1-3. Bovendien is het concentrerend vermogen 
van systemisch toegediende medicatie op plaatsen van infectie onzeker4. Om deze 
mogelijke onvolkomenheden van systemische toediening van rh-TFPI te overkomen, 
bestudeerden wij in hoofdstuk 5 de haalbaarheid en het effect van intra-alveolaire toe-
diening van rh-TFPI door verneveling in een rat model van pneumokokken pneumonie. 
Lokale behandeling met rh-TFPI dempte lokale stolling, terwijl systemische TFPI acti-
viteit en trombine-antitrombine complex (TATc) concentraties niet werden beïnvloed. 
Er werd geen longbloeding geobserveerd na intra-alveolaire toediening van rh-TFPI. 
Verneveld rh-TFPI had geen invloed op longweefselschade of bacteriële uitgroei in long 
en bloed. Wij rapporteren dat verneveling met rh-TFPI anticoagulante effecten heeft 
die zijn beperkt tot het long compartiment zonder lokale hemorragische bijwerkingen 
en lijkt derhalve haalbaar en veilig tijdens rat longontsteking. Wij zetten de studie naar 
lokale behandeling met rh-TFPI voort in twee rat modellen van longschade, beschreven 
in hoofdstuk 6. Ratten werden intratracheaal geïnfecteerd met Pseudomonas aeru-
ginosa, een Gram-negatief pathogeen met directe longschade tot gevolg, of werden 
intraveneus geïnjecteerd met lipopolysaccharide (LPS), een membraan bestanddeel 
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van Gram-negatieve bacteriën, leidend tot indirecte longschade. Beide modellen zijn 
geassocieerd met verhoogde pulmonale en systemische stollingsactiviteit. Verneveling 
met rh-TFPI had geen effect op systemische TFPI activiteit. Echter, in tegenstelling tot 
de observaties in hoofdstuk 5, dempte verneveling met rh-TFPI zowel pulmonale als 
systemische stolling in deze modellen van longschade. Verneveld rh-TFPI verminderde 
ook de inflammatoire respons, met mogelijk een minder krachtige procoagulante sti-
mulus tot gevolg, wat de verminderde systemische stolling ondanks onveranderde 
systemische TFPI activiteit kan verklaren. Voorts verminderde verneveling met rh-TFPI 
de bacteriële groei van P. aeruginosa in het alveolaire compartiment.

Toenemend bewijs duidt op een significante rol van stolling in het versterken van 
inflammatie als een essentieel onderdeel van de gastheer afweer tijdens infectie. Het 
is duidelijk geworden dat onderdelen van het stollingssysteem kunnen signaleren via 
PARs. In Deel II van dit proefschrift focussen we ons op de rol van PAR2, een substraat 
voor proteasen afkomstig van de TF pathway, tijdens pneumokokken pneumonie. In 
hoofdstuk 7 onderzochten wij de rol van PAR2 in pneumokokken pneumonie. In mui-
zen die intranasaal waren geïnfecteerd met S. pneumoniae, resulteerde de afwezigheid 
van PAR2 in een verbeterde afweer van de gastheer, blijkens lagere bacteriële uitgroei 
in de longen, grotendeels beschermde long barrière integriteit met beduidend minder 
disseminatie van pneumokokken, uiteindelijk resulterend in verminderde mortaliteit. 
Nota bene, PAR2 deficiëntie had geen invloed op bacteriële uitgroei na intraveneuze 
infectie. Inhibitie van de archetypische PAR2 activerende proteasen had geen invloed 
op bacteriële uitgroei. Voorts konden wij geen directe activatie van PAR2 door S. pneu-
moniae in vitro aantonen. Al met al tonen deze data aan dat S. pneumoniae PAR2 in de 
luchtwegen misbruikt om systemische disseminatie te veroorzaken. Wij bestudeerden 
de rol van potentiële PAR2 activerende proteasen, zoals tryptase en granzyme A verder 
in de volgende hoofdstukken. Hoofdstuk 8 beschrijft de rol van mestcellen, als een 
belangrijke bron van tryptase in de luchtwegen, in pneumokokken pneumonie. In long 
weefsel afkomstig van pneumonie patiënten was de aanwezigheid van tryptase positie-
ve mestcellen gereduceerd. Mestcel deficiënte muizen toonden verminderde bacteriële 
groei met minder systemische bacteriële disseminatie, minder inflammatie en een ver-
lengde overleving in de eerste dagen na infectie, hoewel de overall mortaliteit niet was 
veranderd. Mestcel stabiliserende middelend hadden geen invloed op de antibacteriële 
afweer of inflammatie. Wij concluderen dat mestcellen een ongunstige rol uitoefenen 
in de gastheer afweer tijdens pneumokokken pneumonie middels een mechanisme dat 
onafhankelijk is van hun degranulatie. In hoofdstuk 9 laten we zien dat de waardes 
van granzyme A, een trypsineachtig protease, verhoogd zijn in BALF afkomstig van de 
geïnfecteerde long van CAP patiënten. Wij zagen granzyme A expressie door residente 
en niet-residente cellen in humaan longweefsel. Granzyme A deficiënte muizen lieten 
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betere overleving zien en minder bacteriële groei in BALF en organen op afstand na 
intranasale infectie met S. pneumoniae. Natural Killer (NK) cellen vertonen sterke gran-
zyme A expressie, echter NK cel depletie had geen effect op bacteriële concentraties. Al 
met al tonen deze data dat granzyme A een nadelige rol speelt in de gastheer afweer 
tijdens pneumokokken middels een NK-cel onafhankelijk mechanisme.

