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PART II
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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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Figure 3. Protease-activated receptor 2 does not influence bacterial loads in pneumococcal sepsis.
Wild-type (WT) and protease-activated receptor 2 knock-out (Par2-/-) mice were infected intravenously 
with S. pneumoniae. Number of colony forming units (CFU) in WT (grey boxes) and Par2-/- (open boxes) per 
millilitre liver homogenates (A), lung homogenates (B), whole blood (C) and spleen homogenates (D) 24 or 
48 hours after infection. 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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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-
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Figure 4. Protease-activated receptor 2 impairs the integrity of the lung-blood barrier.
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quartile and largest observation (n = 8 per group). ***p < 0.001, **p < 0.01 compared to WT mice. #p < 0.10 
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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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Figure 6. Tryptase inhibitor nafamostat does not influence bacterial growth or dissemination dur-
ing pneumococcal pneumonia. Wild-type (WT) mice were infected intranasally with S. pneumoniae and 
treated with the specific tryptase inhibitor nafamostat; samples were harvested 48 hours post-infection. 
Number of colony forming units (CFU) per millilitre bronchoalveolar lavage fluid (BALF) (a), lung homog-
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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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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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Figure 7. Streptococcus pneumoniae does not activate PAR2 in human epithelial cells.
Human respiratory epithelial (A549) cells were monitored for an intracellular calcium flux when stimulated 
with protease-activated receptor (PAR) 2 activating peptide (AP) (A), trypsin (B) or viable S. pneumoniae 
(105 – 107 CFU/ml), results for the highest dose are shown (C). Desensitization of A549 cells for subsequent 
stimulation with PAR2 AP was tested by pre-incubation of A549 cells with trypsin (D) or S. pneumoniae (E) 
for 15 minutes, after which cells were stimulated with PAR2 AP. Pre-exposure of A549 cells with trypsin 
largely prevented the calcium flux induced by PAR2 AP (D), whereas S. pneumoniae did not (E).
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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.



147Protease-activated receptor 2 in pneumococcal pneumonia

7

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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Figure S1. Protease activated receptor 2 does not influence neutrophil accumulation in lung tissue 
during pneumococcal pneumonia. Wild-type (WT) and protease-activated receptor 2 knock-out (Par2-/-) 
mice were infected intranasally with S. pneumoniae and lung tissue samples obtained at 0, 6, 24 or 48 hours 
post-infection. Neutrophil accumulation in lung tissue is expressed as total Ly-6G scores as percentage 
of lung tissue surface (e) and representative slides of Ly-6G staining of WT and Par2-/- mice at 24 and 48 
hours (a, c and b, d respectively). Data are expressed as box-and-whisker diagrams depicting the smallest 
observation, lower quartile, median, upper quartile and largest observation (n = 8 per group). Magnifica-
tion 400 times.
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Figure  S2. Protease activated receptor 2 does not significantly impact on lung histopathology in 
pneumococcal pneumonia. Wild-type (WT) and protease-activated receptor 2 knock-out (Par2-/-) mice 
were infected intranasally with S. pneumoniae and lung tissue samples obtained at 0, 6, 24 or 48 hours post-
infection. Total lung histopathology scores (e) and representative microphotographs of haematoxylin and 
eosin stained lung sections of WT and Par2-/- mice at 24 and 48 hours (a, c and b, d respectively). 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 200 times. #p < 0.10.
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Figure S3. Streptococcus pneumoniae does not activate PAR2 in PAR2 transfected HEK293 cells.
In a stably transfected HEK293 PAR2 overexpressor cell line and a control HEK293 (empty vector) cell line 
PAR2 AP (a) and trypsin (b) elicited a clear calcium flux in PAR2 transfected HEK293 cells, control HEK293 
cells responded less. S. pneumoniae (105 – 107 CFU/ml) did not induce a calcium flux in PAR2 transfected or 
control HEK293 cells, results for the highest dose are shown (c). Data are expressed as mean ± SEM (n = 3).


