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PART I
TISSUE FACTOR PATHWAY INHIBITOR 

IN PNEUMOCOCCAL PNEUMONIA AND 
LUNG INJURY
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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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Figure 2. Local and systemic activation of coagulation in low TF mice in pneumococcal pneumonia.
Thrombin-antithrombin complexes (TATc) levels in lung homogenate (A) and plasma (C) at 6, 24 and 48 
hours after infection with S. pneumoniae, and D-dimer levels in lung homogenate (B) and plasma (D) at 48 
hours after infection of low TF mice (TF-/-, open boxes) and heterozygous littermates (TF+/-, striped boxes). 
Data are expressed box-and-whisker diagrams depicting the smallest observation, lower quartile, median, 
upper quartile and largest observation (n=8 per group). ** and *** indicate p<0.01 and p<0.001.
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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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Figure 5. Neutrophil influx in lung tissue in low TF mice in pneumococcal pneumonia.
Levels of myeloperoxidase (MPO) in lung homogenates (A) and accumulation of neutrophils in lung tissue 
expressed as total Ly-6G scores as percentage of lung tissue surface (B) of low TF mice (TF-/-, open boxes) 
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moniae and representative microphotographs of Ly-6G staining at 24 hours post-infection (C). 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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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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