Bloedplaatjes zijn belangrijke effectoren van primaire hemostase en leveren een ge-
schikt oppervlak voor het activeren van stollingsfactoren. In ernstig zieke patiënten is 
trombocytopenie een onafhankelijke voorspeller van mortaliteit. Deel III beschrijft de 
rol van plaatjes in longontsteking veroorzaakt door S. pneumoniae. In hoofdstuk 10 
depleteerden we muizen van bloedplaatjes met anti-muis trombocyten serum en in een 
andere serie van experimenten remden we plaatjes aggregatie en secundaire activatie 
met clopidogrel, een irreversibele inhibitor van de P2Y12 receptor voor adenosine di-
fosfaat op plaatjes. Trombocytopene muizen vertoonden een verminderde overleving 
tijdens pneumokokken pneumonie, geassocieerd met meer bacteriële uitgroei in 
longen en verhoogde systemische bacteriële disseminatie. Deze muizen vertoonden 
ook een verhoogde systemische activatie van stolling en cytokine concentraties. 
Behandeling met clopidogrel verlengde de bloedingstijd, maar had geen invloed op 
bacteriële uitgroei tijdens de infectie. Wij concluderen dat bloedplaatjes niet vereist zijn 
voor stollingsactivatie en dat zij een beschermende rol spelen onafhankelijk van hun 
aggregatie tijdens pneumokokken pneumonie.

ALGEMENE DISCUSSIE

Met de studies beschreven in dit proefschrift, hebben wij getracht een groter inzicht te 
verkrijgen in de rol van stolling op het afweersysteem tijdens pneumonie, met een speci-
aal focus op de TF pathway. Verhoogde concentraties TF, FVIIa en TATc zijn aangetoond in 
BALF van de aangedane long van gezonde vrijwilligers die bacteriële celwand onderde-
len kregen toegediend en van patiënten met pneumonie5-10. Het is algemeen aanvaard 
dat TF verantwoordelijk is voor de activatie van de stollingscascade in de long tijdens 
pneumonie11, zoals blijkt uit remming van de stolling door inhibitie van de TF pathway 
tijdens longinfectie6, 12. Tegelijkertijd lijkt TFPI geïnactiveerd te zijn door verkorting13 en 
de verhoogde productie in respons op longinfectie is niet afdoende om tegenwicht te 
bieden aan de toegenomen TF procoagulante activiteit14-16. In overeenkomst hiermee 
was de stolling verhoogd met een gelijktijdige afname van TFPI activiteit in de loop 
van pneumokokken pneumonie en (in)directe longschade modellen gerapporteerd in 
dit proefschrift. Voorts bevestigden wij de essentiële rol van TF voor de inductie van 
stolling in longontsteking in muizen met een lage endogene TF expressie. Opmerkelijk 
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genoeg hadden lage endogene TFPI levels geen effect op de procoagulante respons 
tijdens longinfectie, wat suggereert dat ofwel lage (<10%) TFPI levels afdoende zijn 
om infectie-geïnduceerde stolling te verminderen, ofwel dat endogeen TFPI hierin een 
verwaarloosbare rol speelt. Echter, in overeenkomst met eerdere verslagen reduceerde 
rh-TFPI inflammatie-geïnduceerde stolling op effectieve wijze12, 17.

Uitgebreid bewijs duidt op een wederzijdse interactie tussen stolling en inflammatie. 
Eerdere studies die het effect van TF-geïnduceerde stolling op inflammatie evalueer-
den, rapporteerden inconsistente resultaten. Vroege studies in septische bavianen 
behandeld met TF blokkerende middelen demonstreerden verminderde longschade 
met beschermde longfunctie en verbeterde uitkomst18-21. Echter, in een experimentele 
humane endotoxemie setting, had rh-TFPI geen effect op inflammatie, terwijl de stolling 
compleet werd geremd22. In rat modellen van direct longschade verminderde inhibitie 
van de TF pathway vasculaire lekkage, neutrofiel influx en cyto- en chemokine levels8, 23. 
Echter, wanneer muizen werden behandeld met TF blokkerende middelen waren deze 
parameters niet veranderd6. In onze pneumokokken pneumonie studies vonden we 
onverwacht een tijdelijk pro-inflammatoir effect in low TF muizen. Dit kan in elk ge-
val gedeeltelijk worden toegeschreven aan verminderde mitogen-activated protein 
kinase phosphatase (MPK)-1 expressie, een belangrijke remmer van inflammatie24 en 
suggereert dat onder normale omstandigheden TF-geïnduceerde inflammatie wordt 
gereguleerd door dit feedback mechanisme. Opvallend is dat low TFPI muizen ook een 
tijdelijk pro-inflammatoir effect vertoonden, onafhankelijk van de stolling gemedieerd, 
gezien de onveranderde stollingsreactie, wat wijst op een rol voor TFPI om de TF-ge-
medieerde vroege inflammatie tijdens pneumonie af te vlakken. Echter, eerdere studies 
rapporteerden geen impact op longinflammatie door behandeling met TF-inhiberende 
middelen wanneer dit wordt gestart op het tijdstip van infectie6, 12. In contrast, in hoofd-
stuk 4 tonen we aan dat, wanneer toegediend in een klinisch relevantere situatie van 
zich reeds ontwikkelde CAP, rh-TFPI duidelijke anti-inflammatoire effecten uitoefent. 
Deze data suggereren dat inhibitie van TF-gemedieerde stolling alleen invloed heeft op 
inflammatie tijdens een reeds bestaande procoagulante en pro-inflammatoire respons, 
wat redundantie suggereert van het mechanisme dat inflammatie versterkt wanneer 
stollingsactivatie is geïnhibeerd voorafgaand aan infectie. Deze hypothese wordt onder-
steund door de observatie dat in muizen met endotoxemie of polymicrobiële sepsis een 
versterking van inflammatie door stolling alleen kon worden aangetoond in de laatste 
fase na de schade, terwijl in de vroege fase inflammatie onafhankelijk van stolling voort-
schreed25. Lokale pre-behandeling met rh-TFPI door verneveling had geen effect op 
inflammatie tijdens pneumokokken pneumonie, terwijl het inflammatie verminderde in 
ratten met indirecte longschade ten gevolge van sepsis en pneumonie veroorzaakt door 
P. aeruginosa. Het is opmerkelijk dat systemische toediening van rh−TFPI in eenzelfde 
model van indirecte longschade eerder geen anti-inflammatoire effecten liet zien26, 
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hetgeen suggereert dat lokale toediening van rh−TFPI effectiever is dan systemische 
behandeling in het dempen van longinflammatie in deze setting. Al met al lijkt het ef-
fect van het blokkeren van de TF pathway op inflammatie afhankelijk van de plaats en 
timing van TF inhibitie en varieert voorts tussen infectieuze pathogenen en de gastheer 
species.

In experimentele Gram-negatieve infectie, ondersteunde inactivatie van TFPI door 
neutrofiel serine proteasen stolling tijdens systemische infectie, hiermee bijdragend 
aan het retineren van bacteriën in microvaten en onderdrukking van disseminatie van 
pathogenen13. In onze studies hadden noch low TF noch low TFPI muizen veranderde 
bacteriële uitgroei of disseminatie, hetgeen pleit tegen een directe rol van de endogene 
TF pathway in de antimicrobiële respons tegen S. pneumoniae. Recente studies hebben 
antimicrobiële activiteit van C-terminale peptiden van het rh–TFPI molecuul tegen 
verschillende pathogenen gerapporteerd, inclusief P. aeruginosa27, 28. Wij observeerden 
inderdaad antimicrobiële effecten van rh-TFPI in BALF van ratten die waren voorbe-
handeld met rh-TFPI verneveling in P. aeruginosa pneumonie en eenzelfde effecten 
tijdens pneumokokken pneumonie in de longen van muizen met reeds ontwikkelde 
pneumonie na systemische administratie. Nota bene, de lagere bacteriële uitgroei kan 
hebben gezorgd voor een minder sterke pro-inflammatoire stimulus in de respectie-
velijke dieren. Echter, er werden geen antimicrobiële effecten gezien in ratten lokaal 
voorbehandeld met rh-TFPI tijdens pneumokokken pneumonie. Verschillen tussen de 
anti-inflammatoire en antibacteriële effecten van rh-TFPI gedurende diverse modellen 
van longschade dragen bij aan het besef dat de afweer tegen uiteenlopende pathoge-
nen, ook al veroorzaken deze allemaal (infectieuze) longschade, berusten op verschil-
lende mechanismen. De respectievelijke schadelijke omstandigheden voor de long 
vereisen verdere optimalisatie van (verneveld) rh-TFPI om lokale anti-inflammatoire of 
antibacteriële effecten te bewerkstelligen.

Initiële veelbelovende preklinische resultaten van TF blokkerende middelen hebben 
geleid tot het uitvoeren van de OPTIMIST trial, die rh-TFPI in sepsis patiënten onder-
zocht, welke geen overall verbetering in uitkomst liet zien, maar een beschermend 
effect van rh-TFPI suggereerde in een subgroep van CAP patiënten1. De daaropvol-
gende CAPTIVATE trial, speciaal ontworpen om het effect van rh-TFPI in ernstige CAP 
te onderzoeken, liet echter geen voordelig effect op uitkomst zien29. Uiteraard worden 
patiënten tegelijkertijd behandeld met antibiotica en dit verklaart mogelijk deels de 
negatieve resultaten van deze trials. In dit opzicht is het interessant dat wij geen anti-in-
flammatoire of antibacteriële effecten zagen in muizen die tegelijkertijd met ceftriaxon 
werden behandeld, waarschijnlijk omdat antibiotische behandeling per se de bacteriële 
uitgroei fors reduceert. Bovendien werden in deze trials de anticoagulantia systemisch 
toegediend, leidend tot verhoogde bloedingscomplicaties. Inderdaad werden in de 
OPTIMIST trial meer bijwerkingen met bloeding gerapporteerd in patiënten die waren 
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behandeld met rh-TFPI dan in patiënten behandeld met placebo (24% versus 19%)1, wat 
mogelijk gunstige effecten heeft ondermijnd. In dit proefschrift demonstreren wij dat 
lokale administratie van rh-TFPI haalbaar is en verneveld rh-TFPI niet was geassocieerd 
met een toename van longbloedingen. Toekomstige studies moeten de effectiviteit in 
de praktijk evalueren.

Het is aangetoond dat Protease-activated receptors (PARs) een belangrijke rol spelen in 
de regulatie van inflammatie in de longen30. In het tweede gedeelte van dit proefschrift 
hebben we gekeken naar de rol van PAR2, als substraat voor TF pathway afkomstige 
proteasen, in de afweer tijdens pneumonie. Uit onze observaties blijkt een duidelijk 
nadelig effect van PAR2 voor de gastheer, wat wordt veroorzaakt door verlies van de 
integriteit van de long barrière, met dientengevolge toegenomen disseminatie en mor-
taliteit. Deze bevindingen staan in contrast met eerdere studies waarin PAR2 muizen 
beschermd waren tegen longschade en letaliteit door influenza A31 en in pneumonie 
veroorzaakt door P. aeruginosa32 en benadrukt eens te meer de heterogeniteit van de 
gastheer in de afweerreactie tegen verschillende pathogenen.

Wij hebben getracht de serine protease die verantwoordelijk zijn voor het PAR2-
gemedieerde ongunstige fenotype in pneumokokken pneumonie te identificeren. 
Allereerst door het inhiberen van de TF pathway in zowel wild-type als PAR2 deficiënte 
muizen, toonden wij aan dat proteasen afkomstig van de TF pathway niet bijdragen aan 
het geobserveerde fenotype, wat overeenkomt met het feit dat low TF muizen niet be-
schermd zijn tijdens pneumokokken pneumonie. Wij gingen verder met het evalueren 
van andere endogene PAR2 activerende kandidaten. Het is interessant dat zowel mest-
cel deficiënte muizen, aldus de belangrijkste bron van tryptase missend, en granzyme A 
deficiënte muizen eenzelfde verbeterde afweer vertoonden als PAR2 deficiënte muizen. 
Echter, wij hebben niet dezelfde effecten kunnen verkrijgen door farmacologische 
inhibitie van tryptase, mestcel degranulatie en overige endogene protease remmers in 
dit model. Non-selectieve inhibitie van deze middelen en redundante mechanismen zijn 
mogelijke verklaringen voor deze observaties; echter, mestcellen en granzyme A hebben 
immunomodulatoire effecten die onafhankelijk van PAR2 worden gemedieerd. Tot slot 
hebben wij geen PAR2 activerende eigenschappen kunnen aantonen van proteasen af-
komstig van S. pneumoniae in vitro. Ongetwijfeld heeft het uitvoeren van experimenten 
met levende pneumokokken de experimentele set-up belemmerd en meer onderzoek 
waarin gebruik wordt gemaakt van S. pneumoniae afkomstige proteasen zullen meer de-
finitieve antwoorden kunnen geven over de mogelijkheid van de pneumokok om PAR2 
op directe wijze in eigen voordeel te misbruiken om invasieve ziekte te veroorzaken.

Naast TF-geïnitieerde stolling, zijn bloedplaatjes andere sleutel effectoren van een 
initiële snelle stollingsreactie. Trombocytopenie wordt vaak gezien in ernstig zieke 
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patiënten en is een onafhankelijke voorspeller van mortaliteit in patiënten op de In-
tensive Care opgenomen met CAP33-35. Inderdaad demonstreren wij dat een gebrek aan 
bloedplaatjes bacteriële disseminatie bevordert en resulteert in toegenomen mortali-
teit. Opvallend is dat trombocytopenie veeleer is geassocieerd met toegenomen dan 
gereduceerde stolling, meest waarschijnlijk ten gevolge van toename van bacteriële 
uitgroei en een pro-inflammatoire situatie. Onze bevindingen tonen aan dat plaatjes 
niet vereist zijn voor infectie-geïnduceerde stolling.

CONCLUSIES

Uit onze studies gepresenteerd in dit proefschrift blijkt dat de rol van de TF pathway 
in de afweer tijdens pneumonie niet eenduidig is. Lage levels van endogeen TF of TFPI 
hadden slechts een beperkte impact op inflammatie en bacteriële uitgroei, hoewel 
men in gedachten moet houden dat TF- en TFPI-deficiënte muizen niet levensvatbaar 
zijn en dat deze muizen worden gered door een humaan transgen, hetgeen impliceert 
dat dit transgen essentiële levels van de betreffende eiwitten verschaft. Onze data on-
dersteunen een anti-inflammatoire en antibacterieel effect van rh-TFPI in pneumonie, 
afhankelijk van de timing en route van toediening en de ziekteverwekker. Echter, deze 
effecten worden mogelijk niet zichtbaar met gelijktijdige antibiotische behandeling, 
wat gebruikelijk is in de klinische situatie. In het algemeen moet extrapolatie van deze 
experimentele resultaten naar de complexe en heterogene humane situatie met voor-
zichtigheid gebeuren. Verder tonen wij aan dat S. pneumoniae PAR2 in eigen voordeel 
gebruikt om invasieve ziekte te veroorzaken, echter hebben wij de protease(n) ver-
antwoordelijk voor PAR2 activatie in pneumonie niet kunnen identificeren. Niettemin 
kan deze observatie nieuwe therapeutische strategieën opleveren om de uitkomst van 
pneumokokken pneumonie te verbeteren.
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DANKWOORD

In de medische zorg wordt getracht zoveel mogelijk evidence based medicine te bedrij-
ven. Maar wat is dat nu? De wereld van de wetenschap heeft altijd mijn nieuwsgierigheid 
gewekt. Hoe ziet deze eruit? Waar liggen de grenzen? Om hiervan een idee te krijgen en 
daarmee een fundament te leggen om zelf ‘het bewijs’ op waarde te kunnen schatten, 
ben ik gestart aan dit wetenschappelijk onderzoeksavontuur. Een klinisch geschoolde 
arts de richting wijzen in de biomedische wereld vereist veler inspanning, die ik allen 
zeer erkentelijk ben.

Allereerst wil ik mijn promotoren, prof. dr. Tom van der Poll en prof. dr. Marcus Schultz 
danken dat ik door de controle ben gekomen en zo de kans heb gekregen te starten aan 
deze wetenschappelijk ontdekkingsreis.

“Hou eens op met dat geprofessor!” Tom, jij maakte al snel jouw eigen voorkeursstijl 
van aanspreken kenbaar en illustreert jouw laagdrempeligheid. Misschien heb je deze 
heroverwogen, als ik weer in een staat van opperste frustratie om niet-reproduceerbare 
data jouw kantoor binnen stampvoette. Daar trof ik dan Seneca in hoogsteigen persoon 
en na een half uur boosheid en ontkenning, wachtte jij geduldig op de acceptatiefase 
om pragmatisch een vervolgplan voor te stellen. Het is voor mij een raadsel hoe jij niet 
verdwaalt in de wirwar van data van de verschillende (remmers van) (anti-)coagulantia 
of fibrinolyse in uiteenlopende infectiemodellen -en dat is dan nog slechts een deel van 
jouw research scope. Je doet de naam van een beroemd navigatiesysteem eer aan; dank 
dat je mijn coördinaten altijd in de gaten hield!

Beste Marcus, na mijn eerste dierproeven in het LEICA bood jij mij slachtofferhulp 
nadat ik ’s nachts alleen in het laboratorium het resultaat trof van een te virulent uit-
gevallen inoculum! Het lokaal toedienen van recombinant TFPI was een interessante 
experimentele therapie en had zeker meer aandacht verdiend. Helaas bleken de klini-
sche trials geen voordeel op te leveren en werd mijn onderzoeksroute herberekend. Het 
is jammer dat mijn promotie jouw verblijf in het buitenland doorkruist.

Dr. Cornelis van ’t Veer, mijn co-promotor en stollingsgids, beste en arme Kees. Ik 
herinner me het vertwijfeld gekrabbel achter je oor, toen ik niet gehinderd door enige 
vorm van kennis over het stollingssysteem mijn eerste proefopzetten kwam bespreken 
en mijn volstrekte onbekendheid op dit terrein en onervarenheid in het lab in volle 
glorie tot je doordrong. Het is louter aan jouw enthousiaste, urenlange, met weidse 
armgebaren en tekeningen ondersteunde colleges te danken dat ik nu enig begrip heb 
“wat of” het TFPI eiwit remt. Je bent -behoudens tijdens een rondje joggen bij +30°C in 
Boston- een onvermoeibare tank!
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Graag wil ik de overige leden van mijn promotiecommissie danken voor het kritisch 
beoordelen van het resultaat van mijn labjournaals, opgetekend in dit proefschrift.

Voor proeven en analyses heb ik heel wat uitstapjes gemaakt kriskras door en buiten 
het AMC, waar ik aan een aantal mensen dank ben verschuldigd. Prof. Dr. Meijers, beste 
Joost, dank voor je immer hartelijke onthaal en interesse voor mijn vorderingen, ook 
al betekende dat in de regel extra werk voor het laboratorium voor experimentele 
vasculaire geneeskunde, alwaar het gros van de stollingsmetingen zijn verricht door Wil 
Kopatz, Lucie Leverink en Marian Weijne.

Voor hulp bij het analyseren van longweefsel wil ik een aantal mensen van de afde-
ling pathologie danken. Dr. Roelofs, beste Joris, wèrkelijk, een uurtje coupes scoren was 
kòstelijk! Dit eindigde meestal met een nieuwe afspraak omdat we het einde van de 
stapel niet helemaal hadden gered. Ik wijt dat aan een gedeelde Brabantse invalshoek, 
maar bovenal jouw roodgloeiende pieper. Al met al was het jou in je eentje nóóit gelukt. 
Maar dat was het mij ook zeker niet, veel dank daarom! Daarnaast dank ik dr. Onno de 
Boer voor het coördineren en analyseren van vele Ly6-G kleuringen, dr. Chris van der 
Loos was mij zeer behulpzaam bij het opzetten van de cKit/tryptase dubbelkleuring, 
ondanks dat hij in deze periode al ziek was.

Dank aan dr. Bas Zaat van de afdeling microbiologie voor het meehelpen aan de 
proefopzet om groei van Pseudomonas in vitro te testen. Dank ook aan Marianne Schaap, 
verbonden aan het Laboratorium voor Experimentele Klinische Chemie, die in haar vrije 
tijd heeft geholpen met het analyseren van samples met muizenplaatjes, waar nogal 
wat P-selectine haken (en ogen) aan bleken te zitten! Dankzij de verhelderende uitleg 
over biostatiek van dr. Michael Tanck heb ik reviewers van significant repliek kunnen 
dienen. Dr. van Gisbergen van de afdeling hematopoïese van Sanquin, beste Klaas, dank 
voor jouw expertise en inzet tijdens de logistieke granzyme A monsterproef, maar ook 
lang daarna bij het analyseren van de data zelfs vanuit ‘down under’!

Zoals je nooit eenzaam bent, als je alleen reist, zo ben je nooit alleen, als je eenzaam 
promotieonderzoek doet. Jorrit Jan, jij was in het LEICA getuige van mijn eerste stappen 
op deze voor mij nieuwe planeet en ik wil je bedanken voor je geduld en de basiscursus 
“hoe zwenk ik een rat”.

Op het CEMM wil ik iedereen bedanken voor een open en stimulerende sfeer. Ik heb 
met veel plezier binnen de infectiegroep gewerkt en wil graag het analisten-team met 
sterspelers Regina, Daniëlle, Miranda, Sanne, Jennie en Anita bedanken dat ze mij op 
weg hielpen en pipetteer- en PA-werk uit handen hebben genomen. Monique bedankt 
dat je voor de bevoorrading en bestellingen zorgde! Hoe had ik ooit een sample ver-
gaard zonder het trouwe biotechnicus-duo? Joost, dank voor je hulp en kalmte bij alle 
letterlijke en figuurlijke muizenissen. Marieke, 1979 is een topjaar, dank voor de duetten 
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en gezelligheid tijdens die vele uren ARIA! Heleen en Monique, op jullie mocht ik me 
verlaten voor secretariële rompslomp - en kreeg gezelligheid op de koop toe!

Dr. de Vos, beste Alex, dank voor het ongekend enthousiaste lab-overbuurschap. Dat 
ik een stoller en geen TOLLer ben, stond jouw interesse in mijn bench perikelen niet in 
de weg. Je hebt me met raad en NK-cel depletie daad terzijde gestaan!

De grote club van Tommies, altijd wisselend van samenstelling, maar altijd weer een 
succesformule, dank voor de uitplaat-hulp, gedeelde labsmart en memorabele con-
gresavonturen. Tommies van mijn eerste uur: Cathrien, Masja, Joost, Joppe, Jacobien en 
Jolanda dank ik voor hun tips tijdens mijn eerste verkenningstochten. Marcello, jou ben 
ik eindeloos veel dank verschuldigd voor de vervolgens tweede, derde t/m honderdste 
tocht. Gelukkig heb ik wel jouw plaatjes en low TF spruiten veilig op het droge kunnen 
brengen. De whisky staat klaar om daar nog eens op te proosten! Rianne (Gerrie), wat kun 
je toch streng kijken voor iemand met wie je zoveel lol kan hebben! Het was geweldig 
om je op te zoeken in St. Louis, waar je research skills helemaal tot hun recht kwamen. 
Mijn roomies met wie lief, leed en veel chockotoffs zijn gedeeld: Mir(iam), dank voor je 
louterende nuchterheid en aanstekelijke slappe lach aanvallen op een ontploft bureau, 
hard op weg om tweemaal te bevallen dit jaar; je bent een bikkel! “Computer-says-yess”-
Arjen (tevens gedogen bad-dance-battle competitor), Ingrid, (HEL-lo!) Brendon, en de 
adoptie-Tommies: JanWillem, met wie het eerste bakkie troost tijdens de proefdiercursus 
wegens succes een warme traditie inluidde, en Wyts(ke) wiens doorzettingsvermogen 
legendarische vormen aanneemt! Last but not least, de luid en duidelijke Liesbeth, lieve 
Liesl, jou leerde ik indirect kennen via de overerving van collega’s in Hilversum, waar ik 
jouw assistentenstokje overnam. Toen we later zowat tegelijk startten in het lab, was 
het misschien wel daardoor meteen ouwe-jongens-krentenbrood. Je bent een Duracell-
fabricaat met een hart van goud. Toen ik vorig jaar jouw paranimf mocht zijn, was ik 
minstens net zo vereerd als nu jij deze rol voor mij wil vervullen.

Er volgden nog veel meer uren, en veel meer Tommies: Achmed (Achie, die nu uitge-
oefend is op muizen), Adam (mn favoriete buurman), Dana (liever een motormuis dan 
IRAK-M muis), Daan (stol- en halve marathon collega, die letterlijk lachend als een ‘de 
Boer met kiespijn’ ook de hele uitrent), Tijmen-TJ (voor de TREMendously broodNODige 
grappen), Anne-Jan (filosoof en rock ‘n rollende ondernemer), Tas(sili), Tim, Mischa, 
Lonneke, Maryse (anesthesist-microbioloog) en (dr. tyfus) Katja. Sacha, jij kwam, pipet-
teerde en publiceerde! Met jouw onstuitbare enthousiasme heb je die kleine afsplitsels 
van megakaryo’s bedwongen, dank voor je hulp bij het gezellig gestoei in vitro!

Er is niets leerzamer dan iemand de weg wijzen. Lieve Xanthe, ik ken weinig mensen 
die initiatiefrijker zijn dan jij. Binnen de kortste keren ging jij zelf op ELISA-pad, dancte 
together met black and white, en als er iets bleek misgegaan (woepsie), dan werd de 
herkansing direct ingezet. Jouw enthousiasme en vrolijkheid werkten aanstekelijk voor 
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iedereen op het lab. Het was een feest met jou samen te werken, dank voor je hulp op 
alle fronten, waarvoor ook Just (206x) werd ingezet. Ik verheug me erop om onze pieken 
en dalen te blijven delen… collega!

Alle collega’s vanaf mijn eerste klinische schreden in het diak(onessenhuis) Zeist, via 
Ziekenhuis Hilversum (part I) en nu Tergooi Hilversum (part II) die hebben bijgedragen 
aan de ontelbare leermomenten, of met hun relativerende humor hebben gezorgd voor 
buikpijn van het lachen, dank jullie!

Lieve familie en vrienden, als ik jullie niet had gehad om af en toe stoom af te blazen, 
was ik waarschijnlijk al lang geleden ontploft en dit boekje nooit een feit geworden.

Lieve Wies, Charlut en An, Annie, Nel(leke) en (Mar)got, ik voel me vereerd met jullie 
vriendschap. Dank voor jullie heldere blik, zorgzaamheid, eerlijkheid, gekte, vrolijkheid, 
levenslust en een miljoen gedenkwaardige anekdotes, voor jullie steun ende toeverlaat. 
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“It’s all a great mystery... Look up at the sky and you’ll see how everything changes”
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The tissue factor pathway in pneumonia

Since the respiratory tract is in continuous contact with the 
external environment, it is particularly prone to invading 
pathogens. Pneumonia is a major cause of morbidity worldwide 
with substantial mortality. Emerging bacterial resistance and 
stagnation of mortality rates urge us to expand our knowledge 
of the host response against bacteria, in the quest to develop 
alternative treatment strategies.
Inflammation and coagulation are two important host defence 
mechanisms that interact to mount an adequate immune 
response against infectious agents. This thesis presents 
experimental studies focused on the role of coagulation 
induced by the tissue factor pathway in the immune 
response against bacterial pneumonia.


